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Abstract 

The structure, morphology, optical, and electrical characteristics of rare earth (RE) metal ions, 

few-walled carbon nanotubes (FWCNT) and zinc oxide (ZnO) nanocomposite for possible 

applications such as electron acceptor in the active layer of organic solar cells are described in 

this study. ZnO nanotubes were created utilizing a microwave-assisted sol-gel technique with 

1-Thioglycerol (TG) as a capping agent. To explore the effect of dopants in ZnO nanorods, the 

amounts of impurities or dopants were changed and integrated into a conjugated virgin poly(3-

hexylthiophene) polymer (P3HT). 

The surface morphology, crystal structure, optical absorption, photoluminescence (PL) and 

current-voltage (I-V) properties were influenced by dopants, ZnO/FWCNT nanocomposite and 

the incorporation of P3HT. The Field emission scanning electron microscopy (FE-SEM) 

showed the homogeneous nanorods morphology of ZnO, and the inclusion of P3HT dispersed 

the morphology into mixed structures of nanorods. X-ray diffraction (XRD) results showed 

that ZnO despite being doped or incorporated with P3HT, the nanorods have hexagonal 

wurtzite structure. X-ray photoelectron spectroscopy (XPS) revealed a strong interaction 

between P3HT and ZnO. All of the functional groups in the materials were visible using 

Fourier-transform infrared (FTIR). P3HT-ZnO doped with rare earth ions and 

P3HT/ZnO/FWCNT have a good property of the interaction that leads to a good mixing of 

ligands. The UV/VIS/NIR absorption findings demonstrated a significant improvement in 

absorption, providing additional chances for improved efficiency in organic solar cells. This is 

due to an increase in doping concentration and the integration of P3HT-ZnO at various ratios. 

The photoluminescence quenching effect of PL was considerable, suggesting that it might be 

used as an electron acceptor in the active layer of an organic photovoltaic (OPV) system. The 

I-V curve demonstrated an increase in electrical conductivity, indicating that these materials 

(P3HT-ZnO) at different ratios, an increase in rare earth doping concentration, and FWCNT) 

are prime candidates for accelerating electron transport, lowering electron-hole recombination, 

and improving the efficiency of organic solar cells (OSCs). 

In this work, rare earth ions and FWCNT doped ZnO were combined with P3HT, and the 

introduction of P3HT considerably reduces the PL intensity, indicating a charge transfer 

between donor and acceptor materials. This combination serves to specifically amplify and 

enhance electron transfer and electrical conductivity for possible use in OSCs. Moreover, this 
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combination of materials has a strong photoluminescence quenching effect indicating a good 

charge separation in the photoactive layer of the organic solar cell device. 

Keywords: Organic solar cell; P3HT; PL quenching, microwave-assisted sol-gel method, zinc 

oxide, carbon nanotubes. 
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Chapter 1 

Introduction 

 

1.1. Background 

The growing energy demand and shortage of fossil fuels have forced people to look for highly 

efficient and renewable energy sources in recent years. Solar energy is the world's cleanest and 

most plentiful renewable energy source; it is inexpensive and CO2-free, and it is more 

promising than fossil fuels which are non-renewable, unsustainable, and polluting the 

environment. However, solar energy is weather dependent while fossil fuels can generate a 

large amount of electricity at single location [1]. The earth receives an incredible amount of 

solar energy that can be utilized. The amount of solar radiation that reaches the earth in three 

days corresponds to the energy stored in all fossil fuels [1]. 

Solar energy creates a new way of life for mankind and leads society and human into an era of 

energy saving to reduce pollution. New initiatives are needed to use solar energy more 

efficiently to meet our clean energy needs [2]. As an inexhaustible source of environmentally 

friendly energy, solar energy has become an important topic of energy research worldwide [3]. 

As a result, the conversion of solar energy to electrical energy can be fulfilled by solar cell 

devices based on the process of the photovoltaic effect that is the generation of voltage or 

electric current in a material under the influence of light and is a physical and chemical 

phenomenon [4] 

1.2. Problem Statement 

The world suffers from a shortage of fossil fuel resources to meet human electricity needs, 

leading to an increase in electricity costs. Fig. 1.1 shows the global fossil fuels consumption 

which were formed millions of years ago. Global energy consumption is increasing year after 

year, and so the usage of fossil fuels is increasing. However, fossil fuels continue to dominate 

the worldwide energy system, when burned, they emit CO2, a major contributor to global 

climate change and air pollution, both of which are connected to millions of premature deaths 
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each year [5]. The world requires a low-carbon energy source. Renewable energy has become 

widely available, and the world needs a swift shift away from fossil fuels [5].  

 

Figure 1. 1: Global fossil fuel consumption [5] 

 

It is extremely important to develop an affordable and clean source of energy. Solar energy is 

an ideal form of energy because it is free, unlimited, renewable and clean (eco-friendly). In 

addition, this type of energy can also be used in very remote locations where power generation 

and distribution are limited. Organic solar cells (OSC) have gotten a lot of interest from 

academia and industry during the last three decades because they have substantial benefits over 

silicon-based devices, such as being lighter, more flexible, having cheaper processing costs, 

and having a smaller environmental effect. [1, 2]. 

Organic solar cells, which are made up of a combination of electron donor and acceptor 

materials, are emerging as viable new energy sources due to their low cost, versatility, 

simplicity of manufacturing, and low toxicity. High bandgap polymer materials have poor 

absorption, making it difficult to collect and minimize sunlight electron-hole recombination. 

However, the use of narrow bandgap polymers has enabled a wide range of absorption for solar 

spectrum capture and demonstrated efficiencies more than 5% [6-9]. In addition, these low 

bandgap polymeric materials have a low absorption within their absorption range, so they need 

to be improved. Combining these narrow bandgap polymer materials with a semiconductor 
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material such as zinc oxide (ZnO) and titanium dioxide (TiO2) can improve the low absorption 

of the polymer and decrease the electron-hole recombination rate in the active layer [7]. In this 

case, the ZnO serves as the electron acceptor while P3HT as electron donor. Upon light 

irradiation, electron−hole pairs are generated within the donor material, and then dissociated 

into free charge at the donor/acceptor interface [10]. The aim of this study is to make 

contribution in addressing the challenges related to absorbing more sunlight in the solar 

spectrum by doping the P3HT-ZnO with rare earth (RE) ions and incorporating carbon 

nanotubes (CNT) with P3HT to improve the absorption of the polymer. 

 

1.3. Research Aim 

The goal of this research is to develop semiconductor materials and combine them with poly(3-

hexylthiophene) (P3HT) to increase absorption and conductivity efficiency for use in organic 

solar cells. 

1.3.1 Research objectives 
 

• To synthesize ZnO nanorods using the microwave-assisted sol-gel synthesis 

• To dope ZnO with rare earth ions (Er3+, Ho3+, Tm3+, Sm3+, Yb3+) and CNT  

• To enhance absorption of P3HT by incorporating ZnO: RE and ZnO: CNT 

1.4. Thesis Layout 

This thesis is divided into 8 chapters: 

✓ Chapter 1 presented a general introduction on renewable energy, solar cells, problem 

statement, goals, and objectives of the study. 

 

✓ Chapter 2 provides the literature review on renewable energy, photovoltaic effect, 

solar cell classification, organic photovoltaic charge transfer mechanism and the donor-

acceptor pair in the active layer. 

 

✓ Chapter 3 gives a brief description on wet-chemistry synthesis methods, and 

characterization techniques that were used. 
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✓ Chapter 4, effects of ZnO nanorods singly doped with Er3+, Ho3+, and Tm3+ on P3HT 

for possible application in organic solar cell are discussed.  

 

✓ In Chapter 5 discusses microwave-assisted sol-gel synthesis of P3HT-ZnO: Sm3+, 

Yb3+: Study of structure, morphology, optical and electrical conductivity for possible 

application in organic solar cells. (Article published in the Materials Chemistry and 

Physics Journal) 

 

✓ Chapter 6 presents microwave-assisted sol-gel synthesis of P3HT-ZnO: FWCNT for 

organic solar cell applications. (Article published in Physica B: Condensed Matter). 

 

✓ Chapter 7 discusses the characterization of P3HT-FWCNT thin films for photovoltaic 

solar cell applications. (SAIP2021 proceedings article) 

 

✓ Chapter 8 gives summary of this study, conclusion and suggestions for possible future 

work. 
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Chapter 2 

Literature review 

This chapter provides the literature review on renewable energy, photovoltaic effect, solar 

cell classification, organic photovoltaic charge transfer mechanism and the donor-

acceptor pair in the active layer. 

2.1 Renewable energy 

Energy plays a key role in socioeconomic growth and energy security around the world. The 

main energy sources are fossil fuels such as coal, oil and natural gas which are non-renewable. 

These fuels come from the remains of dead plants and animals that decomposed on earth over 

millions of years [1]. The non-renewable energy sources will deplete in our lifetime [2]. Carbon 

is the primary component of fossil fuels [2]. Coal is a reliable energy source, but when burned, 

it emits a large amount of hazardous chemicals and pollutants into the environment [2]. 

Although oil is very cheap to obtain and is the world's major transportation fuel, using gasoline 

is damaging to the environment [3].  Natural gas is also less expensive to extract and more 

environmentally friendly than oil and coal. The natural gases are locked underground, 

removing them can result in environmental issues such as mini earthquakes caused by splitting 

rocks and polluting drinking water caused by leaking other sources of water and chemicals [2]. 

Nuclear energy is a common source of electricity all around the world [3]. Nuclear energy also 

generates radioactive material, which may be exceedingly harmful, inflicting burns and raising 

the risk of cancer, blood disorders, and bone disintegration in those exposed to it [2]. 

Renewable energies are an alternative to traditional fossil fuel-based energies and appear to be 

significantly less harmful to the environment and can be used to produce energy again and 

again [4,5]. Solar energy, biomass fuels, wind energy, hydrothermal energy, geothermal power, 

and tidal energy are examples of renewable energy sources [6, 7]. Renewable energy sources 

are those resources which can be used to produce energy again and again [5]. Renewable energy 

sources that satisfy household energy needs have the ability to deliver energy services with 

zero or almost zero emissions of both air pollutants and greenhouse gases [8]. The development 

of renewable energy systems will enable the resolution of the current most critical tasks, such 

as improving energy supply reliability and organic fuel economy; resolving problems of local 
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energy and water supply; raising the standard of living and level of employment of the local 

population; ensuring sustainable development of remote regions in desert and mountain zones; 

and implementing the countries obligations in terms of fulfilling the international agreements 

relating to environmental protection [9]. Development and executions of renewable energy 

project in rural regions might create job opportunities and thus reducing migration towards 

urban areas [10,11]. Harvesting renewable energy in a decentralized manner is one alternative 

for meeting rural and small-scale energy demands in a dependable, economical, and 

ecologically friendly manner [10-12]. Renewable energy sources will play an essential part in 

the world's future. Fig. 2.1 shows some renewable and non-renewable energy sources. 

Photovoltaic devices are known to use the photoelectric effect to transform photon energy into 

electrical energy. The increased need for sustainable energy sources has resulted in a significant 

growth in solar cell research in recent years [7]. In the near future, solar energy is expected to 

occupy a special place among other energy sources serving mankind. In fact, mankind's energy 

needs are increasing exponentially, and conventional fossil energy resources cannot meet these 

needs. 

 

Figure 2. 1: Some of the non-renewable and renewable energy sources [1]. 

2.2 The Photovoltaic effect 

The photovoltaic (PV) effect was first discovered in 1839 by French scientist Edmond 

Becquerel experimenting with wet cells, who found that the cell's voltage increased when its 

silver plates were exposed to sunlight [13]. Willoughby Smith (1873), an English engineer 

discovered that selenium has high photoconductivity, as well as a capacity to produce solar 

energy [14]. Albert Einstein (1904) described this phenomenon of the photovoltaic effect in 
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silicon and created the first silicon solar cells [14]. In addition, other solar cells such as 

germanium were made and produced with an efficiency of up to 4.5% [14]. The schematic 

diagram in Fig. 2.2 illustrates the photovoltaic effect in solar cells, i.e.; When sun photons 

strike a cell, their energy is transferred to charge carriers. 

The electric field across the junction separates the photo-generated positive charge carriers 

(holes) from their negative counterpart (electrons) [15]. The p-n junction (where the 

photovoltaic effect occurs) in a solar cell is composed of two types of semiconductors 

connected. The p-type silicon has been doped positively with electron acceptors, while the n-

type silicon has been doped negatively with electron donors [16]. This process is used for the 

direct conversion of sunlight into electrical current and electrical voltage and usually takes 

place in a solar cell. These cells are manufactured semiconductor devices made from pure 

silicon with the addition of impurities/dopants of some elements. The more energetic electrons 

in the valence band move to the conduction band, leaving a hole and thus forming electron-

hole pairs (carriers). Also, at the end of the cell, the electrons pass through the external circuit, 

generate a current, lose energy, and return to the p-region gaps [13].  

 

 

Figure 2. 2: Schematic diagram of Photovoltaic effect in solar cell [15]. 
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2.3. Solar cells 

Energy generated from these solar cells is called solar energy [17]. Among the various 

photovoltaic devices, thin film devices are promising devices to achieve low-cost production 

and do not require sophisticated manufacturing equipment [18]. Renewable energy has been 

extensively studied as it contains possible answers to the difficulty of preserving our energy 

supply [19]. Currently, there are many solar cell technologies in various stages of development, 

these solar cell technologies are divided into three generations: first, second and third 

generation solar cells as illustrated in Fig. 2.3. 

 

Figure 2. 3: Classification of solar cell generations [17]. 

2.2.1. The first generation of solar cells  

The first generation includes the dominant silicon solar cells, as shown in the Fig. 2.4. These 

types of solar cells include monocrystalline and polycrystalline silicon solar cells [20]. This 

first generation dominated the technology in commercial solar cell manufacturing and 

accounted for more than 86% of the solar cell market [17]. This is due to their high efficiency 

and advanced technology, thanks to the development of the last 50 years [17]. The main 

disadvantage is that they are expensive because of the requirement for high purity silicon and 

solid structures. They consist of a large area of a single p-n junction diode, however, this 
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remains expensive generation and much of the energy at the blue and violet ends of the 

spectrum is wasted as heat [17]. Materials used in type of solar cells has limitations in terms of 

their capacity to absorb and convert short-wavelength (UV and blue) light; for example, silicon 

is a typical material for this generation, and it is not very efficient absorbing at these 

wavelengths.  

  

Figure 2. 4: A monocrystalline silicon wafer-based solar cell [20]. 

 

2.2.2. The second generation of solar cells  

Second-generation solar cells, as illustrated in Fig. 2.5, are also known as thin-film solar cells 

because they are composed of layers of semiconductor materials [21]. Thin-film solar cells 

have a lower efficiency compared to silicon solar cells and cheaper production costs. Cadmium 

telluride (CdTe), copper indium gallium selenide (CIGS), and amorphous silicon (a-Si-based 

solar cells) are the most effective second-generation materials [22]. The devices are flexible to 

a certain extent, but production costs remain high [21]. 
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Figure 2. 5: Copper indium gallium diselenide thin film solar cells [21]. 

2.2.3. The third generation of solar cells  

Fig. 2.6 shows third generation solar cells, commonly known to as new solar cell technology, 

based on latest chemistry techniques. Quantum dots [23], dye sensitized solar cells (DSSC) 

[24], perovskite solar cells [25], organic solar cells (OSC) [26], and hybrid solar cells [27] are 

among the technologies covered. This generation of semiconductor devices differs 

significantly from the earlier generations in such a way that it does not rely on the usual p-n 

junction to segregate the charge created by light average [22]. The goal is to improve the poor 

electrical performance of second-generation technology while keeping production costs 

extremely low [17]. 

 

Figure 2. 6: Organic solar cell cast on a flexible substrate. It can be stretched, rolled or even 

curved in any direction [26]. 



12 
 

2.3. Progress in OSC Technology  

2.3.1. Dye-sensitized solar cells (DSSC) 

Dye-sensitized solar cells (DSSC) are the third generation of solar cells. Therefore, they are 

expected to significantly increase their share of global energy production in the coming years. 

This is due to the low production costs and attractive properties such as transparency and 

flexibility [28]. They are also a promising replacement for traditional silicon solar cells because 

they can generate electricity even in low light conditions or overcast weather [29]. However, 

the problem with DSSC is that not all electrons generated by light can reach the collecting 

electrode as the transport of electrons in the nanoparticle lattice occurs via a number of stages 

to neighbouring particles, and the energy damage that happens during charge transport 

operations leads in conversion efficiency [30]. Conversion efficiency varies between 6 to 10% 

pending on module size and the technology is currently at pilot plant scale. The fundamental 

issue is that a monolayer of dye particles on a flat surface can absorb only about 1% of the 

incoming light [28]. In this instance, a dye captures the sunlight in a manner similar to how 

sunlight captured in natural photosynthesis, producing an electron injection into the conduction 

band of a metal oxide, giving rise to charge separation [31].  The schematic assembly of a 

monolayer DSSC is reported in Fig. 2.7. Also, researchers started to think about the fabrication 

of a new solar cell, they decided to build a double-layer solar cell from organic materials as 

shown in Fig. 2.8. [32]. 

 

Figure 2. 7: The schematic of a monolayer DSSC [31]. 
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Figure 2. 8: solid-state dye-sensitized solar cell [32]. 

2.3.2. Organic solar cells (OSCs) 

Organic Solar Cells (OSC) have become a new competitor to traditional solar cells due to their 

advantages of flexible solar modules, low cost, light weight, easy production and low-cost mass 

production for industrial photovoltaic [33-37]. An organic solar cell (OSC) consists of an 

organic layer of an active photovoltaic layer sandwiched between a transparent electrode and 

a metal electrode [35] as shown in Fig. 2.9. The exciton is generated by sunlight in a mixture 

of (P3HT) and fullerenes (PCBM), with the PCBM acting as an electron acceptor and providing 

interfacial energy and work function for charge separation. These produced carriers are 

subsequently transferred via the donor and acceptor components, mixed, and selectively 

collected by the electrodes. Electron donor and acceptor materials with optimal characteristics 

are required to attain high PCE. OSC has shown a high efficiency of 13.1%, and this efficiency 

can only be achieved with Thickness of 100 - 200 nm [38]. 
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Figure 2. 9: Typical device structure of bilayer solar cell [32]. 

2.3.3. Hybrid solar cells (HSCs) 

Hybrid solar cells were developed to overcome the problems of conventional silicon-based 

solar cells [39]. Silicon solar cells have an efficiency limit of about 27-29% for single-junction 

cells and become less efficient as their operating temperatures increase, and they are more 

efficient at converting sunlight within a narrow range of wavelengths [20]. They can also 

experience efficiency decline due to overcast conditions [20]. Tunable absorption spectra from 

an inorganic component are among the benefits of hybrid solar cells, which blend organic and 

inorganic materials. These solar cells are comparable to the OSC (see Fig. 2.10). They have 

the potential for high power conversion efficiency (PCE), although their existing efficiencies 

are rather modest [40]. A PCE of 11.46% was reported with an optimal Al2O3 thickness of 2.3 

nm [41]. These results were due to enhanced built-in potential and better charge collection via 

the electron blocking action of Al2O3 [41]. HSCs use a mix of amorphous and crystalline silicon 

layers to increase the efficiency of silicon-based solar cells [41]. Because of the heterojunction 

between these layers, recombination losses are reduced, and conversion efficiencies are 

increased [39]. HSCs with their unique structure have demonstrated enhanced performance at 



15 
 

high temperatures, making them more ideal for hot and sunny climates, and they can even 

generate electricity when sunlight levels are low [40]. Furthermore, they have a greater spectral 

response, which means they can capture a broader range of the sun spectrum, including longer 

and shorter wavelengths of light [41]. 

 

 

Figure 2. 10: Schematic diagram of inverted bulk heterojunction (BHJ) hybrid solar cell 

[42]. 

2.3.4. Quantum dot solar cells (QDSCs) 

Quantum dot solar cells (QDSCs) were developed to use quantum dots as absorbing 

photovoltaic materials. These quantum dots are semiconductors with very small particles and 

their bandgap values can be easily customized by changing the particle size. The bandgap of 

the semiconductor nanocrystal increases as the size of the QD decreases due to quantum 

confinement, while discrete energy levels arise at the band-edges and the energy separation 

between the band-edge levels increases with decreasing size [43] as shown in Fig. 2. 11. 

Quantum confinement restricts the movement of electrons and holes within the QD, making it 

possible to tune the optical spectra of the semiconductor through a wide spectral window by 

simply changing their size, while keeping their composition constant [44,45].  QDSCs have 

been proposed to achieve high energy conversion efficiency [46]. The use of quantum dots 

(QD) in the production of solar cells not only promises a lot of power conversion efficiency, 

but also offers spectrum tuning [47]. PCE values of 10% and more were reported by Ruhle et 

al. [48], where QD semiconductor was used as the light absorbing material for efficient light 

harvesting across the solar spectrum. Fig. 2.12 shows a diagram of CsPbBr3 [49] quantum dot 

solar cells. 
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Figure 2. 11: Schematic representation of the quantum confinement effects [45]. 

 

 

Figure 2. 12: Schematic of cross-sectional CsPbBr3 quantum dot solar cells [49]. 

2.4. The photoactive layer 

The photoactive layer consists of two heterojunction semiconductor materials: the donor and 

the acceptor. This layer is located between two electrodes (anode and cathode) and is 

responsible for light absorption, charging separation and production of load carriers. The anode 

in the active layer is mainly deposited on top, mostly made of aluminium, gold, silver and 

calcium. In most cases, poly-(phenylene vinylene) derivatives and poly-(alkyl thiophenes) are 

regular donors; usual acceptors are fullerenes and their derivatives [50]. To improve light 
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absorption, the bandgap of the polymer material must be reduced to allow current flow to 

increase. ZnO has been considered as one of the potential materials in solar cell applications 

due to their stability, high conductivity, high electron affinity and excellent electron mobility 

[51]. In this study, P3HT and ZnO are used as donor and acceptor. Schematic diagram in Fig. 

2.13 shows a photovoltaic solar cell. 

 

 

Figure 2. 13: Photovoltaic solar cell [52]. 

2.5. Organic photovoltaic charge transfer mechanism 

An electron is stimulated from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) in organic semiconductors, resulting in an electron-hole 

known as an exciton [53]. Fig. 2.14 illustrates the band structure of a device with a donor-

acceptor mix. This design underlines when the donor molecule is excited, an electron is 

transferred from the HOMO to the LUMO, leaving a hole. When the electron-hole pair 

recombines, photoluminescence is generated. Furthermore, this also highlights how exciton 

dissociation occurs free charge carriers on the electrode or on the heterojunction (which 

contains a donor-acceptor pair) [50]. An electric field is necessary to achieve charge separation, 

which is given by the way the electrodes function. 
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Figure 2. 14: The donor-acceptor interface [50]. 

2.6. Efficiency of Solar cells 

Solar energy is one of the most demanding sources of renewable electricity. Photovoltaic power 

generation is helping to meet growing energy demand by reducing dependence on fossil fuels 

and helping limit global climate change. Researchers and scientists have increased competition 

in solar cell generations by developing new materials in nanotechnology and nanomaterials. 

Monocrystalline silicon solar cells are known to dominate the market due to their high 

efficiency. On a laboratory scale, the efficiency of crystalline silicon solar cells has reached 

27.6% [54]. As the efficiency of crystalline silicon solar cells approaches saturation, scientists 

around the world are researching alternative materials to increase solar cell efficiency. 

However, their disadvantage is their disordered nature, which leads to low efficiency [54]. Fig 

2.15. shows the recent solar cell efficiencies. 
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Figure 2. 15: The photovoltaic cell efficiencies [54]. 

2.7. Materials Properties 

2.7.1. Zinc Oxide (ZnO) 

ZnO is one of the most attractive semiconductor materials with a 3.37 eV broad band gap [55]. 

It is not only an excellent wide gap semiconductor, but it is also a suitable host for the 

successful integration of RE ions with 4f energy levels [56]. Unlike many of its rivals, ZnO is 

cheap, plentiful, chemically stable, simple to manufacture, and non-toxic [57]. Un-doped and 
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doped ZnO nanocrystal optical materials with various activators are known [57]. These 

nanoparticles have a wide range of applications including photodetectors, sensors, solar cells, 

light emitting diodes and p-n heterojunctions [58]. The crystal structures of ZnO are known; 

hexagonal wurtzite, the ultimate environmentally stable zinc blende, which can only be 

stabilized by growing on a cubic substrate, and rock salt, which can be obtained at relatively 

high temperatures. These crystalline structures are shown schematically in Fig. 2.16. 

 

Figure 2. 16: Stick and ball representation of cubic rocksalt, cubic zinc blende and hexagonal 

wurtzite ZnO crystal formations. Zn and O atoms are represented by grey and black shading, 

respectively. [59]. 

2.7.2. Carbon Nanotubes (CNT) 

Because of their unique structure and good electron transport capabilities, carbon nanotubes 

(CNT) have emerged as one of the main additions for improving the thermoelectric properties 

of organic materials [60]. Among several fillers, carbon nanotubes are the most widely utilized 

and effective. Because CNT have great electrical conductivity and rapid charge mobility, they 

can create conductive pathways when integrated into a polymer matrix [60]. Single-walled 

carbon nanotubes (SWCNT), few-walled carbon nanotubes (FWCNT), and multi-walled 

carbon nanotubes (MWCNT) are the three (3) forms of CNT [62]. CNT have a high 

conductivity due to the availability of free electrons due to the sp2-hybridized carbon atoms on 

the hexagonal plane of graphite [62]. SWCNT are classified as metallic or semiconducting 

based on their chirality [63], whereas MWCNT are classified as metallic if at least one layer 

displays metallic chirality [64]. FWCNT are renowned for having superior electronic 

characteristics than other CNT [65], as well as higher conductivity and field emission [66]. 

According to Javier et al [67], the addition of carbon nanotubes (CNT) to the polymer increases 
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the power conversion efficiency by three orders of magnitude compared with the device 

without CNT, but there is no clear connection with the number of walls or diameter of the 

nanotubes. 

2.7.3. Poly(3-hexylthiophene) P3HT Polymer 

Poly(3-hexylthiophene) (P3HT) is a versatile polymer that has been extensively researched as 

a material for electrical devices and organic solar cells [68]. P3HT is a conjugated electron-

donor polymer that is widely used in solar cells due to its strong electro-optical characteristics 

and ease of process and manufacture [69-73]. P3HT is widely used in many of the most recent 

high-efficiency OPV devices and is regarded as a cornerstone in the development of future 

nanostructured polymer solar cells [73,74]. Therefore, it has a band gap of 1.9 eV and HOMO 

and LUMO energies of -4.8 and -2.9 eV, respectively. Figure 2.16 depicts the chemical 

structure of P3HT. 

 
Figure 2. 17: The chemical structure of regio regular P3HT (rr-P3HT) [72]. 

2.8. Rare earth ions 

Rare earths are generally found in the RE3+ trivalent state. Geijer found them in 1788 as a 

massive black stone named Ytteria in Ytterby, a Swedish town [75]. The first RE3+ element 

was discovered and named Yttrium with atomic number 36 from a hefty black stone, and after 

a comprehensive investigation of the stone, more RE3+ elements with atomic numbers Z = 57 

to 71 were identified [76]. The optical properties of RE3+ ions are due to the internal f-electrons 

from cerium (Ce) to ytterbium (Yb). The basic electronic configuration of trivalent RE3+ ions 

is written [Xe]4f n 5d0-16s2. Table 2.1 provides more details on the 4f n configuration and shows 

the electronic configuration of trivalent RE3+ ions. RE3+ ions can act as dopants or impurities 

in some matrix matrices, enhancing their absorption, conductivity and magnetic properties 

among others. 
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Table 2. 1: Trivalent RE3+ ions electrical configuration [77]. 

 

 

 

 

 

 

 

 

 

 

 

2.9. Rare-earth ions dopants  

Scientists encounter several obstacles in improving the efficiency, stability, and longevity of 

organic heterojunction solar cells (BHJ-OSCs). The proper design and manufacturing of BHJ- 

OSCs is critical for their development and commercialization. As a result, the primary issue is 

to manufacture BHJ-OSCs, with free-charge carrier creation being a vital stage [78]. Attempts 

are being undertaken, on the other hand, to manufacture and develop novel narrow bandgap 

polymers capable of capturing most of the solar energy spectrum [78,79,80]. Rare earth metal 

ions are widely utilized as dopants in a variety of applications due to their excellent electrical, 

optical, and luminescent capabilities, which are dependent on electron transition trends in 4f 

energy layers [81,82]. Among other rare earth elements Erbium (Er3+), holmium (Ho3+), 

thulium (Tm3+), and samarium (Sm3+) ions are of interest because they emit in the visible and 

near-infrared in this study. Senol [83] synthesized ZnO, Er-doped ZnO and Yb-doped ZnO by 

hydrothermal methods and observed reduced bandgap compared to undoped ZnO. Fabita et al. 

[84] synthesized Ho-doped ZnO using the sol–gel method and observed an increase in the 

bandgap with a change in the dopant concentration. Colak et al. [85] also observed a decreased 

optical bandgap of Tm-doped ZnO with increasing dopant concentration. Faraz et al. [86] 
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discovered the optical characteristics of Sm-doped ZnO and reported an improvement in the 

optical range in their absorption data, showing that rare earth doping is advantageous for 

efficient photocatalysts and/or photovoltaics to convert solar energy into electricity. Doping 

ZnO with rare earth ions should result in a shift to the lower XRD angle, indicating that the 

doping was effective. P3HT integration into ZnO:RE ions has been intensively researched to 

increase charge mobility and optical conductivity in OSCs. There are many reports of P3HT-

ZnO focusing on various aspects such as improving power conversion efficiency (PCE) 

[87,88]. Incorporation of ZnO-doped P3HT can enhance electron transport and improve OPV 

efficiency. 
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Chapter 3 

Experimental Methods 

This chapter gives a brief description on wet-chemistry synthesis methods, and 

characterization techniques that were used in this study. 

3.1 Sample preparation 

3.1.1. Hydrothermal Synthesis 

Hydrothermal method is the most widely used because the shape, size, and dimensions can be 

easily controlled by this synthesis. It is an easy and safe method that can gives a good yield of 

nanoparticles and free growth of catalyst at lower temperature [1]. Crystal growth occurs in an 

autoclave, which is a steel pressure vessel in which a medium of water is provided [1]. 

Hydrothermal method has the advantages in processing nanocrystalline materials for a wide 

range of technological applications such as electronics, optoelectronics, catalysis, ceramics, 

magnetic data storage, biomedicine, biophotonics, and solar cells, this technique has become 

one of the most important tools for advanced material editing [2]. Among the various methods 

for producing ZnO nanocrystals, the hydrothermal method is particularly interesting because 

of its low cost, ecological synthesis process at low temperature (about 90°C) [3]. This technique 

allows the materials synthesis with a high homogeneity and purity and also acts as one of the 

most attractive techniques for processing nanohybrid and nanocomposite materials [4,5]. 

3.1.2. Microwave Synthesis 

The microwave synthesis approach is an easier and powerful manner to comprehend a chemical 

response for the guidance of nanomaterial compounds at quite low temperature [6-9]. The 

microwave radiation used in the synthesis reaction is to provide the energy required for the 

reaction, enabling particle size controlling features and also to accelerate the reaction [10]. The 

microwave radiation promotes the growth of the nanoparticles leading to the growth of 

crystalline nanoparticles [7]. This technique allows for precise temperature control. The 

temperature is maintained below the boiling point of the solvent to prevent rapid evaporation 

and can be controlled by adjusting the microwave power and irradiation time [7,10]. 

Microwave synthesis strategies have extensively attracted many researchers because of their 
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specific capabilities which include easier apparatus, tremendously localized heating and power 

green with quicker manner time [11]. Because of the direct heating of the response mixture, 

studies have shown that the microwave strategy is an enticing desire to stimulate responses and 

is powerful heating in comparison to typical warmth conduction tactics [12]. Furthermore, a 

number of the benefits is that the morphology of nanoparticles may be managed with the use 

of this approach. Ahmed et al [13] synthesized ZnO nanostructures using microwave heating 

approach. In their findings they used excessive decision TEM, and which indicates that debris 

are developing and are crystalline as XRD confirmed. 

3.1.3. Sol-gel Synthesis  

Sol-gel approach is a conventional wet chemical method that is considered powerful to alter 

the surface of the substrates. The most important advantage of sol-gel is to obtain high surface 

area and stable surfaces. Sol-gel method gives different benefits along with impressive control 

over the stoichiometry, homogeneous particle distribution, proper reactivity among 

components, nano-sized particles and permits lower processing temperatures [14]. These 

benefits make sol-gel method a completely appealing approach, especially in the case of 

photocatalytically active ZnO powders [15]. Chi et al [16] suggested that the size control of 

nanoparticles stays important for a success utility within the nanotechnology. Their research 

created a notion about the relationship between nanoparticle size and capping agent properties. 

As a result, they conclude that the capping agent job is to control the size of nanoparticles 

during synthesis process. Sol-gel synthesis using a capping agent such as ethylene diamine 

tetra acetic acid (EDTA), triethanolamine (TEA), tetraethylammonium bromide, oleic acid, and 

thioglycerol (TG) is therefore a potent, easy, and effective technique for controlling production 

of ZnO nanoparticles [17]. 

3.2. Techniques for characterization 

3.2.1. X – Ray Diffractometer (XRD) spectroscopy 

XRD is a rapid analytical technique primarily used for phase identification of a crystalline 

material and can provide information on unit cell dimensions [18]. It is also a very effective 

non-destructive analytical method for identifying the crystalline structure of solid materials 

such as ceramics, metals, electronic materials, organics, and polymers [19]. XRD is a handy 

technique for estimating the mean size of nano-crystallites in nano-crystalline bulk material. 

The sample is finely ground and homogenized, and the average bulk composition is computed 
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[20]. As a result, the constructive interference of a monochromatic X-ray beam diffracted at 

specified angles by each set of lattice planes in the sample produces X-ray diffraction peaks. 

The distribution of the atoms inside the lattice determines the strength of the peaks [19]. 

Bragg's law was used to explain the interference pattern of X-rays scattered by crystals, and 

diffraction has been developed to study the structure of all states of matter with any beam, e.g., 

ions, electrons, neutrons, and protons, with a wavelength similar to the distance between the 

atomic or molecular structures of interest [21]. The explanation of the observed angles of the 

diffracted x-ray beams was presented by William Lawrance Bragg and formulated the equation 

which relates wavelength to the angle of incident and d-spacing [22]. The Bragg equation is 

given by:  

𝑛𝜆 = 2𝑑 sin 𝜃                                                           (3.1) 

Where d is the spacing between diffraction planes, 𝜃 is the incident angle, n is any integer and 

𝜆 is the wavelength of the beam. Fig. 3.1 shows the schematic diagram of Bragg’s law [23]. A 

diffraction pattern is obtained by measuring the intensity of scattered waves as a function of 

scattering angle. The strong intensities known as Bragg peaks are obtained in the diffraction 

pattern when scattered waves satisfy the Bragg condition. The crystallographic planes that are 

used to define direction and distances in a crystal are identified by miller indices [21]. 

 

Figure 3. 1: The schematic diagram of Bragg’s law [23]. 

 

The Rigaku SmartLab diffractometer system shown in Fig. 3.2 is outfitted with a high-powered 

9kW Cu rotating anode generator. X-ray diffraction systems consist of three basic components: 

the X-ray tube, the sample holder and the X-ray detector. The XRD measurements were carried 

out using the SmartLab diffractometer, which was outfitted with a high-power 9 kW Cu 

rotating anode generator. The sample is manipulated with three-circles that is rotating via ω, 
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in-plane rotation ϕ and axis χ, and the detector moves with two-circles for in-plane 

measurements (2θ and 2θχ). The X-rays are generated in a cathode ray tube by heating a 

filament to create electrons. When the voltage is applied, the electrons will accelerate towards 

the target material, normally Cu, Fe, Mo and Cr. When electrons have enough energy to 

dislodge electrons from the inner shell of the target material, distinctive X-ray spectra are 

formed. [24].  The spectra generated by the x-ray diffractometer provide a structural fingerprint 

which can be distinguished by comparing data with electronic databases such as International 

Centre for Diffraction Data (ICDD) [25]. The crystallinity of the material can be identified by 

examining the diffraction pattern, that is; the widths of the peaks are related size, size 

distribution, defects and strain in nanocrystals. The average crystalline size, D can be estimated 

from the broadened peaks by using the Scherrer equation [20]: 

𝐷 =
𝑘𝜆

𝛽𝐶𝑜𝑠𝜃
                                                                                (3.1) 

Where D is the crystallite size (nm), k is the Scherrer constant (0.9), λ is the x-ray source’s 

wavelength (0.15406 nm), β (radians) is the full width at half maximum (FWHM) and θ is the 

peak position in radians.  

 

Figure 3. 2: The Rigaku SmartLab 9 kW X-ray diffraction system [26]. 
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3.2.2. X – Ray Photoelectron Spectroscopy (XPS) 

XPS is a non-destructive technique that enables chemical analysis of the outermost 5-10 nm of 

any vacuum-compatible solid. XPS determines the elemental makeup, empirical formula, 

chemical state, and electronic state of elements in a material [27]. Only electrons generated in 

the first XPS atomic layers are detected. XPS is used to analyze surfaces and investigate the 

characteristics of atoms in a material. It is used to calculate the binding energy of electrons in 

atoms and molecules on a material surface. XPS is a valuable technology not just for showing 

what materials are within a film, but also for showing additional elements that are attached to 

it. Each element generates a distinct collection of XPS peaks with distinct binding energies, 

allowing each element present within or on the surface of the studied material to be identified. 

These spectrum peaks relate to the electron configuration of the electrons within the atoms, for 

example, 1s, 2s, 2p, 3s, and so on. However, the equipment will often only probe 12nm into a 

material. XPS spectra are created by exposing a material to an X-ray beam while 

simultaneously measuring the kinetic energy and quantity of electrons that escape from the top 

1 to 12 nm of the substance to be examined. Ultra-high vacuum (UHV) conditions are required 

for XPS to avoid collision between photoelectrons and gas molecules in the spectrometer and 

minimize surface contamination from residual gases [28]. XPS identifies photoelectrons 

generated by a sample as a result of being exposed to single-energy X-ray photons (Fig. 3.3). 

The photoelectric effect discovered by Hertz in 1887 [29, 30] is the fundamental concept of 

XPS, which was extended to surface analysis by K. Siegbahn and his research group at Uppsala 

University, Sweden, in the mid-1960s. 
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Figure 3. 3: The schematic diagram of x-ray photoelectron spectroscopy hemispherical 

analyser [26]. 

3.2.3. Scanning Electron Microscopy (SEM) 

The SEM is an electron microscope that uses a beam of reflected electrons to scan the surface 

of a sample to create an image. A sample examination can provide information about a 

material's topography, morphology, composition, and crystallography [31].  SEM offers 

several benefits over traditional microscopes, including a high depth of field that allows 

numerous samples to be focused at the same time [32]. It also has a significantly greater 

resolution, allowing samples to be zoomed in much farther [32]. Because SEM employs 

electromagnets rather than lenses, the researcher has far more control over the degree of 

magnification [31]. All of these benefits, along with extremely remarkable picture sharpness, 

make SEM one of the most helpful research tools available today [31] (see Fig. 3.4). This tool 

allows you to study the surface morphology of a nanomaterial by generating high-resolution 

images of shapes. 
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Figure 3. 4: The schematic diagram of SEM [31]. 

3.2.4. Ultraviolet – Visible -Near Infrared absorption Spectroscopy 

(UV/VIS/NIR) 

Ultraviolet-visible (UV/VIS/NIR spectroscopy refers to absorption or reflectance spectroscopy 

in the UV/VIS/NIR spectral region [33]. This means that both visible and near-infrared light 

(near-UV and near-infrared [NIR]) are utilised. The absorption or reflectance of the substances 

involved in the visible spectrum has a direct effect on their perceived color [34]. Light 

reflectance can also be measured using the UV/VIS/NIR spectrophotometer. UV/VIS/NIR 

spectroscopy is used to investigate the band gap energy and size distribution of nanoparticles, 

as well as optical features such as absorption bands.  The Tauc's plot may be used to estimate 

the bandgap energy and size distribution of nanoparticles. Tauc's plot is a graphical approach 

for calculating the optical bandgap of an amorphous or semiconductor material [35]. It is very 

beneficial for semiconductors, insulators, and thin films. The bandgap energy is an important 

characteristic because it represents the smallest amount of energy necessary to excite an 

electron from the valence band to the conduction band, allowing the material to conduct 

electricity [36]. The optical bandgap is calculated using the linear part of the Tauc’s plot [36] 

by using the equation 3.1. 

                                              𝛼ℎ𝑣 = 𝐴(ℎ𝑣-𝐸𝑔)1/2                                     (3.1) 
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The light source comprises of a Xenon lamp for UV, visible (Vis), and near infrared 

wavelengths. To measure the solution samples cuvette has to be used. The lamp flashes to 

concentrate on a glass, which directs the light beam onto a cuvette containing the sample 

solution; the beam then travels through the sample, absorbing certain wavelengths by the 

sample components (Fig. 3.5). 

 

Figure 3.5: The schematic diagram of UV/VIS/NIR spectroscopy optical pathway [34]. 

3.2.5. Photoluminescence Spectroscopy (PL) 

Photoluminescence spectroscopy is contactless non-destructive technique for studying the 

optical response of a material under the influence of optical excitation. This technique is used 

to provide the detailed information about discrete electronic states, including intrinsic and 

extrinsic defects. Photoluminescence (PL) is the emission of light from any form of matter after 

the absorption of photons (electromagnetic radiation). It is one of many forms of luminescence 

(light emission) and is triggered by photoexcitation (excitation by photons), hence the prefix 

photo [37]. The photoexcitation forces the material to a higher electronic state, then it relaxes 

and returns to a lower energy level, releasing energy (photons) [38]. Therefore, it is used to 

measure various important material properties such as semiconductors which includes impurity 

levels, defects and recombination of mechanisms.  

The recombination of electrons and holes results in the emission of photons with energy equal 

to the material bandgap. This can include both radiative and nonradiative processes, where 

nonradiative is associated with localized defect levels [39]. In direct recombination as 

illustrated in Fig. 3.6, an electron from the conduction band falls into a hole in the valence band 
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while preserving energy by producing a photon. The excess carriers reach thermal equilibrium 

before recombination; therefore, most emitted photons have energy equal to the bandgap 

energy [38]. The materials bandgap thus influences the colour of the emitted light, which may 

be changed by changing the semiconductor material [39]. 

 

Figure 3. 6: Schematic diagram to show the recombination process in a p-n type material 

[39]. 

3.2.6. Fourier transform Infrared Spectroscopy (FTIR) 

The most popular approach for infrared spectroscopy is Fourier transform infrared 

spectroscopy (FTIR). An infrared absorption, emission, photoconductivity, or Raman 

scattering spectrum of a solid, liquid, or gas is obtained using this approach [40]. It is used to 

determine qualitative and quantitative properties of organic or inorganic molecules active in 

the infrared [41]. The FTIR spectrometer simultaneously collects data with high spectral 

resolution over a wide spectral range [40]. Infrared spectroscopy is a technique that analyses 

the vibrations of atoms in a molecule and is unquestionably one of the most significant 

analytical techniques accessible to scientists today [42]. It is also a mathematical technique that 

can be used to convert a function from one real variable to another [43]. It is a unique powerful 

tool for spectroscopists as various spectroscopic studies deal with electromagnetic waves 

covering a wide range of frequency [44]. Fourier transform spectroscopy is a less obvious 

method of obtaining the same information. [40]. Rather of projecting a monochromatic light 

beam onto the sample, the approach concurrently emits a beam comprising many light 

frequencies and assesses the quantity of this beam absorbed by the sample [40]. The beams 

were subsequently changed to incorporate a new frequency combination, providing a second 
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data point [40]. This procedure is carried out multiple times. The computer then compiles all 

of this information and works backwards to determine the absorbance multiplied by the 

wavelength. The schematic diagram for FTIR is shown in Fig. 3.7.  

 

Figure 3. 7: The schematic diagram of FTIR [40]. 

3.2.7. Current-Voltage Characterization (I-V) 

Current-voltage (I-V) characteristics describe the relationship between the current flowing 

through a component and the voltage across it [45] (see Fig. 3.8). This means that the resistance 

is constant, and the voltage is directly proportional to the current flowing through the element 

at a constant temperature. The I-V curve shows the linear relationship between the applied 

voltage and the electric current [45] (see Fig 3.9. Measurements are made by applying a range 

of voltages to the device. Thus, at any voltage, the current flowing through the device is 

measured with high accuracy.  
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Figure 3. 8: The circuit diagram for I-V measurements of a resistor [45]. 

 

 

Figure 3. 9: The I-V curve of an ideal resistor [45].  
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Chapter 4 

Effect of ZnO nanorods singly doped with Er3+, 

Ho3+, and Tm3+ on P3HT for organic solar cell 

application 

The Chapter discusses the effect of ZnO nanorods singly doped with Er3+, Ho3+, and 

Tm3+ on P3HT for organic solar cell application were discussed. 

 

4.1 Introduction  

ZnO is a semiconductor material of tremendous relevance for optoelectronic applications 

because of its large band gap (3.37 eV) and strong exciton binding energy [1-2]. ZnO is 

recognized for three typical forms of unit cell structures: hexagonal wurtzite, zinc blende, and 

rock salt, with hexagonal wurtzite being the most popular because to its stability at ambient 

temperature and normal atmospheric pressure [1]. It is also non-toxic and can be produced in 

small or large scale using various synthesis methods. ZnO doped with different rare earth ions 

used for various applications such as optoelectronics, electronics, photocatalytic have been 

studied for different morphologies and preparation methods [4-6]. The main of ZnO doping is 

to modify its optical properties by improving the absorption [4]. Rare earth metal ions are 

widely utilized as dopants in a variety of applications due to their excellent electrical, optical, 

and luminescent capabilities, which are determined by the electron transition trends in the 4f 

energy layers [7,8]. Among others, various rare earth metal ions such as Er3+, Ho3+ and Tm3+ 

are of interest because they emit in the visible and the near-infrared range. Senol [9] synthesized 

Er-doped ZnO and Yb-doped ZnO using hydrothermal method and observed a decrease in band 

gap compared to the one of ZnO, which might be due to the increased defects introduced by 

Er3+ and Yb doping.  Fabitha et al. [10] synthesized Ho-doped ZnO by sol-gel method and 

observed band gap growth as the impurity concentration was varied,.The band gap increased 

with an increasing concentration of Ho3+ dopant in the ZnO crystal. Colak et al. [11] also 

observed a decrease in the optical band gap of Tm-doped ZnO with increasing dopant 

concentration. Our main aim in this study is to instigate these materials due to their potential 

application prospects in optoelectronic devices, organic-inorganic semiconductors. [12]. The 
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hybrid heterostructure based on pristine P3HT-conjugated polymer including inorganic 

ZnO:RE nanoparticles is intended to improve its optoelectronic capabilities by taking use of 

ZnO high electron mobility [13]. The electrical conductivity of organic semiconductors has 

been known for at least four decades and a proof of-concept was presented shortly after their 

discovery [14,15]. Recent active heterojunction organic solar cells have achieved laboratory-

scale energy conversion efficiencies of up to 11.2% [16]. In contrast to many other 

technologies, these solar cells can be printed with a solution, even on film or flexible paper [17, 

18]. 

In this study, rare-earth ions doped ZnO nanorods were synthesized using sol-gel microwave 

assisted. Optimization of Er3+, Ho3+ and Tm3+ in ZnO nanorods was achieved and ZnO doped 

with 1.5% Er3+, 0.5% Ho3+ and 1.0% Tm3+ were found to be the best samples. The materials 

were then integrated into P3HT with an aim of investigating its role on structural, optical, and 

electrical characteristics. P3HT-ZnO: 0.5% Ho3+ quenches P3HT intensity, reducing charge 

recombination and demonstrating full charge transfer between donor-acceptor materials.  

Kabongo et. al [19] demonstrated the surface effect and optoelectronic properties of Ho3+ doped 

ZnO in P3HT polymer nanocomposite. In their study they observed the PL quenching which 

is the results of enhanced charge transfer due to ZnO:Ho3+ nanostructures in the polymer. 

According to Kabongo et. al [19] the degree of quenching of the polymer photoluminescence 

is a good indication of efficient charge transfer induced by the ZnO:Ho3+ (acceptor) dispersed 

in the P3HT (donor) host matrix. To regulate particle size and decrease particle agglomeration, 

the capping agent 1-thioglycerol was utilized. The aim is to improve the conductivity of P3HT, 

which is known to improve the efficiency of organic solar cells. The nanorods act as direct 

carrier transport pathways to the electrode, reducing charge transfer. These heterostructures are 

intriguing because they act as electron transport layers in organic-inorganic heterojunction 

solar cells, bringing up possibilities for use in a variety of optoelectronic devices, including 

solar cells. 

4.2 Experimental Procedure  

4.2.1 Materials 

The precursors used for the synthesis of ZnO doped with rare earth ions were zinc acetate 

dihydrate (Zn(CH3COO)2·2H2O; 99.5%), 1-thioglycerol (TG), sodium hydroxide (NaOH; 

97%), Er(NO3)3, Ho(NO3)3, Tm(NO3)3, poly(3-hexylthiophene) (P3HT). All the precursors 
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were purchased from Sigma Aldrich without further purification. Deionized water (DIW) and 

chlorobenzene were used as solvents. Microwave processing was done using a SynthWAVE 

single reaction chamber microwave synthesis system. 

4.2.2 Microwave-assisted sol-gel synthesis 

The hexagonally shaped nanorods were synthesized by dissolving zinc acetate dihydrate 

(Zn(CH3COO)2H2O; 99.5%) in deionized water, adding 1-thioglycerol (TG) as a capping 

agent, and stirring the solution for 15 minutes on a magnetic stirrer.  Erbium(III) nitrate 

pentahydrate (Er(NO3)3•5H2O (99.9%), holmium(III) nitrate pentahydrate (Ho(NO3)3•5H2O 

(99.9%), and thulium(III) nitrate pentahydrate (Tm(NO3)3•5H2O (99.9%) were used as 

dopants. The presence of TG in the solution was used to regulate particle size distribution. 

Kumari et. al [20] investigated the thermal stability of TiO2 nanoparticles using 1-thioglycerol 

as a capping agent. The major role of 1-thioglycerol in their studies was to prevent the 

agglomeration of nanoparticles and to improve the thermal stability.  On the other hand, sodium 

hydroxide (NaOH; 97%) was dissolved in deionized water for 15 minutes while agitating the 

mixture. The sodium hydroxide solution was then dropped into the zinc solution. The white 

solution was then swirled for 1 hour at room temperature on the magnetic stirrer. The solution 

was then transferred to the synthWAVE microwave for 5 minutes at 140 oC and 1000 W power. 

The mixture was then centrifuged at 4000 rpm for 5 minutes before being rinsed numerous 

times with deionized water and ethanol to remove acetates and nitrates. As a result, the finished 

product was disseminated in ethanol. P3HT was dissolved in chlorobenzene and stirred for 24 

hours on a magnetic stirrer to combine it with un-doped and doped ZnO at varying ratios. The 

samples were sonicated for 30 minutes after integrating P3HT with un-doped and doped ZnO. 

To create the thin films, the pipette was used to drop-cast the sample solution onto the 

borosilicate glass substrate. The films were then allowed to dry at ambient temperature. All of 

the precursors were bought from Sigma Aldrich and were not further purified. 

4.2.3 Characterization techniques 

The structure and crystallinity of the produced materials were evaluated using a Rigaku 

SmartLab X-Ray diffractometer with a Cu-Kα radiation source (λ = 0.154059 nm). A 

PerkinElmer FTIR spectrometer was used to determine functional groups. The absorbance was 

measured using a PerkinElmer Lambda 1050 UV/VIS/NIR Spectrophotometer. FE-SEM 

pictures were captured using a JEOL JSM-7800F and a Thermo Scientific Ultradry EDS 

detector. PL measurements were taken using a Horiba Fluorolog-3 Jobin Yvon spectrometer at 
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excitation wavelengths of 370, 400, and 530 nm. Thermo ESCAlab 250 Xi spectrometer data 

was collected using Al K (1486.7 eV) monochromatic x-ray radiation source and was internally 

calibrated by carbon deposit C (1s) binding energy (BE) at 284.8 eV. Keithley 6487 

picoammeter with a voltage source was used to measure current-voltage (I-V). The 

measurements were done in the dark and at room temperature using the thin film (303 K). 

4.3. Results and discussion 

4.3.1 X-ray diffraction analysis 

Fig. 4.1 (a – c) shows diffraction patterns of ZnO doped with Er3+, Ho3+ and Tm3+. Clearly 

patterns shows that the peaks correspond to the hexagonal structure of wurtzite ZnO (PDF 01-

074-9940) and that no secondary phase originating from Zn(OH)2, Er2O3, Ho2O3 and Tm2O3 

was observed, indicating the formation a single phase. The ZnO lattice is known to be open to 

doping, but due to difference in ionic radius, so it is difficult to stabilize impurities in the ZnO 

lattice without creating secondary order. However, with increasing impurity concentration (0.5 

- 1.5 %) a slight shift of the peak towards the lower angle is to be expected indicating the 

replacement of Zn2+ ions in the main lattice with Zn2+ having a smaller ionic radius (0. 74 Å) 

than the radius of Er3+ (0,89, 0.90 and 0.87 Å for Er, Ho and Tm (see Fig. 4.1 (d)). The 

hexagonal wurtzite structure can still be seen in Fig. 4.1(e) diffraction patterns of doped 

materials with P3HT inclusion. The incorporation of P3HT with doped samples improved the 

crystallinity of ZnO, which was confirmed by highly crystalline peaks, especially in the case 

of Ho3+. Charge recombination between donor-acceptor materials is expected to be reduced in 

photoluminescence (PL) analysis. The average crystal size was found to be approximately 35, 

31, 34 and 29 nm for ZnO and ZnO doped with Er3+, Ho3+ or Tm3+. The mean crystallite size 

was calculated using the Scherrer equation [19]. 

𝐷 =
𝑘𝜆

𝛽𝐶𝑜𝑠𝜃
                                                                                (4.1) 
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Figure 4. 1: XRD patterns of (a) Er-doped ZnO, (b) Ho-doped ZnO (c) Tm-doped ZnO (d) 

peak shift (e) incorporation of P3HT in doped samples. 

4.3.2 Ultraviolet-visible-Near Infrared analysis 

UV/VIS/NIR absorption spectra of ZnO doped with various rare earth ions are shown in Fig. 

4.2. ZnO has a maximum normalized absorption peak at ~370 nm, with absorption mostly 

focused in the UV area and less visible light absorbed. Fig. 4.2 (a – c) shows the normalized 
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absorption spectra of ZnO doped with Er3+, Ho3+ and Tm3+ ions. The figure shows that ZnO 

doped with 1.5% Er3+, 0.5% Ho3+ and 1.0% Tm3+ have the highest absorption intensity. 

However, Er3+ and Ho3+ doped ZnO show a slight redshift from ~370 nm. The absorption 

spectrum shifts for Er3+ and Ho3+ doped ZnO is probably due to the development of defects in 

the ZnO host matrix, energy levels between the valence and conduction bands. The absorption 

band at ~370 nm is attributed to the transition of electrons from the valence band to the 

conduction band. The redshift is therefore attributed to the effective impurity band introduced 

by doping [21]. Similar results were reported by Yu et al. [22] where they observed a slight 

redshift showing the rate of electron-hole pairing exhibiting higher photocatalytic efficiency. 

The normalized absorption spectra of P3HT and P3HT-ZnO in varied ratios (1:1-1:5) are 

shown in Fig. 4.2 (d), with P3HT-ZnO (1:5) having the maximum absorption. Fig. 4.2 (e) 

shows normalized absorption spectra of P3HT at different ratios, P3HT, P3HT-ZnO, P3HT-

ZnO: 1.5% Er3+, P3HT-ZnO: 0.5% Ho3+ and P3HT-ZnO: 1.0% Tm3+. The findings demonstrate 

that P3HT-ZnO: 0.5% Ho3+ has the highest absorption intensity. It is well known that increased 

absorption leads to increased efficiency of solar cells [23]. The spectra demonstrate that all 

samples contain the identical vibronic modes of the excited state absorption peaks, which are 

ascribed to the π-π* P3HT transitions [24]. The optical band gap was calculated using the linear 

part of the Tauc’s plot [25]: 

                                              𝛼ℎ𝑣 = 𝐴(ℎ𝑣-𝐸𝑔)1/2                                       (1) 

Where 𝐴 is the constant, ℎ𝑣 is the photon energy (ℎ=Plank’s constant and 𝑣 is frequency of a 

photon) and 𝑎 is the absorption coefficient. Extrapolating from the linear part of Tauc's plot 

((𝑎ℎ𝑣)2 vs ℎ𝑣) the anticipated bandgaps are shown in Fig. 4.2 (f). The predicted bandgaps were 

found to be ~3.09, 2.53, 2.61 and ~2.23 for ZnO, ZnO doped with 1.5% Er3+, 0.5% Ho3+ and 

1.0% Tm3+ respectively. The bandgaps exhibit a blue shift because TG and dopants generate a 

new electronic level within the ZnO host structure. The bandgap for P3HT, P3HT-ZnO and 

P3HT to doped samples range between 1.8 and 1.9 respectively. 
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Figure 4. 2: Normalized absorption spectra of (a) Er-doped ZnO, (b) Ho-doped ZnO (c) Tm-

doped ZnO (d) P3HT ratios (e) P3HT to doped ZnO at different ratios (f) Tauc’s plot of ZnO. 

(d) 
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4.3.3 Photoluminescence analysis 

Figure 4.3 depicts the PL spectra of ZnO and ZnO doped with rare earth ions. In all spectra of 

doped ZnO (see Fig. 4. 3(a)-(c)) we observe similar peaks to those of ZnO despite excited with 

different excitation wavelength. However, an increase and a decrease in intensity is observed 

with an increase in dopant concentrations. The decrease in intensity is caused by low doping 

concentration, and thus Er-doping ZnO acts as a nonradiative recombination centre, resulting 

in a decrease in intensity, whereas the increase in intensity is caused by an increase in doping 

concentration in the ZnO lattice, which can lead to an increase in the number of luminescent 

centres, resulting in a higher PL intensity [26, 27]. For example, Er3+ doped ZnO exhibits 

emissions at 418, 441, and 500 nm that are attributable to oxygen (Vo) and Zn (Zni) interstitial 

vacancies, respectively [26]. There are no dopants emission peaks seen due to weak dopants 

ions emission peaks contained in the signal from a strong, deep-level ZnO emission. These 

findings are explained by the recombination of photogenerated holes with singly ionized holes 

charge states of inherent defects such as oxygen vacancies, Zn interstitials, or impurities. [27-

30]. In addition, it is observed that the intensity of ZnO doped with rare earth ions increases 

significantly compared to undoped ZnO, indicating an increase in the oxygen vacancy defects 

[31] with increased concentration of impurities. 

The PL measurements in Fig. 4.3 (d) were taken to observe the charge transfer between the 

donar-acceptor pair. The emission spectra were compared to the emission spectra of P3HT. 

Peaks at 636 and 690 nm are seen in P3HT and P3HT-ZnO (1:1), matching to pure electronic 

transmission in pure P3HT [32]. The emission intensity of P3HT-ZnO (1:1), (1:2), and (1:3) 

increases. P3HT-ZnO (1:1) and (1:2) ratios had the same spectrum as P3HT alone, indicating 

no charge transfer from P3HT to ZnO. P3HT-ZnO (1:5) was the best because it demonstrated 

considerable PL intensity quenching, suggesting charge transfer between donor-acceptor 

(P3HT-ZnO) materials. However, if the P3HT-ZnO ratio is 1:5, P3HT-ZnO: 1.5% Er3+, P3HT-

ZnO: 0.5% Ho3+, and P3HT-ZnO:1.0% Tm3+, the spectra indicate a blue shift from the primary 

P3HT emission, which is attributable to a change in P3HT crystallographic order [33]. P3HT-

ZnO:0.5% Ho3+ (1:5) reduces P3HT emissions, which is advantageous for photovoltaic solar 

cells. P3HT-ZnO:0.5% Ho3+ (1:5) reduces P3HT emissions, which is advantageous for 

photovoltaic solar cells; this is possibly due to the occurrence of more quenching centers within 

the polymer resulting from holmium doping [34]. However more research needs to be done on 

this process. Furthermore, there are two types of PL quenching phenomena that may occur in 

polymers; the static and dynamic quenching [35, 36]. In the process of static quenching, a non-

https://link.springer.com/article/10.1186/s11671-016-1630-3#ref-CR59
https://link.springer.com/article/10.1186/s11671-016-1630-3#ref-CR60
https://link.springer.com/article/10.1186/s11671-016-1630-3#ref-CR61
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fluorescent complex form between a fluorophore (P3HT) and a quencher (ZnO:0.5% Ho3+). 

The reduction in PL intensity suggests full charge transfer between the donor-acceptor 

materials and, as a result, a reduction in charge recombination. Commission International de 

I'Eclairage (CIE) 1931 x-y chromaticity diagram of ZnO doped with Er3+, Ho3+, Tm3+ nanorods 

are presented in Fig. 4.3 (f). As shown in Fig. 4. 3 (f), the CIE coordinates lie in different 

regions with Er3+ and Tm3+ doped ZnO in the green area and ZnO: Ho3+ in the red area. These 

results show that ZnO can emit in different regions. It is well known that by altering factors 

like morphology and dopants, the visible luminescence of ZnO may be controlled in a wide 

range from red to blue [37]. The results agreed with that of PL where ZnO: Er3+ emits in the 

green region and ZnO: Ho3+ in the red region. 
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Figure 4. 3: Emission spectra (a) Er-doped ZnO, (b) Ho-doped ZnO (c) Tm-doped ZnO (d) 

P3HT ratios (e) P3HT to doped ZnO at different ratios (f) CIE chromaticity diagram. 

4.3.4 Morphological properties 

FE-SEM images of ZnO nanorods generated using the microwave-assisted sol-gel technique 

are shown in Fig. 4.4. Fig. 5.4 (a) shows agglomerated flower-like nanorods. Fig. 4. 4 (b)-(d) 

shows hexagonal nanorods with a sharp pencil-like tip. These results are consistent with the 

XRD results in which we formed a hexagonal wurtzite structure. ZnO: 0.5% Ho3+ has the 

longest nanorods which are possible for minimizing recombination, which could improve the 

organic solar cells efficiency. 

 Fig. 4.5 shows FE-SEM images of P3HT, P3HT-ZnO, P3HT-ZnO: 1.5% Er3+, P3HT-ZnO: 

0.5% Ho3+ and P3HT-ZnO: 1.0% Tm3+ in a ratio of 1: 5. Fig. 4.5 (a) shows an image of organic 

P3HT. Fig. 4.5 (b)-(d) shows a good mixing of composite that propose to improve the 

efficiency of photovoltaic devices. This might be due to nanorods capacity to minimize 

recombination, resulting in quicker electron transmission [38]. The role of the capping agent 

(TG) in the samples was to minimize agglomeration of the hexagonal nanorods. This finding 

is compatible with the UV/VIS/NIR results, where P3HT-ZnO: 0.5% Ho3+ increases 

absorbance, and the PL results, where P3HT-ZnO: 0.5% Ho3+ suppresses P3HT-PL intensity, 

resulting in complete charge transfer between the donors-acceptor materials and therefore 

minimizing charge recombination. 
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Figure 4. 4: FE-SEM images of (a) ZnO (b) ZnO:1.5% Er3+ (c) ZnO:0.5% Ho3+ (d) 

ZnO:1.0% Tm3+. 

 

Figure 4. 5: FE-SEM images of (a) P3HT (b) P3HT-ZnO:1.5% Er3+ (c) P3HT-ZnO:0.5% 

Ho3+ (d) P3HT-ZnO:1.0% Tm3+. 

4.3.5 FTIR analysis 

The FTIR spectra for ZnO, P3HT, P3HT-ZnO: 1.5% Er3+, P3HT-ZnO: 0.5% Ho3+, and P3HT-

ZnO: 1.0% Tm3+ when the ratio is 1:5 are shown in Fig. 4.6. The large absorption peak at 3325 
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cm-1 is caused by O-H vibrations, whereas the bands at around 2971 and 2889 cm-1 are caused 

by C-H stretching. The band at 1380 cm-1 is caused by the presence of CO2 in the air, whereas 

the bands at 1084 and 1043 cm-1 are caused by the asymmetric and symmetric C=O stretching 

modes, respectively. Inorganic ZnO is represented by the bands below 600 cm-1. Furthermore, 

the P3HT peaks are still evident, and the variation in strength is attributable to the π-π 

interactions between P3HT and undoped and doped ZnO [39].  P3HT has strong interactions 

with doped ZnO, resulting in a nice combination of ligands, which is why we saw nanorods 

developing from P3HT in FE-SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 6: FTIR spectra of ZnO, P3HT, P3HT-ZnO, P3HT-ZnO:1.5% Er3+, P3HT-

ZnO:0.5% Ho3+ and P3HT-ZnO:1.0% Tm3+. 

4.3.6 Electrical properties 

The current-voltage (I-V) characterisation of P3HT combined with undoped and doped ZnO is 

presented in Fig. 4.7, which depicts the rectification behaviour. This behaviour improves when 

P3HT is added to the doped ZnO. When comparing P3HT to other samples, doping improves 

the conductivity of P3HT, with P3HT-ZnO: 0.5% Ho3+ being the best. This behaviour is known 

to improve electron transport properties, which can help improve photovoltaic efficiency. The 

rise in conductivity can be linked to an increase in dopant concentration. Colak et al. [40] 

synthesized Ho-doped ZnO by spin coating sol–gel and hydrothermal method. They observed 

an increase in conductivity with Ho3+ ion doping. According to Colak et al. [40] the reason for 
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the increased conductivity is that the dopants have the ionic radii that are larger than that of 

ZnO and therefore dopants act as a donor. With all the information it is now clear why P3HT-

ZnO: 0.5% Ho3+ has the highest conductivity. It can be clearly seen that the increase in the 

conductivity range according to the ionic radii of the impurities being larger than of the ZnO 

lattice (0.74 Å) (0.88, 0,90 and 0.87 Å for Er, Ho and Tm). In addition, it was concluded that 

the impurities occupy the interstitial sites of Zn2+ and that the number of free electrons in ZnO 

increases with the amount of impurities. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 7: The I-V characteristic spectra of ZnO, P3HT, P3HT-ZnO, P3HT-ZnO:1.5% 

Er3+, P3HT-ZnO:0.5% Ho3+ and P3HT-ZnO:1.0% Tm3+. 

4.5 Conclusion 

We have successfully synthesized samples prepared using the microwave-assisted sol-gel 

method. XRD confirmed that no peak other than ZnO was observed. UV/VIS/NIR showed an 

improved absorption. The incorporation of P3HT samples also showed a strong improvement 

in absorption, which may lead to an increase in the efficiency of photovoltaic solar cells. P3HT-

ZnO: 0.5% Ho3+ demonstrated full charge transfer between donor-acceptor material. FE-SEM 

revealed hexagonal flower-like nanorods, FTIR revealed all functional groups, and electrical 

characterization revealed that P3HT-ZnO: 0.5% Ho3+ has the ability to increased conductivity, 

which is known to boost solar cell efficiency. 
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Chapter 5 

Microwave-assisted sol-gel synthesis of P3HT-ZnO: 

Sm3+, Yb3+: Study of structure, morphology, optical 

and electrical conductivity for possible application in 

organic solar cells  

The chapter discusses microwave-assisted sol-gel synthesis of P3HT-ZnO: Sm3+, Yb3+: 

Study of structure, morphology, optical and electrical conductivity for possible 

application in organic solar cells. (Article published in the Materials Chemistry and 

Physics Journal) 

 

5.1. Introduction 

Zinc oxide (ZnO) has piqued the curiosity of many scientists for decades due to its unusual 

physical and chemical characteristics and significant promise in nano-device development [1 - 

2]. Among metal oxides, ZnO is one of the most appealing semiconductor materials due to its 

wide band gap of 3.27 eV [8] and suitability as a host for the 4f energy levels of rare earth (RE) 

ions [9]. It may be used in photodetectors [3, 4], sensors [5, 6] and solar cells [7, 8]. In addition, 

aggregation of chemically generated nanoscale ZnO owing to high surface energy might result 

in excessive grain size and hence impact stability [10]. By incorporating of capping agents 

lowers the size of the nanoparticles, which improves their stability [10]. 

Several studies have investigated the optical characteristics of doped and undoped ZnO. Faraz 

et al. [12] previously synthesized samarium (Sm) doped ZnO using sol-gel-combustion and 

studied its optical properties using UV-vis, they reported an enhanced optical absorption, 

implying that rare earth ion doping is advantageous for effective photocatalysts and/or 

photovoltaics to convert solar energy into electricity. Kumar and his team [12] used the green 

solution combustion approach to optimize ZnO: Sm3+ (1 - 6 mol%) and the highest PL emission 

was recorded at a dopant concentration of 3 mol%. The highest PL emission is due to the 

extremely thin space layer and the excessive diffusion depth of light into host space charge 

layer, and therefore the recombination of photogenerated e-h pair become less complicated. 
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Gorokhova et al. [13] fabricated ZnO: Yb3+ from commercial reagent grade ZnO and Yb2O3 

powders by hot pressing in vacuum at the temperature 1180 ℃ and observed a variation in PL 

intensity. The rise in intensity is attributed to an increase in the concentration of oxide vacancies 

after high-temperature deformation during uniaxial hot pressing in vacuum [13]. It has been 

commonly observed that high-pressure exposure can result in a large concentration of 

vacancies in ZnO [13]. When Yb3+ ions are added to ZnO, the intensity decreases due to oxide 

defects. Their findings are consistent with what was reported by Kabongo et al [14], where they 

attribute an increase and decrease in PL intensity to possible energy transfer from Yb3+ ions to 

ZnO or defects attributed oxygen reduction. Synthetic approaches, on the other hand, are 

crucial in examining the structure, morphology, and distinctive optical characteristics of metal 

oxides. Among many synthesis methods, microwave-assisted synthesis has attracted a lot of 

interest due to the fact that it is faster, simpler, and more energy efficient [15]. This approach 

helps to control the shape and size of nanomaterials and it is also simple and affordable to 

implement. As a result, ZnO nanorods were synthesised in this study using a simple 

microwave-assisted sol-gel process, and 1-thioglycerol (TG) was added as a capping agent to 

regulate particle size and prevent agglomeration. Satpathy et al. [16] used a straightforward 

chemical method to create Gd-doped ZnO nanorods with varying doping concentratios. When 

they increased the concentration of dopants, they noticed an increase in rod-like shape. An 

increase in rod-like morphology, according to Satpathy et al. [16], implies an improvement in 

stronger magnetism. Satpathy et al. [17] used a simple chemical technique to create pure and 

La-doped ZnO nanorods in another investigation. They discovered that adding La dopant had 

no influence on the crystal structure of the ZnO nanorods. They also indicated that the produced 

ZnO nanorods will be beneficial in multifunctional devices such as optoelectronics, 

spintronics, and biomedical applications. As capping molecules, TG with sulphydryl and 

carboxyl groups are frequently utilized [18]. The sulphydryl group can coordinate with the 

nanoparticles, whereas the carboxyl group leads to colloidal nanoparticle electrostatic stability 

[18]. Poly(3-hexylthiophene) (P3HT) is a well-known polymer that is utilized in electrical 

devices such as organic solar cells [10]. Conjugated electron donor polymer P3HT is widely 

employed in solar cells because of its exceptional electro-optical characteristics and ease of 

processing and device fabrication [20-24]. 

In this study, ZnO was optimized by varying the TG concentration, and the results shows that 

ZnO with a TG molar concentration of 0.2 had maximum PL emission and will thus be used 

as the host material. The main objective was to introduce a dopant (Sm3+ and Yb3+) into our 
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host and then add it into P3HT, and the investigate its crystal structure, morphology, optical 

and electrical conductivity. Sm3+ is commonly known as one of the most active luminescent 

ions, with a bright red-orange fluorescence in the visible range [25]. Lot of investigations on 

Yb3+ as a sensitizer have been carried out, for example, Er3+/Yb3+ co-doped lead phosphate 

produced by melt quenching process [26] displayed energy transfer from Yb3+ to Er3+. As a 

result, Yb3+ ion will be used as a sensitizer in order to boost the Sm3+ ion's absorption power. 

To the best of our knowledge, no comprehensive study has been conducted employing this 

combination to explicitly boost electron transport and improve electrical conductivity for 

prospective application in organic solar cells as illustrated in Fig. 5.1. Furthermore, these 

materials combination exhibits a significant photoluminescence quenching effect, indicating 

the feasibility of charge separation in the photoactive layer of an organic solar cell devices. 

 

Figure 5. 1: Electronic energy level diagram of Yb3+ and Sm3+: a photon excited state 

absorption process of Sm3+ with Yb3+ as the sensitizer in Sm/Yb doped ZnO. Full, curved, and 

dashed arrows indicate radiative and non-radiative energy transfer and multiphonon relaxation 

processes, respectively [26]. 

5.2. Experimental section 

5.2.1 Materials 

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O; 99.5%), 1-thioglycerol (≥97.0%), sodium 

hydroxide (NaOH, 97%), samarium (iii) acetate hydrate (Sm(CH3CO2)3·H2O, 99.9%), 

ytterbium (iii) acetate hydrate (Yb(CH3CO2)3·H2O, 99.9%),  regioregular Poly(3-

hexylthiophene-2,5-diyl) (C10H14S)n, Mw = 20000), chlorobenzene (anhydrous, 99.8%), 

ethanol (anhydrous, 96.0%) and borosilicate glass substrate were all purchased from Sigma-

Aldrich (South Africa) and used without any further purification.  
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5.2.2 Microwave-assisted sol-gel synthesis 

The hexagonally shaped ZnO nanorods were prepared by dissolving 2.5 g of zinc acetate 

dihydrate into 100 ml deionized water, adding 1-thioglycerol (TG) as a capping agent at 0.2, 

0.4, 0.6, 0.8, and 1.0 molar concentrations and un-capped ZnO. The solution was stirred for 15 

minutes on a magnetic stirrer. The presence of TG in the solution was used to regulate the 

distribution of particle size and to avoid agglomeration. In contrast, 4 g of sodium hydroxide 

(NaOH; 97%) was dissolved into 30 ml of deionised water while stirring the solution for 15 

minutes. The sodium hydroxide solution was added dropwise into the zinc solution.  The 

resulting white solution was swirled at room temperature for 1 hour with a magnetic stirrer. 

From our analysis, ZnO capped with 0.2 molar concentration displayed optimum results and 

will be used as the host material henceforth. The same procedure of doping ZnO with Sm3+ and 

Yb3+ followed while keeping Sm3+ concentration the same and varying Yb3+ concentrations. 

ZnO:Sm3+ (1 – 6 mol%) was optimized by Kumar et at [12] and they observed that 3% 

concentration was the best sample. The mixture was agitated for 1 hour after 0.11 g of Sm3+ (3 

mol%) and 0.044, 0.126, 0.210, 0.294, and 0.378 g of Yb3+ (1, 3, 5, 7, and 9 mol%) ion doping 

concentration were added. The solution was then placed in a SynthWave maintained at 140 oC 

and 1000 W for 5 minutes. The mixture was then centrifuged for 5 minutes at 4000 rpm and 

rinsed numerous times with deionized water and ethanol to remove acetates. The finished 

product was disseminated in ethanol to improve particle separation. The results show that 

ZnO:3%Sm3+,5%Yb3+ is the best sample and therefore will be incorporated with P3HT, but 

first P3HT  was optimized with ZnO in various ratios (1:1, 1:2, 1:3, 1:4, and 1:5) and P3HT-

ZnO (1:5) is the sample that displayed optimum results. When it comes to preparation of P3HT, 

10 mg of what P3HT was dissolved in 1 ml chlorobenzene and agitated for 24 hours on a 

magnetic stirrer. Following direct mixing of P3HT with undoped and doped ZnO, the samples 

were sonicated for 30 minutes. In order to fabricate the thin films, a pipette was used to drop-

cast the solution onto the ultrasonically cleaned borosilicate glass substrate. The films were 

then left to dry at ambient temperature for 24 hours. Finally, ZnO, P3HT, P3HT:ZnO (1:5), 

and P3HT:ZnO:3%Sm3+,5%Yb3+ (1:5) samples were adjusted and tested with UV/VIS/NIR 

spectrophotometer for possible applications in organic solar cells. 

5.2.3 Characterization techniques 

Rigaku SmartLab X-Ray diffractometer was used to evaluate the structure and crystallinity of 

the prepared materials using Cu-Kα radiation source (λ = 0.154059 nm). PerkinElmer FTIR 
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spectrometer was used for functional group determination. PerkinElmer Lambda 1050 

UV/VIS/NIR Spectrophotometer was used to analyse the absorbance. FE-SEM images were 

recorded on JEOL JSM-7800F coupled with Thermo Scientific Ultradry EDS detector. 

Photoluminescence (PL) measurements were recorded using a Horiba Fluorolog-3 Jobin Yvon 

spectrometer at the excitation wavelength of 370, 400 and 530 nm. X-ray photoelectron 

spectroscopy (XPS) data was obtained from the Thermo ESCAlab 250 Xi spectrometer using 

Al Kα (1486.7 eV) monochromatic x-ray radiation source and was internally calibrated by 

carbon deposit C (1s) binding energy (BE) at 284.8 eV. Current-voltage (I–V) measurements 

were obtained using the Keithley 6487 picoammeter with a voltage source. The measurements 

were taken with the thin film placed in the dark and at room temperature (303 K).  

5.3. Results and discussion  

5.3.1 X-ray diffraction analysis 

Fig. 5.2 (a – d) show the XRD patterns of uncapped and TG-capped ZnO as the concentration 

(TG) varies from 0.2 to 1.0 mol%, ZnO, ZnO: 3% Sm3+, ZnO: 3%Sm3+, x%Yb3+, peak shift, 

P3HT and P3HT-ZnO at different ratios. The diffraction peaks of all samples reveal the 

structure of wurtzite ZnO, indicating that all samples have a hexagonal structure, as illustrated 

in Fig. 5.2. (a). In XRD patterns, hexagonal phase diffraction (ICDD card no. 01-074-9940) 

peaks are clearly evident, with strong peaks at 2θ = 31.9o (100), 34.6o (002), and 36.5o (101) 

for uncapped and capped ZnO. As the concentration of capping agent increases, the intensity 

of the diffraction peak decreases. These findings are thought to be the result of inadequate 

growth as a result of the shortened maturation time or growth inhibition by the capping agent. 

The mean lattice constants of uncapped and capped ZnO were determined to be a = b = 3.26 

and c = 5.22, respectively. These values were similar to ICDD card #01-074-9940. In our 

synthesis, no secondary phases such as Zn(OH)2 were identified in the XRD findings, 

confirming the development of a single phase. When compared to uncapped ZnO, ZnO with a 

capping agent of 0.2_TG demonstrated the maximum intensity, suggesting a significant shift 

in particle transformation and therefore will be used as the host material henceforth. Mou et al 

[27] used an aqueous precipitation approach to create CdS capped with TG. They discovered a 

phase transition from cubic zinc-blende to hexagonal wurtzite. Their discoveries are relevant 

to the study being discussed and presented at FE-SEM, in which nanoparticles have evolved 

from nanoflakes to flower-like nanorods. 
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Figure 5. 2: XRD patterns of (a) ZnO and ZnO at different concentrations of TG (b) ZnO, 

ZnO: 3% Sm3+ and ZnO: 3% Sm3+, x% Yb3+ (c) peak shift of ZnO, ZnO: 3% Sm3+ and ZnO: 

3% Sm3+, 5% Yb3+, (d) P3HT, P3HT-ZnO at different ratios, (e) P3HT, P3HT-ZnO (1:5), 

P3HT-ZnO: 3% Sm3+ (1:5) and P3HT-ZnO: 3% Sm3+, 5% Yb3+ (1:5). 
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The diffraction patterns of capped ZnO, ZnO: 3% Sm3+, and ZnO: 3% Sm3+, x% Yb3+ (x = 1, 

3, 5, 7, and 9%) are shown in Fig. 5.2 (b). Despite the doping, the samples retain a hexagonal 

wurtzite structure, with a drop in peak intensity. ZnO: 3% Sm3+, 9% Yb3+ decreases the strength 

of the diffraction peak even more. The magnitude of these modifications is determined by the 

concentration of the dopant atom. According to Aksoy et al. [28], structural deterioration 

caused by ZnO doping is to be predicted. This is because of impurity substitution at the Zn2+ 

location. 

Sm3+ doping ZnO and co-doping with Yb3+ ions cause the diffraction peaks to shift to lower 

angles, suggesting successful doping (see Fig. 5.2 (c)). The difference in ionic radii of the 

cations (Zn2+ (0.074 nm), Sm3+ (0.096 nm), Yb3+ (0.101 nm)) is attributable to the shift, 

showing that Sm3+ and Yb3+ replace Zn2+ in the host lattice. Carvalho et al. [29] found similar 

results when they synthesized ZnO: Sm3+ using the microwave-assisted hydrothermal 

technique, and their results revealed that no secondary phase contained Sm3+. The average 

crystallite size, lattice parameters and cell volume of ZnO, ZnO: Sm3+ and ZnO: Sm3+, Yb3+ 

are listed in Table 5.1. The average crystallite size of these samples was estimated using the 

Scherrer equation [30]: 

𝐷 =
𝑘𝜆

𝛽𝐶𝑜𝑠𝜃
                              (5.1) 

where D is the crystallite size (nm), k is the Scherrer constant (0.9), λ is the x-ray source’s 

wavelength (0.15406 nm), β (radians) is the full width at half maximum and θ is the peak 

position in radians. Doping and co-doping, according to this estimation, lower the crystallite 

size of the samples, resulting in a drop and broadening of the diffraction peak. Tsuji et al. 

obtained comparable findings with decreasing crystallite size [31] and noticed a reduction in 

crystallite size after doping with ZnO Sm3+ and ascribed it to the development of Zn-O-Sm on 

the doped material's surface.  
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Table 5. 1: Crystallite size, lattice constant (a and c), and cell volumes of undoped and doped 

ZnO. 

 

The XRD patterns of doped P3HT-ZnO at different ratios are shown in Fig. 5.2 (e). The results 

suggest a hexagonal structure with a more crystalline 1:5 intensity. The XRD patterns of P3HT 

including doped and co-doped ZnO are also shown in Fig. 5.2 (e). The results reveal that the 

hexagonal structure of wurtzite can still be seen and remains with increasing diffraction peak 

strength, indicating a well-defined diffraction peak with a high degree of crystallization. These 

findings are consistent with those of Lee et al. [32], who discovered highly crystalline 

P3HT/ZnO, indicating efficient charge transfer and better performance of optoelectronic 

applications. 

5.3.2 UV/VIS/NIR-NIR analysis 

At room temperature, the absorption spectra of the synthesized samples were examined with a 

UV/VIS/NIR spectrophotometer in the wavelength ranges of 250-800 nm (for uncapped and 

capped ZnO at different concentrations of TG, Sm3+ doped and Yb3+ co-doped ZnO nanorods) 

and 350-800 nm (for P3HT incorporation into ZnO and doped ZnO nanorods). The normalized 

absorption spectra of uncapped and capped ZnO at varied TG concentrations (0.2 - 1 mol%) 

are shown in Fig. 5.3 (a). The spectra indicate an absorption peak at 370 nm for both uncapped 

and capped ZnO, with the exception of ZnO 0.6 TG, which shows a peak at 375 nm. Band 

transitions in ZnO are responsible for these absorption peaks. Additional peaks at 500, 564, 

and 743 nm are detected as the quantity of TG capping agent rises. These extra peaks might be 

caused by TG absorption, as the higher the concentration, the more difficult it is to eliminate 

TG from the sample. The absorption spectra for co-doped ZnO are shown in Fig. 5.3 (b). These 

findings demonstrate an improvement in absorption when the Yb3+ concentration varies from 

1 to 9 mol% while the Sm3+ concentration is held at 3 mol. The greatest absorption intensity of 

ZnO: 3% Sm3+, 5% Yb3+ is centered at 385 nm. Because of the wide particle size distribution 

in colloidal solution, the exciton transition is less prominent in co-doped samples. Unni et al. 
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[33] reported peak widening in the UV/VIS/NIR spectra of a mixed Au/CdS system with TG 

capping, which resulted in a red shift due to the increased permittivity of the surrounding 

medium. Their findings are congruent with the findings of this investigation. Doping ZnO with 

rare earth ions has been shown to increase its optical characteristics and conductivity [34], thus 

improved conductivity is predicted here. Figures 5.3 (c) and (d) show the absorption spectra of 

P3HT incorporation into ZnO at various ratios, as well as P3HT incorporation into doped and 

co-doped ZnO. The results demonstrate that P3HT-ZnO (1:5) and P3HT-ZnO: 3% Sm3+, 5% 

Yb3+ (1:5) have the highest intensity absorption spectra. Better absorption leads to improved 

photovoltaic solar cell efficiency via photon absorption [35]. The spectra demonstrate that the 

sample possesses the same vibronic modes as the excited-state electron absorption peaks 

centered at 530, 568, and 615 nm, which are ascribed to the transitions π–π* P3HT [36]. The 

optical bandgap was calculated using the linear section of the Tauc's plot [37]:  

                                              𝛼ℎ𝑣 = 𝐴(ℎ𝑣-𝐸𝑔)1/2  (2) 

Where 𝐴 is the constant, ℎ𝑣 is the photon energy (ℎ=Plank’s constant and 𝑣 is frequency of a 

photon) and 𝑎 is the absorption coefficient. Extrapolating from the linear section of Tauc's plot 

((𝑎ℎ𝑣)2 vs ℎ𝑣)  the predicted bandgap values are shown in Fig. 5.3 (e) and (f). The band gap 

for uncapped and capped ZnO was around 3.14 eV and approximately 3.07 eV, respectively. 

The band gap of ZnO, Sm3+ doped ZnO, and Yb3+ co-doped ZnO spans from 3.07 to 2 eV, with 

a red shift detected. This discovery might be attributed to the fact that TG and impurities form 

a new electron level in the ZnO band gap, and the presence of oxygen defects changes the band 

gap. 
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Figure 5. 3: Normalized absorption spectra of (a) uncapped ZnO and capped ZnO at different 

concentration of TG, (b) Sm3+doped and Yb3+co-doped ZnO nanorods, (c) the incorporation of 

P3HT into ZnO nanorods (d) the incorporation of P3HT into ZnO nanorods doped with 3% 

Sm3+ and 5% Yb3+, (e) the Tauc’s plot of uncapped and capped ZnO at different concentration 

of TG and (f) Sm3+doped and Yb3+co-doped ZnO nanorods. 
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5.3.3 PL analysis 

Fig. 5.4 (a) shows the photoluminescence spectra of ZnO (inset) and ZnO at various TG 

concentrations (0.2 - 1 mol%) were recorded at room temperature in the wavelength range 400 

- 800 nm with an excitation wavelength of 370 nm. Uncapped ZnO samples displayed two 

emission peaks at 510 and 624 nm, while capped ZnO samples showed peaks at 494 and 500 

nm. These emission peaks have been attributed to oxygen vacancies (Vo) and zinc interstitials 

(Zni) [38]. 

The emission spectra of Sm-doped ZnO PL stimulated at 400 nm are shown in Fig. 5.4 (b). The 

spectra indicate emission peaks at several locations between 400 and 600 nm. The 

luminescence defect state in ZnO is responsible for all emission peaks [39]. As a result of these 

flaws, no emission corresponding to transitions inside the f-f Sm3+ ions were seen. However, 

because the quantity of Yb3+ changes, the greatest emission of ZnO sample 3% Sm3+, 5% Yb3+ 

was observed. Furthermore, the location of the PL emission peak indicates a decrease in 

particle size, which is compatible with the anticipated band and size reduction crystallites. 

Thiols, because of their capacity to behave as hole traps, limit the radiative recombination of 

excited carriers [34]. At room temperature, the PL measurements in Fig. 5.4 (c) and (d) were 

taken in the wavelength range 600-1000 nm with an excitation wavelength of 530 nm. The 

charge transfer between the donor-acceptor pair (P3HT:ZnO) was observed, and the emission 

spectra were compared to that of P3HT alone. Peaks in P3HT emission were seen at 636 and 

690 nm, which corresponded to the electronic transition or pure P3HT [40]. The emission 

intensity of P3HT-ZnO (1:1) and (1:2) increases. Both ratios have the same P3HT spectrum, 

which shows no charge transfer from P3HT to ZnO. The best combination was P3HT-ZnO 

(1:5), which demonstrated considerable PL intensity quenching, suggesting charge transfer 

between donor-acceptor (P3HT-ZnO) materials. The emission spectra exhibited a minor blue 

shift, which was attributed to a change in P3HT [41]. P3HT-ZnO: 3% Sm3+, 5% Yb3+ (1:5) 

effectively inhibits P3HT emission, which is known to benefit improved carrier mobility, free 

carrier dispersion path lengthening, and phonon activity in organic solar cells. A drop in PL 

intensity suggests charge transfer between donor-acceptor materials and, as a result, a reduction 

in charge recombination. Furthermore, ZnO has a low exciton binding energy and a lower 

conduction band than P3HT lowest unoccupied molecular orbitals (LUMO), which enables 

electron charge transfer from departed P3HT to ZnO nanorods [42]. 
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Figure 5. 4: Emission spectra of (a) ZnO at various TG concentrations with an inset of pure 

ZnO excited at 370 nm, (b) Sm3+ and Yb3+ doped ZnO excited at 400 nm, (c) P3HT-ZnO 

different ratios, and (d) P3HT, P3HT-ZnO (1:5), P3HT-ZnO:3% Sm3+ (1:5), (1:5). 

5.3.4 FE-SEM analysis 

Field emission scanning electron microscopy was used to investigate the morphology of the 

materials in this investigation (FE-SEM). Figure 5.5 (a) depicts a FE-SEM picture of uncapped 

ZnO with nanoflake development, whereas Figure 5.5 (b) depicts capped ZnO at 0.2 TG with 

flower-like nanorods (b). Figure 5.5 (c) shows the formation of pencil-like hexagonal nanorods, 

indicating that we have really synthesized hexagonal nanorods, which fits with the hexagonal 

structure of the XRD data. Figure 5(d) depicts the shape of organic P3HT. Fig. 5.5 (e) and (f) 

show FE-SEM images of P3HT-ZnO (1:5) and P3HT-ZnO: 3% Sm3+, 5% Yb3+ (1:5). FE-SEM 

images in Fig. 5.5 (e) showed a well-mixed nanorods structure with P3HT. In Fig. 5.5 (e), FE-

SEM images revealed a well-mixed nanorods structure with P3HT. This mixture's homogeneity 

can aid enhance photon absorption in organic solar cell devices, increasing performance. 
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Because every capped ZnO has hexagonal nanorods, the involvement of TG in the samples is 

obvious. When it comes to improving device performance, ZnO nanorods are often preferred 

over spherical nanoparticles because they leads to quicker electron transfer and/or increased 

charge carrier mobility [43]. The capacity of nanorods to minimize electron-hole 

recombination enhances the efficiency of organic solar cells [44,45]. Furthermore, as a 

transport layer in organic solar cells, ZnO nanorods are the most promising choice [46]. 

 

 

 

 

 

 

 

 

 

 

Figure 5. 5: FE-SEM images of (a) ZnO (b) ZnO_0.2TG (c) ZnO:3% Sm3+, 5% Yb3+ (d) 

P3HT (e) P3HT-ZnO (1:5) and (f) P3HT-ZnO:3% Sm3+, 5% Yb3+ (1:5). 

Fig. 5.6 (a) and (b) show the EDS spectra of ZnO and ZnO-doped Sm3+ and Yb3+ co-doped 

with ZnO. (b). Figure 5.5 (a) shows that carbon (C), oxygen (O), zinc (Zn), and nickel are 

present (Ni). The carbon is owing to the use of conductive carbon tape during sample and pre-

measurement preparation, while the Ni is due to system contamination. The presence of 

impurities (Sm3+ and Yb3+) in the EDS spectrum are confirmed by Fig. 5. 6 (b). The integration 

of P3HT in ZnO doped with Sm3+ and Yb3+ shows that silicon (Si) comes from the borosilicate 

glass substrate and sulphur (S) from P3HT. The elemental map in Fig. 5.7 also illustrates the 

distribution of elements on the surface and confirms the composition of Zn, O, Sm, Yb, Sm, 

and Yb and S in the synthesized samples. 
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Figure 5. 6: EDS spectra of (a) ZnO (b) P3HT-ZnO:3% Sm3+,5% Yb3+ (1:5). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 7: The elemental mapping of P3HT-ZnO:3% Sm3+,5% Yb3+ (1:5). 

 

(b) 

(a) 
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5.3.5 X-ray photoelectron spectroscopy analysis 

X-ray photoelectron spectroscopy was used to investigate the chemical state and elemental 

analysis of ZnO, P3HT, P3HT-ZnO (1:5), and P3HT-ZnO: 3% Sm3+, 5% Yb3+ (1:5). (XPS). 

Prior to analysis, the binding energy (BE) was calibrated using the C 1s peak (284.8 eV). The 

spectral lines of Zn 2p are shown in Fig. 5.8 (a), with binding energies of 1022.94 eV (Zn 2p3/2) 

and 1045.96 eV (Zn 2p1/2) and spin-orbit spacing of 23.02 eV, which accords with the findings 

for Zn2+ in ZnO [38,39,47]. Al-Gaashani et al. [40] demonstrated three distinct nanoparticle 

morphologies: nanoparticles, nanoflowers, and nanorods. The binding energies of the Zn 2p 

components of ZnO nanorods are substantially greater than those of nanoparticles and 

nanoflowers, according to Al-Gaashani et al. [40], which can be related to the interaction of 

the chemical environment with the surface atoms. Fig. 5.8 (b) depicts pure P3HT, which has a 

significant peak at 169.875 eV. Huiling et al. [36] discovered that P3HT exhibits a band at 

164.346 eV that corresponds to S 2p3/2 of the thiophene ring. Furthermore, we observe that our 

results switched to a greater binding energy, which might be related to the presence of absorbed 

light or atmospheric oxygen. In Fig. 5.8 (c), a band at 164.09 eV is assigned to the interaction 

of P3HT with ZnO [41], and a band at 165.05 eV is attributed to the S-C bond in P3HT [41]. 

Because of oxygen impurities in P3HT, Fig. 5.8 (d) displayed a wide band at around 532.73 

eV [48]. 
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Figure 5. 8: (a) ZnO (b) P3HT (c) P3HT-ZnO (1:5) (d) P3HT-ZnO: 3% Sm3+, 5% Yb3+ (1:5) 

XPS spectra. 

5.3.6 FTIR analysis 

FTIR spectroscopy experiments were done to better understand the interaction of undoped and 

doped ZnO with conductive P3HT, as illustrated in Fig. 5.9. The large absorption peak at 

around 3325 cm-1 is caused by O-H vibration, whereas the bands at approximately 2971 and 

2889 cm-1 are caused by C-H stretching. The band at 1380 cm-1 is caused by CO2 in the 

atmosphere, whereas the bands at 1084 and 1043 cm-1 are caused by the C=O asymmetric and 

symmetric stretch modes, respectively. Inorganic ZnO is responsible for the bands below 600 

cm-1. Furthermore, the absence of an S-H stretch mode at 2500 cm-1 shows that the thiol groups 

of the ligands are attached to the surface atoms of the nanorods via Zn-S interactions [19]. The 

peaks formed by P3HT, on the other hand, are still evident, and the shift in intensity is due to 

the - interaction between P3HT and undoped and/or doped ZnO [49]. P3HT with ZnO: 3% 
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Sm3+, 5% Yb3+ exhibits higher absorbance intensity, suggesting a good interaction; findings 

correspond with UV/VIS/NIR and PL results from the same sample, demonstrating the 

maximum intensity as determined by FE-SEM, well-distributed particles. 

 

 

 

 

 

 

 

 

 

Figure 5. 9: ZnO, P3HT, P3HT-ZnO (1:5), P3HT-ZnO:3% Sm3+ (1:5) and P3HT-ZnO:3% 

Sm3+, 5% Yb3+ (1:5) FTIR spectra. 

5.3.7 Electrical Characterization 

Fig. 5.10 shows the current-voltage (I-V) spectra of P3HT with undoped and doped ZnO. For 

all samples, the I-V curves exhibit non-linear rectification behaviour, and the trend is consistent 

and continuous, demonstrating stable contact between samples and probes. The observed 

current is smaller in the undoped ZnO and P3HT samples, demonstrating that the material 

functions as an insulator. However, it is obvious that when P3HT is integrated in ZnO at a 1:5 

ratio, the rectification behaviour improves. Again, the P3HT-ZnO doped sample with Sm3+ and 

co-doped with Yb3+ ions is ohmic, showing the conductive materials well-known behaviour. 

The measured current increase in P3HT-ZnO: 3% Sm3+, 5% Yb3+ (1:5) sample suggests that 

the conductivity of the sample increases with the introduction of the dopant Sm3+ and the co-

dopant Yb3+. As a result, we can conclude that doping enhances conductivity even more than 

P3HT and ZnO alone, these findings indicate probable better electron transport characteristics, 

which can lead to an increase in photovoltaic efficiency in organic solar devices. An increase 

in conductivity can be due to higher doping concentration and co-doping. These findings are 

similar to those of Ahmed et al. [50], who reported improvements in behaviour rectification 

when ZnO was doped with the Sm3+ ion, leading to increased conductivity. Once-again, the I-
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V results are similar to the observations reported in our PL studies, where a considerable 

reduction of PL intensity was observed with P3HT-ZnO: 3% Sm3+, 5% Yb3+ (1:5). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5. 10: The I-V spectra of ZnO, P3HT, P3HT-ZnO (1:5), P3HT-ZnO:3% Sm3+ (1:5) 

and P3HT-ZnO:3% Sm3+, 5% Yb3+ (1:5). 

5.4. Conclusion 

The produced ZnO nanorods were effectively generated utilizing the microwave-assisted sol-

gel technique using TG as a capping agent. Despite being capped or doped, the XRD verified 

the hexagonal structure and revealed no additional diffraction peaks other than those of ZnO. 

UV/VIS/NIR absorbance increased in both capped and doped samples. Incorporating the 

samples with P3HT also resulted in a significant absorption boost, providing a greater chance 

for increased efficiency in organic solar cells. PL studies revealed that ZnO capped with 0.2 

TG had the maximum emission intensity, whereas ZnO:3% Sm3+, 5% Yb3+ showed a slightly 

enhanced PL intensity. P3HT incorporated with ZnO:3% Sm3+, 5% Yb3+ showed strong 

photoluminescence quenching effect, suggesting that it might be employed as an electron 

acceptor in the active layer of organic solar cell devices. FE-SEM revealed that the capped ZnO 

results in hexagonally formed flower-like nanorods, EDS corroborated the sample 

composition, and image mapping revealed the element distribution on the surface. The 

interaction between P3HT and ZnO was shown by XPS. The FTIR analysis revealed that all of 

the functional groups, and electrical measurements revealed that the P3HT-ZnO:3% Sm3+, 5% 
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Yb3+ sample improved conductivity, making this material an excellent candidate for greatly 

accelerating electron transport, decreasing the rate of electron-hole recombination, and 

increasing the efficiency of organic solar cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 
 

References 

[1] R. Joshi, Materialia, 2 (2018) 104 – 110.  

[2] S. Jurablu, M. Farahmandijou, T.P. Firoozabadi, J. Sci, Islamic Republic of Iran., 26 (2015) 

281 – 285. 

[3] L. Zhao, P.L. Lu, Z.Y Yuan, X.T. Guo, Y. Shen, H. Ye, G.F. Yuan, L. Zhang, J. Appl. 

Phys., 108 (2010) 113924. 

[4] W.R. Bowen, R.W. Lovitt, C.J. Wright, Biotechnol. Lett., 22 (2000) 893 – 903.  

[5] A.L. Briseno, T.W. Holecome, A.I. Boukai, E.C. Garnett, S.W. Shelton, J.J.M. Frechet, P. 

Yang, Nano Lett., 10 (2010) 334 – 340.  

[6] T. Aoki, Y. Hatanaka, Appl. Phys. Lett., 76 (2000) 3257 – 3258.   

[7] N. Babayevska, B. Peplinska, M. Jarek, L. Yate, K. Tadyszak, J. Gapinski, I. Iatsinskyi, S. 

Jurga, RSC Adv., 6 (2016) 89305 – 89312.  

[8] C. Gumus, O. M. Ozkendir, H. Kavak, Y. Ufuktepe, J. optoelect. Adv. Mat. 8 (2006) 299 – 

303.  

[9] N. Rawal, A.G. Vaishaly, H. Sharma, B.B. Mathew, EPES., 2 (2015) 46 – 52. D 

[10] R. Javed, M. Zia, M. Usman, Appl. Surf. Sci., 386 (2016) 319 – 326.  

[11] M. Faraz, F. K. Naqui, M. Shakir, N. Khare, New J. Chem., 42 (2018) 2295 – 2305. 

[12] M.R. Anil Kumar, H.P. Nagaswarupa, C.R. Ravikumara, S.C. Prashantha, H. 

Nagabhushana, Aarti S. Bhatt, J. Phys. Chem. Solids., 127 (2019) 127–139.     

[13] E. Gorokhova, I. Venevtsev, I. Alekseeva, A. Khubetsov, O. Dymshits, L. Basyrova, E. 

Oreschenko, S. Eron’ko, F. Muktepavela, K. Kundzins, A Zhilin and P Loiko, Journal of 

Physics: Conference Series, 2086 (2021) 012015.  

[14] G. L. Kabongo, G. H. Mhlongo, B. M. Mothudi, K. T. Hillie, H. C. Swart, M. S. Dhlamini, 

Mater. Lett. 119 (2014) 71 – 74.  

[15] N. Assi, P. A. Azar, M. S. Tehrani, S. W. Husain, J IRAN CHEM SOC, 13 (2016) 1593–

1602.  

[16] S.K. Satpathy, U.K. Panigrahi, S.K. Panda, V. Thiruvengadam, R. Biswal, W. Luyten, P. 

Mallick, Mater. Today Commun., 28 (2021) 102725.  

[17] S.K. Satpathy, U.K. Panigrahi, S.K. Panda, R. Biswal, W. Luyten, P. Mallick, J. Alloys 

Compd., 865 (2021) 158937. 

[18] R. D. Deepika, S. Singh, A. Kumar, Bull. Mater. Sci., 38 (2015) 1247 – 1252.  

[19] J. J. R Arias, M. F. V Marques, React. Funct. Polym., 113 (2017) 58 – 69.  



77 
 

[20] J. A. Haucha, P. Schilinskya, S. A. Choulisa, R. Childersb, M. Bielea, C. Brabeca, J. Sol. 

Energy Mater. Sol. Cells., 92 (2008) 727 – 731. 

[21] N.D. Treat, et al., Adv. Energy Mater., 1 (2011) 82 – 89.  

[22] C. Liu, Z.C. Holman, U.R. Kortshagen, Nano Lett., 9 (2009) 449 – 452.  

[23] L.E. Greene, M. Law, B.D. Yuhas, P. Yang, J. Phys. Chem. C Lett., 111 (2007) 18451 – 

18459.  

[24] D. Chen, A. Nakahara, D. Wei, D. Nordlund, T.P. Russell, Nano Lett., (2011) 561 – 567.  

[25] M. Seshadri, M. Radha, D. Rajesh, L.C Barbosa, Cordiero C.M.B, Y.C. Ratnakaram, 

Physica B: Condesed Matter., 459 (2015) 79 – 87.  

[26] Ch. Basavapoornima, T. Maheswari, S. R. Depuru, C.K. Jayasankar, Optical materials, 

86 (2018) 256-269.  

[27] P. Mou, N.R. Mathews, P. Santiago, X. Mathew, J Nanopart Res., 14 (2012) 1 – 13.  

[28] S. Aksoy, Y. Caglar, S. Ilican, M. Caglar, J.Alloys. Comps, 512 (2012) 171 – 178.  

[29] R.G. Carvalho, M.T.S. Tavares, F.K.F. Oliviera, R.M. Nascimento, E. Longo, M.S. Li, 

C.A. Paskocimas, M.R.D. Bomio, F.V. Motta, J. Mater Sci: Mater Electron., 28 (2017) 7943 

– 7950. 

[30] B.D. Cullity, Elements of X-ray Diffraction (2nd Ed), Addison Wesley, 1956. 

[31] T. Tsuji, Y. Terai, M.H.B. Kamarudin, M. Kawabata, Y. Fuji-wara, J. Non-Cryst. Solids. 

358 (2012) 2443 – 2445.  

[32] Y. Lee, C. Chiang, P. Jen, B. Chou, L. Wang, Y. Yi Cheng, Y. Lee, Y. Chen, C. Hsieh, 

C. Dai, ACS Appl. Energy Mater. 5 (2018) 1930-1941.  

[33] C. Unni, D. Philip, K.G. Gopchandran, Spectrochimica Acta Part A., 71 (2008) 1402 – 

1407.  

[34] S. Shukla, D. K. Sharma, Materials Today: Proceedings, 34 (2021) 793 – 801. 

[35] W. Shen, J. Tang, R. Yang, H. Cong, X. Bao, Y. Wang, X. Wang, Z. Huang, J. Liu, L. 

Huang, J. Jiao, Q. Xu, W. Chen, L. A. Belfiore, RSC Adv., 4 (2014) 4379 – 4386. 

[36] T. Huiling, L. Xian, J. Yadong, X. Guangzhong, D. Xiaosong, Sensors. 15 (2015) 2086 – 

2103.  

[37] H. Oh, J. Krantz, I. Litzov, T. Stubhan, L. Pinna, C.J. Brabec, Sol Energy Mater Sol Cells, 

95 (2011) 2194 – 2199.  

[38] Y.S. No, T.W. Kim., J. Ceram. Process. Res. 14 (2013) 396 – 399. 

[39] S.K.L. Devi, K. Sudarsanakumar, J. Lumin. 130 (2010) 1221 – 1224.  



78 
 

[40] R. Al-Gaashani, S. Radiman, A. R. Daud, N. Tabet, Y. Al-Douri, Ceram. Int., 39 (2013) 

2283 – 2292. 

[41] G. L. Kabongo, P. S. Mbule, G. H. Mhlongo, B. M. Mothudi, K. T. Hillie, M.S. 

Dhlamini, Nanoscale Res. Lett., 11 (2016) 418.  

[42] A. Bahtiar, S. H. Tusaddiah, L. Safriani, J. Phys.: Conf. Ser. 1, 1080 (2018) 012001. 

[43] A.H. Yuwono, A. Sholehah, S. Harjanto, D. Dhaneswara, F. Maulidiah, Adv. Mater. Res., 

789 (2013) 132 – 137.  

[44] Z. Liang, Q. Zhang, L. Jiang, G. Cao, Energy Environ. Sci. 8 (2015) 3442–3476.  

[45] U. Ozgur, D. Hofstetter, H. Morkoc, Proc. IEEE, 98 (2010) 1255–1268.  

[46] B.S. Mwankemwa, T.D. Malevu, M.G. Sahini, S.A. Vuai, Results in Materials, 14 (2022) 

100271.  

[47] J.F. Moulder, W.F. Strickle, P. E. Sobol, K.D. Bomben, Handbook of X-ray photoelectron 

spectroscopy, Perkin-Elmer Corporation, Eden-Prairie MN,1992. 

[48] H.O. Seo, M.G. Jeong, K.D. Kim, Surf. Interface Anal, 46 (2014) 544 – 549. 

[49] R. Bhatia, L. Kumar, J. Saudi Chem. Soc. 21 (2017) 366 – 376.  

[50] M.A.M. Ahmed, B.S. Mwankwemwa, E. Carleschi, B.P. Doyle, W.E. Meyer, J.M. Nel, 

Mat. Sci. Semicon. Proc., 79 (2018) 53–60.  

 

 

 

 

 

 

 

 



79 
 

Chapter 6 

Synthesis and Characterization of P3HT-

ZnO-FWCNT nanocomposite for organic 

solar cell applications 

This chapter presents microwave-assisted sol-gel synthesis of P3HT-ZnO: FWCNT 

for application in organic solar cells. (Article published in Physica B: Condensed 

Matter). 

6.1. Introduction 

Organic solar cells (OSC) have developed as a new challenger to conventional solar cells in 

recent decades, garnering considerable attention in business and research as flexible solar 

modules [1] due to their advantages, low cost [2], light weight [3], ease of manufacture [4] and 

large-scale production for the photovoltaic industry OSC consist of a thin layer of organic 

photovoltaic active layer placed between a transparent electrode and a metal electrode [3]. OSC 

consist of an electron acceptor-donor material, i.e., photons from solar radiation are absorbed 

by the electron donor (p-type), which then transfers their energy to an electron acceptor (n-

type). In the last decade, researchers have researched OSC, which consists of zinc oxide (ZnO) 

nanorods and a semiconducting polymer such as poly(3-hexylthiophene) (P3HT) in the active 

layer [6]. In this case, P3HT functions as an electron donor in this instance by infiltrating in 

between the ZnO nanorods [6]. P3HT is one of the most widely used materials in photovoltaics 

due to its fascinating electrical properties, easy solubility in organic solvents, and capacity for 

self-assembly.[7]. 

ZnO is an n-type semiconductor with a wide range of 3.27 eV at room temperature and a 

binding energy of 60 meV [8]. Moreover, ZnO has a broad visible light transparency area and 

adequate light trapping abilities [9]. According to Zhu et al. [10], the combination of ZnO and 

carbon nanotubes (CNT) recently drew the attention of researchers and boosted the device 

performance [10]. ZnO optical and chemical characteristics can be enhanced further by 

integrating ZnO into CNT [8]. Due to their excellent conductivity, large surface area, low bulk 

density and mobility, CNT are used in various optoelectronic devices such as electrodes, 

semiconductors, transparent electrodes and gas sensors, among others [11, 12]. Furthermore, 
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CNT help to slow down electron-hole recombination [13]. Most metal oxides, including TiO2 

[14], ZnO [15], and CuO [16], have been combined with CNT to create superior nanocomposite 

materials with adjustable nanostructural characteristics in recent years. Under visible light 

illumination, ZnO/CNT nanocomposites show increased photocatalytic activity and superior 

optical characteristics [8].  As illustrated in Fig. 6.1, CNT and P3HT band offset can increase 

excitons dissociation at the interface, allowing charge carriers (electrons and holes) to migrate 

from the polymer to the CNT [17]. Fig. 6.1 illustrates that P3HT light absorption is the first 

step in the formation of bound excitons. To transform light energy into an electrical signal, 

excitons must be split at the interface into free charge carriers (electrons and holes) [18]. The 

electrical process at the interface following light absorption by the polymer is also depicted in 

Fig. 6.1: (1) exciton production and diffusion to the donor-acceptor interface, (2) charge 

separation, (3) geminate recombination, and (4) complete dissociation leading to free carriers 

[19]. Actually, electrons and hole are separated at the acceptors lowest unoccupied molecular 

orbital (LUMO) and donors highest occupied molecular orbital (HOMO) levels, respectively 

[20]. Among other types of CNT, few-walled carbon nanotubes (FWCNT) are highly 

conductive, their field emission is stronger, and they are also known for their excellent 

electronics [21,22]. 

 

Figure 6.1: Schematic energy level diagram of P3HT-CNT at the interface [17-20]. 

In this chapter, microwave-assisted wet chemical sol-gel is employed to create ZnO nanorods, 

and thioglycerol (TG) is used as a capping agent. As a consequence, we adjusted ZnO: FWCNT 

by adjusting the concentration of FWCNT, and the optimum sample was ZnO: 3% FWCNT. 
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The inclusion of ZnO:3% FWCNT with P3HT was studied for structure, morphology, optical 

and electrical conductivity characteristics. Furthermore, P3HT-ZnO: 3% FWCNT is tested in 

different ratios to improve the absorption and conductivity of P3HT for inorganic solar cell 

applications. 

6.2. Experimental Procedure  

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O; 99.5%), 1-thioglycerol (≥97.0%), sodium 

hydroxide (NaOH, 97%), Few-walled carbon nanotube (FWCNT) and pure Poly(3-

hexylthiophene-2,5-diyl) (C10H14S)n, Mw = 20 000), chlorobenzene (anhydrous, 99.8%), 

ethanol (anhydrous, 96.0%) and borosilicate glass substrate were all acquired from Sigma-

Aldrich (South Africa) and utilized without additional purification.  

6.2.2 Microwave-assisted sol-gel synthesis of ZnO and preparation of ZnO-

P3HT: FWCNT 

The hexagonally shaped ZnO nanorods were made by dissolving 2.5g of zinc acetate dihydrate 

in 100 ml deionized water, adding 1-thioglycerol (TG) as a capping agent, and stirring the 

solution for 15 minutes on a magnetic stirrer. The presence of TG in the solution was employed 

to manage particle size distribution and avoid agglomeration. On the other hand, 4 g sodium 

hydroxide (NaOH; 97%) was dissolved in 30 ml of deionised water for 15 minutes while 

stirring the liquid. The sodium hydroxide solution was then dropped into the zinc solution one 

at a time. At room temperature, a white solution was swirled for 1 hour with a magnetic stirrer. 

Without further purification, Sigma Aldrich provided few-walled carbon nanotubes (FWCNT) 

and poly(3 - hexylthiophene) (P3HT). FWCNT were dissolved in chlorobenzene for 30 minutes 

in an ultrasonic bath and stirred on a magnetic stirrer for 24 hours. P3HT was also dissolved in 

chlorobenzene and whirled for 24 hours on the magnetic stirrer to integrate with undoped and 

doped ZnO. The materials were sonicated for 30 minutes and whirled on a magnetic stirrer for 

3 hours after direct mixing of P3HT with undoped and doped ZnO. To create the thin films, a 

pipette was used to drop-cast the solution onto the ultrasonically cleaned borosilicate glass 

substrate. The films were then allowed to cure at ambient temperature. Furthermore, ZnO: 

FWCNT were adjusted, and P3HT-ZnO (1:1) and P3HT-ZnO: FWCNT were studied for use 

in organic solar cells. 
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6.2.3 Characterization techniques 

As discussed in chapter 3 the structure and crystallinity of the produced materials were 

evaluated using a Rigaku SmartLab X-Ray diffractometer with a Cu-K radiation source (λ = 

0.154059 nm). A PerkinElmer FTIR spectrometer was used to determine functional groups. 

The absorbance was measured using a PerkinElmer Lambda 1050 UV/VIS/NIR 

Spectrophotometer. FE-SEM pictures were captured using a JEOL JSM-7800F and a Thermo 

Scientific Ultradry EDS detector. PL measurements were taken with a Horiba Fluorolog-3 

Jobin Yvon spectrometer at excitation wavelengths of 265 and 530 nm. Keithley 6487 

picoammeter with a voltage source was used to measure current-voltage (I-V). The 

measurements were done in the dark and at room temperature using the thin film (303 K). 

6.3. Results and discussion  

6.3.1 X-ray diffraction Analysis 

The crystal structure of ZnO nanorods, ZnO: FWCNT and P3HT-ZnO:FWCNT 

nanocomposites was studied by XRD. Fig. 6.2 shows XRD patterns of P3HT, ZnO, ZnO: 1% 

FWCNT, ZnO: 2% FWCNT, ZnO: 3% FWCNT, and P3HT-ZnO: 3% FWCNT nanorods. The 

results show that ZnO has a hexagonal wurtzite structure, according to ICDD card no. 01-074-

9940. FWCNT has a carbon (C) structure corresponding to ICDD card number 01-082-8810. 

The results show that all samples prepared have both a carbon structure and a hexagonal 

structure, with C peaks marked with an asterisk (*). The more the doping percentage of 

FWCNTs increases the more we observe the carbon peaks. Arsalani et. al. [23] synthesized 

ZnO/CNT nanocomposites by two-step ball milling-hydrothermal synthesis and observed no 

CNT peaks in the ZnO/CNT nanocomposites due to low CNT percentage. However, when the 

CNT percentage is 20, they started to slightly observe the CNT peak at 25.7o suggesting that 

increasing the CNT percentage rate increases the CNT peaks in ZnO/CNT nanocomposites. 

Incorporation of P3HT into ZnO:3% FWCNT nanocomposites further intensifies the C peaks 

due to high conductivity in FWCNT and therefore improved UV, PL, and I-V properties are 

expected based on this observation. Due to their unique electronic characteristics, when 

FWCNT are integrated into a material, they can increase UV absorption capacity and, if 

properly separated, they can limit radiative recombination which might increase PL intensity 

by functioning as efficient charge carriers [18, 20]. Furthermore, when FWCNT are introduced 
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into a conductive material or composite, they can improve the electrical conductivity of the 

composite [20].  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 2: XRD patterns of P3HT, FWCNT, ZnO, ZnO doped with 1, 2 and 3% of FWCNT, 

P3HT-ZnO:3% FWCNT. 

6.3.2 UV/VIS/NIR-NIR Analysis 

The UV/VIS/NIR absorption spectra of ZnO as-prepared, ZnO:1% FWCNT, ZnO:2% 

FWCNT, and ZnO:3% FWCNT are shown in Fig. 6.3 (a). The normalized absorption spectra 

show peaks at ~265 nm for the ZnO: FWCNT nanocomposite and ~370 nm for ZnO. As shown 

in the spectra, there is a blue shift in the absorption peak of undoped ZnO and nanocomposites. 

The blue-shift absorption spectra of undoped and doped samples show an increase in band gap, 

probably due to the quantum size effect [24]. ZnO: FWCNT nanocomposites have the 

maximum absorption peak compared to undoped ZnO, which is attributed to the presence of 

black FWCNT [25]. The absorption peaks of nanocomposites increase with increasing 

FWCNT content. Similar results were reported by Ibrahim et. al. [26] where they observed 

absorption peaks at ~251 nm for ZnO-CNT nanocomposite and at ~370 nm for the ZnO 

nanomaterial. 

Normalized absorption spectra for P3HT, P3HT-ZnO (1:1 volume ratio), and P3HT-ZnO:3% 

FWCNT are shown in Fig. 6.3 (b). The results reveal enhanced spectra, with the greatest 

absorption intensity being P3HT-ZnO:3% FWCNT. The increased absorption shows that the 
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efficiency of organic solar cells might be increased by photon absorption [27]. The spectra 

demonstrate that the sample exhibits the same vibrational modes as the excited electronic state 

absorption peaks, which are located at 520, 560, and 618 nm and are ascribed to P3HT π-π* 

transformations [28].  

 

Figure 6. 3: Normalized absorption spectra of (a) FWCNT, ZnO, ZnO/FWCNT with 1, 2 and 

3% of FWCNT (b) P3HT, P3HT-ZnO (1:1) and P3HT-ZnO:3% FWCNT (1:1). 

Fig. 6.4 (a) shows the optical bandgap for ZnO and ZnO:3% FWCNT, (b) shows the optical 

bandgap for P3HT and P3HT-ZnO:3% FWCNT (1:1).  The optical bandgap was extrapolated 

from the linear portion of the Tau’s plot [29]:  

                                              𝛼ℎ𝑣 = 𝐴(ℎ𝑣-𝐸𝑔)1/2                                       (1) 

Where 𝐴 is the constant, ℎ𝑣 is the photon energy (ℎ=Plank’s constant and 𝑣 is frequency of a 

photon) and 𝑎 is the absorption coefficient. Extrapolating from the linear part of Tauc's plot 

((𝑎ℎ𝑣)2 vs ℎ𝑣)  the predicted bandgaps are shown in Fig. 6.4 (a and b) and the bandgap were 

found to be ~3.09, 3.00, 3.07 and ~3.00 eV for ZnO, ZnO:1% FWCNT, ZnO:2% FWCNT and 

ZnO:3% FWCNT, respectively, suggesting a blue-shift. The estimated bandgap for P3HT, 

P3HT-ZnO (1:1) and P3HT-ZnO:3% FWCNT (1:1) which were extrapolated from the linear 

section of the Tauc’s plot were predicted to be 1.80, 2.40 and 1.90 eV as shown in Fig. 6.4 (b). 
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Figure 6. 4: Tauc’s plot of (a) ZnO and ZnO:3% FWCNT (b) P3HT and P3HT-ZnO:3% 

FWCNT (1:1). 

6.3.3 PL Analysis 

Photoluminescence (PL) spectra of ZnO and ZnO doped with different concentrations of 

FWCNT were recorded at room temperature and excited with a 265 nm xenon lamp, as shown 

in Fig. 6.5 (a). The emission peaks show a red shift from about 443 nm ZnO to about 495 nm 

doped ZnO. The shift is caused by the defect level emission and the band gap reduction [30]. 

According to Mahato et al. [31] the emission peak of the PL spectrum for the ZnO-CNT 

nanocomposite is usually observed at ~375 nm, therefore the peak at ~495 is due to ZnO and 

FWCNT behaving as luminescent centers [32]. According to Look et al. [33] ZnO is an n-type 

semiconductor due to the zinc interstitial and oxygen vacancies, and FWCNT are p-type 

semiconductors, an n-p depletion layer form at the ZnO: FWCNT interface. This can create a 

narrow bandgap and is the origin cause of applications in optoelectronics [32]. The PL intensity 

in the spectra increases with increasing sp2 Content in the disordered carbon systems [34]. 

The PL measurements in Fig. 6.5 (b) were performed to examine the charge transfer between 

the donor-acceptor pair (P3HT: ZnO), and the emission spectrum was compared with that of 

P3HT. The P3HT emission shows peaks at ~636 and ~690 nm, corresponding to a pure 

electronic transition in pure P3HT [35]. P3HT-ZnO (1:1) exhibits higher emission intensity 

and has the same spectrum as P3HT, the spectrum shows no charge transfer from P3HT to 

ZnO. P3HT-ZnO:3% FWCNT (1:1) significantly suppressed the emission of P3HT and this 

phenomenon is known to be beneficial for increasing the mobility of charge carrier, prolonging 

the diffusion path free-carriers and increased phonon activity in organic solar cells. A drop in 

PL intensity indicates charge transfer between donor-acceptor materials and, as a result, a 
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decrease in charge recombination rate. Furthermore, ZnO has a low exciton binding energy, 

and its conduction band is lower than the lowest unoccupied molecular orbitals (LUMO) of 

P3HT, which allows charge transfer from the departed electrons in P3HT to ZnO nanorods. 

[36].  

 

Figure 6. 5: Emission spectra of (a) ZnO, ZnO doped with 1, 2 and 3% of FWCNT excited at 

265 nm (b) P3HT, P3HT-ZnO (1:1) and P3HT-ZnO:3% FWCNT (1:1) excited at 530 nm. 

6.3.4 FE-SEM analysis 

Field emission scanning electron microscopy was used to investigate the sample morphology 

(FE-SEM). The SEM picture of ZnO in Fig. 6.6 (a) reveals the development of flower-like 

nanorods. ZnO nanorods and FWCNTs are shown in Fig. 6.6 (b). The shape of organic P3HT 

is seen in Fig. 6.6 (c). Fig. 6.6 (d) and (e) show SEM images of P3HT-ZnO (1:1) and P3HT-

ZnO:3% FWCNT (1:1), respectively. These findings demonstrated a well-mixed nanorod and 

P3HT structure. This mixture's homogeneity can aid increase photon absorption in organic 

solar cell devices, enhancing efficiency. ZnO nanorods are often chosen over spherical 

nanoparticles for increasing device performance because they have a ballistic effect that leads 

to quicker electron transfer and/or greater charge carrier mobility. Furthermore, the objective 

is to find a nanocomposite with the greatest PL quenching effect, suggesting the greatest charge 

separation potential in the photoactive layer, therefore P3HT-ZnO: 3% FWCNT (1:1) is 

predicted to increase the electrical conductivity of P3HT. 
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Figure 6. 6: FE-SEM images of (a) ZnO (b) ZnO:3% FWCNT (c) P3HT (d) P3HT-ZnO (1:1) 

and (e) P3HT-ZnO:3% FWCNT (1:1). 

6.3.5 Electrical conductivity Analysis 

Figure 6.7 depicts current-voltage (I-V) graphs of FWCNT, ZnO, P3HT, P3HT-ZnO (1:1) and 

P3HT:ZnO-FWCNT (1:1) respectively. All samples exhibit nonlinear rectification behaviour, 

and the trend is constant and continuous, demonstrating stable contact between samples and 

probes. The observed current is smaller in the undoped ZnO and P3HT samples, demonstrating 

that the material functions as an insulator. However, the spectra clearly reveal that when P3HT 

is combined with ZnO:3% FWCNT in a 1:1 ratio, the rectification behaviour improves. As a 

result, we can confidently state that ZnO: FWCNT enhances conductivity when compared to 

simply P3HT and ZnO, and this fact shows that superior electron transport characteristics may 

be responsible for improved photovoltaic performance in organic solar cells. The rise in 

conductivity is due to an increase in dopant concentration. These I-V results are consistent with 

our PL findings, which showed that the P3HT-ZnO sample had considerable PL intensity 

quenching: 3% FWCNT (1:1). 
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Figure 6. 7: The I-V characteristic spectra of ZnO, P3HT, P3HT-ZnO (1:1), P3HT-ZnO:3% 

FWCNT (1:1). 

6.4.  Conclusion 

We have successfully synthesized samples prepared using the microwave-assisted sol-gel 

method. XRD analysis confirmed the hexagonal structure and that the nanocomposites exhibit 

both hexagonal wurtzite and carbon (C) structures. UV Visibility and PL showed that ZnO:3% 

FWCNT has the greatest absorption efficiency and emission intensity, respectively. The 

addition of P3HT to ZnO nanocomposite samples resulted in a significant increase in 

absorption, offering a greater potential to improve the efficiency of organic solar cells. P3HT 

incorporation with ZnO:3% FWCNT demonstrated a strong photoluminescence quenching 

effect, suggesting its potential usage as an electron acceptor in the active layer of organic solar 

cells. FE-SEM showed that ZnO has flower-like nanorods, and electrical measurements 

showed that the P3HT-ZnO: 3% FWCNT (1:1) sample exhibited improved conductivity, 

making this material an excellent candidate for greatly accelerating electron transport, reducing 

the electron-hole recombination rate, and increasing the efficiency of organic solar power cells. 
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Chapter 7  

Characterization of P3HT-FWCNT thin film for 

photovoltaic solar cell applications. 

The chapter discusses the characterization of P3HT-FWCNT thin films for photovoltaic 

solar cell applications. (SAIP2021 proceedings article) 

 

7.1. Introduction 

The global contribution of photovoltaic (PV) technology to energy production is still marginal 

today and is expected to remain so for a long time, especially in poor developing countries [1]. 

Evidence that the global impact of solar power is shown by the increasing share of fossil fuels 

in the electricity generation market [2]. Carbon nanotubes (CNT) have emerged as one of the 

key additives to improve the thermoelectric properties of organic materials due to their unique 

structure and excellent electron transport properties [3]. CNT are the most commonly used and 

effective filling material. They can provide conductive pathways when incorporated into a 

polymer matrix as CNT exhibit excellent electrical conductivity and high charge mobility [3]. 

These CNT can be classified into three (3) types: single-walled carbon nanotubes (SWCNT), 

few-walled carbon nanotubes (FWCNT), and multi-walled carbon nanotubes (MWCNT) [4]. 

The high conductivity of CNT is based on the availability of free electrons by sp2 hybridized 

carbon atoms in the hexagonal plane of graphite [5]. The electrical behaviour of SWCNT can 

be determined by their chirality, metallic or semiconducting [6], however, MWCNTs are 

metallic if at least one layer exhibits metallic chirality [7]. Compared to other CNT, FWCNT 

are known for their remarkable electronic properties [8], conductivity and field emission are 

stronger [9]. Jung et al. [10] incorporated FWCNT with various conducting polymers, 

including poly(3-hexylthiophene) (P3HT) for thermoelectric properties. They also reported the 

highest thermal conductivity when FWCNT was incorporated into P3HT compared to other 

conducting polymers. Khan et al. [11] prepared MWCNT mixed with P3HT as a photoactive 

layer for organic solar cells. In their results, they reported a photoelectric conversion efficiency 

(PCE) of 2.35%. 
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Organic electronics based on conducting polymers have recently been the subject of intense 

research due to their interesting band gap and can also be easily used to fabricate thin films 

[11]. These conductive polymers have been used in organic light-emitting diodes (OLEDs), 

organic gas sensors (OGS) and organic solar cells (OSCs), among others [12-16]. Poly(3-

hexylthiophene) P3HT is a conjugated electron donor polymer that is widely used in solar cells 

due to its good electro-optical properties, ease of processing and synthesis [18-22] and is 

considered a pillar in the development of future nanostructured polymer solar cells [23]. P3HT 

was most commonly used in organic solar cells due to its narrow band gap (1.93-1.95 eV), 

whereby a broad energy spectrum can be absorbed [17]. This chapter examines P3HT-FWCNT 

in different ratios to improve the absorption and conductivity of P3HT for organic solar cell 

applications. 

7.2. Experimental Procedure  

Few-walled carbon nanotubes (FWCNT) and poly(3 – hexylthiophene) (P3HT) in this study 

were purchased from Sigma Aldrich used without further purification. FWCNT was dissolved 

in chlorobenzene using the ultrasonic bath for 30 minutes and P3HT was also dissolved in 

chlorobenzene and stirred on the magnetic stirrer for 24 hours. P3HT was incorporated in 

FWCNT at different ratios, the composites were stirred on the magnetic stirrer for 3 hours. The 

thin films were prepared by using a pipette to drop-cast the solution onto the ultrasonically 

cleaned borosilicate glass substrate and thereafter the film was then allowed to dry at room 

temperature. The thin films were then characterized using X-ray diffraction (XRD), ultraviolet 

to visible (UV/VIS/NIR) spectrophotometer and photoluminescence (PL) spectroscopy, field 

emission scanning electron microscopy (FE-SEM) and current-voltage (I-V) characterization.  

7.3.1 X-ray diffraction Analysis 

Fig. 7.1 shows XRD results of thin films made by drop casting. The results show a clear 

FWCNT cubic structure according to ICDD no. 01-082-8810 for all samples. Furthermore, it 

clearly shows that as the P3HT-FWCNT ratio increases, the intensity of the (302) peak 

decreases while (102) and (112) increases. The decrease in intensity (302) clearly shows that 

P3HT covers the surface of the FWCNT. The increase in (102) and (112) intensity is due to the 

interaction of P3HT-FWCNT which can result in increased crystallinity due to the alignment 

or stretching of P3HT chains along the surface of the nanotube. The results show that the 1:1 

ratio is more crystalline than the other samples, so the composite in this ratio is further 

examined with other techniques like UV/VIS/NIR, SEM and others. The average crystallite 
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size was found to be approximately 19, 18, 16, 15, and 10 nm for FWCNT and P3HT-FWCNT, 

respectively, at different ratios. The average crystallite sizes were calculated using the Scherrer 

equation [25]: 

𝐷 =
𝑘𝜆

𝛽𝐶𝑜𝑠𝜃
        (7.1) 

Where D is the crystallite size (nm), k is the Scherrer constant (0.9), λ is the x-ray source’s 

wavelength (0.15406 nm), β (radians) is the full width at half maximum and θ is the peak 

position in radians. It is clear that as the diffraction peaks broaden the crystallite size decreases. 

 

Figure 7. 1: XRD patterns of FWCNT, P3HT, P3HT-FWCNT at different ratios. 

7.3.2 UV/VIS/NIR-NIR Analysis 

The absorption spectra of the prepared samples were examined at room temperature using a 

UV/VIS/NIR spectrophotometer in the wavelength range from 250 to 800 nm. Fig. 7.2 (a) 

shows normalized absorption spectra of P3HT and P3HT-FWCNT at different ratios. P3HT-

FWCNT shows better absorption performance at different ratios. The results shows that P3HT-

FWCNT (1:1) has the highest absorption compared to other composites. This should improve 

the electrical conductivity and could lead to a higher efficiency of the photovoltaic solar cell. 

The spectra show that the samples have peaks at different positions (~530 and ~636 nm) and 

these positions are assigned to the -*transitions of P3HT [26]. The optical bandgap was 

extrapolated from the linear portion of the Tauc’s plot [27]:  

                                              𝛼ℎ𝑣 = 𝐴(ℎ𝑣-𝐸𝑔)1/2                                       (1) 
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Where 𝐴 is the constant, ℎ𝑣 is the photon energy (ℎ=Plank’s constant and 𝑣 is frequency of a 

photon) and 𝑎 is the absorption coefficient. The estimated optical bandgap was obtained by 

extrapolating from the linear portion of the Tauc’s plot as shown in Fig. 7.2 (b) with P3HT 

having 1.8 eV. The estimated bandgap for P3HT-FWCNT at different ratios (1:1 to 1:4) was 

found to be ~2.7 eV and ~1.8-1.9 eV for  

Figure 7. 2: Normalized absorption spectra of (a) FWCNT, P3HT and P3HT-FWCNT at 

different ratios (b) P3HT Tauc’s plot. 

7.3.3 Photoluminescence Analysis 

The PL measurements shown in Fig. 7.3 were performed to observe the charge transfer between 

the donor-acceptor pair. The emission spectra were compared to P3HT. The PL results clearly 

show the PL quenching of the emission spectra, which can be attributed to the presence of 

FWCNT. This confirms that the charge transfer between P3HT and FWCNT was successful. 

This quenching is attributed to the position of the P3HT LUMO and FWCNT work functions 

which are close to each other [28]. Again, this phenomenon can be explained by the strong π-

π interaction between the P3HT and FWCNT chains, which photoinduced electrons are 

efficiently separated and transferred, avoiding exitonic combinations [29,30]. This makes it 

energetically favourable for the transfer of electrons from P3HT LUMO to FWCNT, 

suggesting a strong electronic interaction between the P3HT chains and FWCNT. These results 

correspond to the UV/VIS/NIR results obtained. The peaks at ~636 and ~690 nm are attributed 

to a purely electronic transition in regioregular P3HT [31]. The results show that P3HT-

FWCNT (1:1) further quenches the intensity of PL by showing charge transfer between donor-

acceptor materials, thereby reducing electron-hole recombination. This P3HT-FWCNT (1:1) 

has a strong PL quenching effect resulting in high charge separation in the photoactive layer. 
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Figure 7. 3:  Emission spectra of pristine P3HT, and P3HT-FWCNT at different ratios. 

7.3.4 FE-SEM analysis 

The FE-SEM pictures in Fig. 7.4 (a) exhibited a smooth surface with no discernible 

morphology, but the morphology of FWCNT in Fig. 7.4 (b) revealed that the nanotubes were 

not aligned and were randomly entangled. The nanotubes were extensively intertwined with 

each other in several regions, and aggregation was observed. This behaviour was explained by 

the fact that CNT prefer to remain together as bundles due to strong intrinsic van der Waals 

forces, resulting in limited solubility in many solvents and hence poor dispersion when 

combined with diverse polymers [32]. Figure 7.4 (c) showed entangled nanotubes with P3HT 

looping around FWCNT walls. The overall performance of FWCNT is still not as impressive 

as expected due to some issues like nanotube entanglement, non-alignment, and metallic 

impurities [33]. According to Danish et al. [33] these problems can lead to a reduction in hole 

mobility and an increase in recombination pathways. However, this study aims to find a 

composite that exhibits the strongest PL quenching effect, indicating the largest charge 

separation potential in the photoactive layer. Before selecting the appropriate composition of 

the composite used for the photoactive layer, we also studied the properties of PL P3HT and 

composite film, and therefore, 1:1 should improve the electrical conductivity of P3HT. 
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Figure 7. 4: (a) P3HT (b) FWCNT (c) P3HT-FWCNT (1:1). 

7.3.5 EDS analysis 

The EDS in Fig. 7.5 confirms the presence of carbon (C) from FWCNT. The presence of C, 

oxygen (O) and sulphur (S) from P3HT and P3HT-FWCNT (1:1). The absence of other peaks 

corresponding to any impurity confirms the fact that the composite has a single structure and 

phase as confirmed by the XRD. The homogeneity of this mixture may promote the photon 

absorption improvement in the organic solar cell devices thereby enhancing the efficiency. 

 

Figure 7. 5: EDS spectra of pristine P3HT, and P3HT-FWCNT at different ratios 

7.3.6 Fourier-transform Infrared analysis 

To understand the interaction of FWCNT and P3HT, FTIR spectroscopic measurements were 

performed. The strong absorption band between 2750 and 3300 cm-1 was assigned to vibronic 

C-H stretching as shown in Fig. 7.6. The band at 1380 cm-1 is due to the presence of CO2 in 

the atmosphere, the bands at 1084 and 1043 cm-1 correspond to the asymmetric and symmetric 

C=O stretching modes. However, the P3HT peaks remain visible and are attributed to the - 

interaction between P3HT-FWCNT. These results correlate with XRD results, where all 
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samples have a cubic structure with no observed impurities, and PL, where all samples suppress 

P3HT intensity. 

 

Figure 7. 6: FTIR spectra pristine P3HT, and P3HT-FWCNT at different ratios 

7.3.7 Electrical Characterization 

The I-V curve in Fig. 7.7 shows the non-linear rectification behaviour for all samples. The 

rectification is improving when P3HT is incorporated with FWCNT. When the ratio is 1:1 the 

curve shows that it has the highest conductivity than others due to P3HT wrapping over the 

FWCNT walls. This is due to the good interaction between the donor-acceptor pair. These 

results are consistent with UV/VIS/NIR and PL where the 1:1 ratio has the maximum 

absorbance and in PL further quenches the intensity of PL. These results also show that the 

production of donor-acceptor pairs is higher in the nanocomposite film than in P3HT. This 

means that P3HT/FWCNT films are favourable for use in organic solar cells. The conductivity 

diminishes as the P3HT-FWCNT ratio increases. This is because FWCNT may form insulating 

barriers inside the composite, preventing charge transfer and lowering electrical conductivity. 

 

 



98 
 

 

Figure 7. 7: The I-V characteristic spectra pristine P3HT, and P3HT-FWCNT at different 

ratios. 

7.4. Conclusion 

In summary, the interactions between FWCNT and P3HT were examined. XRD confirmed the 

cubic structure and no diffraction peaks other than the FWCNT peaks. UV/VIS/NIR-NIR 

showed better absorption and provided a better opportunity for higher efficiency of organic 

solar cells. The PL results showed that all samples quenched the P3HT intensity, offering great 

opportunities for charge separation in the photoactive layer. FESEM showed disordered 

FWCNTs, EDS confirmed the composition of the samples. FTIR identified all functional 

groups and electrical measurements showed that P3HT-FWCNT (1:1) improves conductivity, 

making this material a prime candidate for significantly accelerating electron transport and 

reducing electron hole recombination rate and increase efficiency of organic solar cells. 
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Chapter 8 

Summary, conclusion and future work. 

This chapter provides an overview of the study, its conclusion, and recommendations 

for further research.   

8.1. Summary 

This study shows how to manufacture rare earth ions doped ZnO and FWCNTs utilizing a 

microwave-assisted sol-gel technique. The goal is to increase P3HT absorption and electrical 

conductivity for application in organic solar cells. The prepared samples were characterized 

using different techniques such as X-ray diffraction (XRD), field scanning electron microscopy 

(FE-SEM) combined with energy dispersive (EDS) spectroscopy, UV/VIS/NIR-NIR 

absorption spectrometer and photoluminescence (PL) spectroscopy, X-ray photoelectron 

spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR) and current-voltage. 

ZnO nanorods doped with Sm3+ and Yb3+ were successfully synthesized by microwave-assisted 

sol-gel using 1-thioglycerol as a capping agent to control particles and inhibit their 

agglomeration. Nanorods have been successfully integrated into P3HT. Charge transfer 

between the donor and acceptor material was observed from the PL spectra. PL peaks were 

observed at ~636 and ~690 nm, corresponding to pure electronic transition to pure P3HT. 

The optical properties of FWCNT-doped ZnO were observed by UV/VIS/NIR-NIR. A blue 

shift was observed with increasing FWCNT concentration. The estimated band gap of 

FWCNT-doped ZnO extrapolated from the linear part of the Tau’c plot showed a blue shift. 

The incorporation of P3HT into the ZnO-enhanced P3HT spectra indicates a possible 

improvement of inorganic solar cells. The observed absorption peaks correspond to the P3HT 

peaks. 

An interaction between FWCNT and P3HT was observed. I-V spectra showed improved 

nonlinear rectification when P3HT was integrated with FWCNT. The spectra showed a good 

interaction between the donor-acceptor pair. These results were also confirmed by PL, where 
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P3HT: FWCNT (1:1) quenches the PL intensity, this process is known to reduce charge 

recombination and increases the efficiency of organic solar cells. 

8.2. Future work 

Organic solar cells have been studied for the past decades and have shown a strong potential 

as the next generation of solar cells technology with the efficiency of more than 18%. OSCs 

have shown a lot of progress in material design and device fabrication with the aim of reducing 

the energy loss caused by charge recombination. The most challenge in OSCs is the energy 

loss. Nanorods are known to reduce the charge recombination. This gives us research 

opportunity for the future work to synthesize nanorods using other synthesis methods. To dope 

ZnO with different lanthanides ions for up-converting NIR light to visible light by using Yb3+ 

as the sensitizer and to incorporate the low band gap conjugated polymers to improve the 

efficiency of the OSCs. ZnO is known to be one of potential materials in solar cells due its 

relatively high conductivity amongst others and improving the OSCs absorption efficiency.  

As far as the current study is concern and for prospects, it is recommended that the following 

aspects are investigated:  

➢ Aligned ZnO nanorods by hydrothermal method. 

➢ Co-dope Er3+, Ho3+, and Tm3+ with Yb3+ 

➢ Incorporate P3HT  

➢ Fabrication of the OPV device. 
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