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Summary 

Heterojunction of titanium dioxide (TiO2) and zinc oxide (ZnO) thin film devices 

were prepared and characterized for the applications of photoresistivity. It was 

synthesized using solution-gelation methods and spraying on different substrates 

to study the effect of the substrate on the of synthesized devices. 

Complementary examinations were also carried out including ; X-ray diffraction, 

energy band gap measurements, carrier concentrations, mobility of charge carriers, 

morphological properties, and the first derivative of current with respect to time 

(dI/dt) values of ON-OFF states.  

The results of the XRD examination show distinct crystalline patterns, the presence 

of TiO2(anatase) and ZnO(wurtzite) phases in the thin films. Energy band gap 

measurements show fluctuations in band gap values, revealing information about 

the materials' optoelectronic properties. The energy band gap range of all samples 

between (3.23-3.75eV).  

Scanning electron microscope  (SEM)  images reveal considerable advances in the 

shape and particle size management of TiO2 and ZnO thin films. The nanomaterials 

were tailored to certain shapes and sizes through careful manipulation of 

production procedures and annealing temperatures, ranging from spherical-like 

structures in ZnO to nanoribbon-like forms in TiO2. The hybrid structure displays 

an unusual overlap of the two materials, implying the establishment of a 

heterojunction with a well-defined interface. 

When deposited on indium tin oxide (ITO) substrates, TiO2 demonstrates reduced 

in resistance and moderate switching behavior. Conversely, Si/SiO2 substrates 

display higher resistance and more pronounced switching behavior. Moreover, 

TiO2 showcases very high resistance, while ZnO exhibits lower resistance with 

strong switching behavior on interdigitated electrodes (IDEs) substrates. 
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Hybrid (ZnO:TiO2) exhibits a relatively moderate switching behavior on ITO 

substrates, as indicated by its low ratio of resistance when the light is off to when 

the light is on (ROFF/RON) ratio of 1.06. On Si/SiO2 substrates, the hybrid thin film 

demonstrates a significantly higher ROFF/RON ratio of 5.28, suggesting a stronger 

resistance and more pronounced switching behavior. Likewise, the ROFF/RON ratio 

for the Hybrid thin film on IDEs substrates is 2.46, indicating a moderate yet 

distinctive response to light. 

Similarly, the bilayer thin film displays a moderate switching behavior on ITO 

substrates, with a ROFF/RON ratio of 1.36. On Si/SiO2 substrates, the bilayer thin 

film exhibits a substantial resistance and strong switching behavior, as indicated by 

its ROFF/RON ratio of 4.72. When applied to IDEs substrates, the ROFF/RON ratio for 

the bilayer thin film is 3.9, demonstrating a moderate yet significant reaction to 

light. 

The study also includes a thorough examination of photoresistance properties. TiO2 

has the highest photoresistivity values, which range from 1.57× 109 (Ω.m) on ITO 

to 123×107 (Ω.m) on Si/SiO2, while no response on IDE substrate . ZnO has lower 

photoresistivity values ranging from 0.436×109 (Ω.m) to 9.89×107 (Ω.m) and 

0.254×103 (Ω.m). The photoresistivity of the hybrid thin film ranges from 0.801× 

109 (Ω.m) to 7.1×107 (Ω.m) and 7.03×103 (Ω.m), whereas the photoresistivity of 

the bilayer thin film ranges from 0.064 109 (Ω.m) to 7.02×107 (Ω.m) and 2.09×103 

(Ω.m).  

A positive value suggested movement during light exposure, while a negative value 

denoted acceleration from the conduction band to the valence band. This 

relationship underscores the critical role of dI/dt in understanding the kinetics of 

charge transport and resistance in photoresistive materials, where the lowest value 

signifies the highest photoresistance and vice versa. 

The values of dI/dt were indicative of the optimal performance of the hybrid and 

bilayer thin film types on different substrates. In particular, when deposited on an 
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ITO substrate, the hybrid thin film demonstrates highly favorable characteristics, 

with dI/dt values of 0.065 μA s-1 (ON) and -0.23 μA.s-1 (OFF). On the Si/SiO2 

substrate, both the hybrid and bilayer thin films exhibited comparable optimal 

values. The hybrid thin film displays dI/dt values of 508 μA.s-1 (ON) and -521  

μA.s-1 (OFF), while the bilayer thin film shows dI/dt values of 190 μA s-1 (ON) and 

-422 μA.s-1 (OFF). Notably, the bilayer thin film performed better on the IDEs 

substrate, with dI/dt values of 9.95 A.s-1 (ON) and -44 A.s-1 (OFF). The results 

showed the varying current rate dynamics of different thin films on diverse 

substrates, offering valuable insights into their photoresistive behaviors and 

electrical characteristics. 
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1.1 Background 

The domain of materials science encompasses a multidisciplinary exploration of 

intrinsic material properties to meet the ever-evolving demands of modern 

society. From understanding fundamental principles to designing materials with 

tailored characteristics, it plays a pivotal role in technological advancements that 

impact various industries. One transformative area within materials science is 

semiconductor research, which has led to a technological revolution with 

profound implications in contemporary life [1-3]. 

Semiconductor research focuses on controlling electron flow within materials, 

enabling the creation of essential electronic components such as transistors [4] 

and integrated circuits [5]. Semiconducting materials possess distinctive 

characteristics, allowing them to toggle between conductive and non-conductive 

states, forming the foundation of modern electronics. These semiconductors are 

indispensable building blocks powering everything from handheld devices to 

cutting-edge renewable energy systems [6]. 

To amplify the capabilities of semiconductors, scientists and engineers delve into 

the captivating world of nano-materials [7]. Engineered at the nanoscale, nano-

materials exhibit intriguing properties distinct from their bulk counterparts. With 

dimensions typically ranging from one to a few hundred nanometers, these 

nanostructures offer enhanced electrical [8], optical, and mechanical attributes 

[9], opening new opportunities to optimize device performance. Precise 

manipulation of nano-features has propelled the development of more efficient 

and powerful electronic devices like advanced transistors, high-density memory 

storage units, and ultra-sensitive sensors, shaping the future of electronics [10]. 

Among the diverse array of nano-materials, thin films hold a paramount position 

due to their significance in cutting-edge technologies [11]. Thin films are 

exceedingly thin layers, often a few nanometers to micrometers in thickness, 

deposited onto surfaces to confer specific functionalities [12]. They are crucial in 
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microelectronics, photonics, optoelectronics, and more. Thin films facilitate the 

creation of intricate device structures, and their versatility is evident in 

applications such as solar cells, sensors, and advanced display technologies [13-

15]. 

In this context, photocurrent response and photoresistance are central themes of 

interest. Photocurrent response refers to the material's ability to generate an 

electric current when exposed to light [16]. 

Understanding and enhancing this response in nano-materials and thin films offer 

opportunities for novel photodetectors and energy-harvesting devices. On the 

other hand, photoresistance relates to the change in material's electrical resistance 

under light illumination, providing a means to design light-sensitive electronic 

elements [17]. 

The continuous progress in materials science, semiconductor research, and nano-

materials has significantly impacted multiple industries. Advancements in these 

domains have fueled the development of faster, more compact, and energy-

efficient electronic devices, paving the way for the next generation of computing 

and communication technologies. In the pursuit of novel materials and their 

tailored properties, research in photocurrent response and photoresistance 

promises ground breaking technologies that will reshape our world, driving 

human prosperity and addressing the demands of our society [18]. 

This study sets the stage for a comprehensive exploration of materials science, 

semiconductor research, nano-materials, and thin films, with a significant focus 

on photocurrent response and photoresistance. By delving into the unique 

properties of nano-structured materials, it aims to advance our understanding of 

materials at the nanoscale, offering potential for innovative and sustainable 

solutions in light-sensitive electronic applications. Through rigorous investigation 

and scientific inquiry, this study seeks to pave the way for a brighter and more 

technology-driven future. 
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The motivation for this thesis is to explore novel nanomaterials, specifically the 

ZnO:TiO2 heterojunction, which holds the potential for improved properties and 

functionalities compared to individual materials. The synergistic effects between 

the constituent materials of heterojunctions, where two different materials meet, 

often give rise to enhanced properties.  

Therefore, this thesis seeks to investigate how the combination of ZnO and TiO2, 

both known for their semiconducting properties, could result in improved 

performance characteristics, particularly in terms of photoresistance. 

Photoresistance, the change in electrical resistance of a material upon exposure to 

light, holds immense promise for various sensing applications such as 

environmental monitoring, light sensing, and other sensor-based technologies.  

  

 Developing efficient and sensitive photoresistive materials are of utmost interest, 

and this thesis aims to explore the potential of ZnO:TiO2 heterojunctions as 

photoresistive materials and understand the underlying mechanisms. The tunable 

properties of nanomaterials based on size, composition, and structure make them 

highly advantageous.  

Therefore, the purpose behind this research is likely to explore how the synthesis 

methods and parameters can be manipulated to tailor the properties of ZnO:TiO2 

heterojunctions, enabling their use in specific applications such as 

optoelectronics, photodetectors, or gas sensors.  

Investigating the synthesis and characteristics of ZnO:TiO2 heterojunctions 

contribute significantly to the fundamental understanding of materials science and 

nanotechnology and may lead to uncovering new insights into the interactions 

between these materials at the nanoscale, leading to discoveries that advance the 

broader field of nanomaterials.  

The objective for this thesis could also stem from identified research gaps or 

unanswered questions in the field. Prior studies might have focused on individual 
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ZnO or TiO2 materials, but there may be limited understanding of their combined 

behavior as a heterojunction. This thesis could aim to bridge this gap in 

knowledge. 

1.2    Semiconductors 

Semiconductors are a class of materials that play a pivotal role in modern 

technology, powering a vast array of electronic devices we use in our daily lives. 

These materials exhibit a unique property that sets them apart from conductors 

(like metals) and insulators (like plastics and ceramics) - their ability to conduct 

electricity selectively. In other words, they can behave as both conductors and 

insulators under different circumstances, making them essential components in 

the field of electronics [19]. 

The key characteristic of semiconductors is their electrical conductivity, which 

lies between that of conductors and insulators. When subjected to certain 

conditions, such as temperature, light, or an electric field, they can either increase 

or decrease their conductivity. This property is the foundation for the operation of 

electronic devices like transistors, diodes, integrated circuits, and more [20]. 

Semiconductors have revolutionized the world of electronics, allowing for the 

development of powerful computers, smartphones, communication systems, 

renewable energy technologies, and much more. Their ability to control the flow 

of electricity precisely and reliably has transformed society, leading to the digital 

age we currently live in [21]. 

Throughout the years, advancements in semiconductor manufacturing processes 

have led to smaller, faster, and more efficient devices, driving the constant 

evolution of technology. Moore's Law, an observation made by Gordon Moore in 

1965 [22], predicted that the number of transistors on a semiconductor chip would 

double approximately every two years. This prediction has largely held true, and 

the ongoing miniaturization of semiconductor components continues to shape the 

progress of electronics and computing. 
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1.3 Photovoltaic technology 

Photovoltaic (PV) technology is a branch of renewable energy that harnesses the 

power of sunlight to generate electricity. It involves the use of solar cells, also 

known as photovoltaic cells, to convert sunlight directly into electrical energy. 

These solar cells are made of semiconductor materials, usually silicon, and exploit 

the photovoltaic effect to produce a flow of electrons when exposed to sunlight 

[23]. 

 The photovoltaic effect occurs when photons strike the surface of the solar cell, 

causing an excited electron from the semiconductor material. By connecting 

multiple solar cells together in an arrangement known as a solar panel or module, 

a significant amount of electricity can be generated. Figure 1.1 shows a graphic 

illustration of how a photovoltaic cell works. 

 

Figure 1.1  Principle mechanism of the operation of photovoltaic cell. 

 

 Photovoltaic technology has demonstrated rapid advancements over years, 

leading to improve efficiency and lower production costs. As a result, solar power 

has become an increasingly viable and attractive alternative to conventional 

fossil-fuel-based energy sources. Some key features and benefits of photovoltaic 

systems include: Firstly, renewable energy, solar power is an abundant and 
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inexhaustible renewable energy source. The sun's energy is virtually limitless, 

making solar an attractive option for sustainable electricity generation. Secondly, 

environmentally friendly, solar energy produces no harmful greenhouse gases or 

air pollutants during operation, helping to reduce carbon emissions and combat 

climate change. Thirdly, distributed generation, PV systems can be deployed at 

various scales, from small residential installations to large utility-scale solar 

farms.  

This distributed generation approach can reduce strain on centralized power grids 

and increase energy independence. Fourthly, off-grid applications, photovoltaic 

systems are particularly valuable in remote areas where connecting to a traditional 

power grid may be impractical or expensive.  

Solar power allows for off-grid electricity generation, providing power to isolated 

communities and facilities. Fifthly, low operating costs, once installed, solar 

panels require minimal maintenance and have low operating costs, making them 

cost-effective over the long term. Sixthly, technology integration, solar panels can 

be integrated into buildings' designs, providing both energy generation and 

structural benefits, such as shade and weather protection. Finally, sustainable 

energy transition, the widespread adoption of photovoltaic technology plays a 

crucial role in the global transition to a sustainable and clean energy future [24]. 

 Despite its advantages, some challenges remain for photovoltaic technology, 

such as energy storage for times when sunlight is unavailable and the need for 

continued advancements in efficiency and affordability. However, ongoing 

research and development efforts continue to address these issues and drive the 

growth of solar power as a key component of the renewable energy landscape. 
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1.4 Photodetectors 

Photodetectors, also known as photosensors or light sensors, are devices designed 

to detect and measure light or other electromagnetic radiation across a broad range 

of wavelengths. These devices convert light signals into electrical signals, 

enabling the detection and analysis of light for various applications. They play a 

critical role in diverse fields, ranging from simple everyday applications to highly 

advanced scientific and industrial uses [25]. 

The basic principle behind photodetectors is the photoelectric effect (Figure 1.2), 

where incident photons of light interact with the detector material, leading to the 

generation of electron-hole pairs. The subsequent movement of these charge 

carriers creates an electrical current or voltage proportional to the intensity of the 

incident light [26].  

 

Figure1.2  Photoelectric effect. 

 

Different types of photodetectors exist, each with its own specific characteristics 

and applications: First of all, photodiodes are one of the most common types of 

photodetectors [27]. They are semiconductor devices that operate in reverse bias, 

meaning they allow current flow when light is incident on their surface. 

Photodiodes are widely used in optical communication systems, light meters, and 
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various proximity sensors [28]. Additionally, they are similar to photodiodes but 

have an additional amplification stage, providing higher sensitivity to light. They 

are often used in low-light applications, such as light detection in electronic 

devices and optical switches [29].  

photodetectors are fundamental components in modern technology, contributing 

to fields as diverse as communication, imaging, scientific research, and 

environmental monitoring. Their continuous development and integration into 

various applications drive progress in numerous industries [30]. 

Photoresistance, also known as a light-dependent resistor (LDR) or photocell, is 

a type of passive electronic component whose electrical resistance changes in 

response to the intensity of light falling on its surface [31]. It belongs to the class 

of light-sensitive devices and is widely used in various applications to control or 

measure light levels.  

The basic construction of a photoresistor involves a semiconductor material that 

exhibits a property called the photoelectric effect. When light photons strike the 

surface of the photoresistor, they excite electrons within the semiconductor 

material, causing an increase in the number of free charge carriers (electron-hole 

pairs). This results in a decrease in the resistivity of the material, causing its 

electrical resistance to decrease as well. Conversely, in the absence of light or 

under low-light conditions, the number of free charge carriers reduces, and the 

photoresistor exhibits higher resistivity, leading to an increase in its electrical 

resistance [32]. 

Key characteristics and applications of photoresistors include: 

1- Photoresistors are primarily used as light sensors or light detectors. They 

respond to changes in light intensity, making them suitable for applications like 

streetlight control, outdoor lighting, and automatic brightness adjustment in 

displays and cameras [33]. 
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2- Photoresistors have a simple construction, making them cost-effective and easy 

to use in various electronic circuits [34]. 

3- Photoresistors are often used in combination with other electronic components, 

such as operational amplifiers or microcontrollers, to create more sophisticated 

light sensing and control systems. While they are not suitable for precise 

measurements or high-speed applications, their simplicity, cost-effectiveness, 

and versatility make them valuable tools for various light-dependent projects 

and applications [35]. 

 

1.5 Metal oxide semiconductors     

The most common and widely described semiconductors in  photo-electronic 

applications are metal oxides and semiconductors such as titanium dioxide (TiO2), 

and zinc oxide (ZnO) [36].    

Titanium dioxide (TiO2) is the most active of the compounds that have been 

tested. It is relatively cheap, photochemically stable, non-toxic, easily UV-

activated, and insoluble in most reaction environments. However, its application 

is limited because of its narrow photocatalytic region (α < 400 nm) and its ability 

to absorb only a small fraction (5%) of incident solar irradiation, which results 

from its relatively large bandgap energy (anatase, ~3.2 eV) [37]. 

Many recent studies have focused on modifying the morphology and crystalline 

structure of TiO2 to improve its optoelectronic activity. Using hybrid 

semiconductors such as TiO2:ZnO, TiO2:SiO2, etc. [38]. To increase the response 

of TiO2 to solar radiation, it is modified with ZnO, [39]. It has been proven that 

the formation of oxide hybrids is an appropriate tool for improving the 

photocatalytic ability of TiO2 materials. The selection of an appropriate modifier 

and its compatibility with the material are important for the hybrid’s 

physicochemical and optical properties. Each of the modifiers substantially affect 
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the surface charge of the material and, therefore, enhance or weaken its 

photocatalytic capacity [40].  

Zinc oxide (ZnO), on the other hand, is one of the metal oxide semiconductors 

that have drawn great attention due to its noticeable combination of physical 

properties. ZnO has wide bandgap energy of about 3.3 eV at 300K, high excitation 

binding energy of 60 mV, the n-type semiconductor has wurtzite structure and 

varied growth morphology, all of these properties makes ZnO a majority material 

in the broad-band semiconductors and nanotechnology fields. Also, ZnO 

exhibited unique electrical properties which makes it useful for different 

applications such as in ultraviolet light emitting diodes (LEDs), photovoltaic 

devices , optical waveguides, gas sensors, etc. [41].  

Titanium dioxide and zinc oxide have very similar physicochemical properties 

including nontoxicity, biocompatibility, thermal and chemical stability, 

insolubility in water, resistance to chemical breakdown and photo corrosion, and 

mechanical strength [42]. 

 Many methods for the production of TiO2:ZnO oxide systems have been 

proposed using different precursors of titania and zinc oxide. These methods 

include an electrospinning technique, a chemical co-precipitation method, the sol-

gel technique, or solvothermal and hydrothermal methods [43]. These methods 

enable precise control of the synthesis to obtain materials with useful properties. 

The process can be controlled by temperature changes, sequence and type of 

reagent dosage, rate of stirring, pH, the ratio of water to precursors, and 

calcination conditions [44]. 

Depending on the process parameters, the products exhibit different 

physicochemical properties and structure. The physicochemical properties of 

TiO2:ZnO oxide systems depend on their morphology, the size of crystallites, and 

the crystallographic structure [45]. Moreover, ZnO has a band gape energy of 3.3 

eV, which is slightly more negative than that of TiO2. Therefore, the synthesis of 
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TiO2:ZnO oxide systems can result in the injection of conduction band electrons 

from ZnO to TiO2, which is favorable to electron-hole separation. Therefore, the 

incorporation of these two materials into an integrated structure is of great 

significance because the resulting products may possess improved specific and 

well-defined physical and chemical properties, which were determined during 

their synthesis [46]. 

The spray pyrolysis method exhibits relatively low costs, suitability for large-

scale applications, and ease of manipulation. Furthermore, this technique finds 

utility in the deposition of thin film solutions on substrates, as well as in the 

deposition of multi-layer thin films. [47].  

The present work studies the photoresistance performance of the TiO2:ZnO 

heterojunction that prepared by sol-gel technique and deposited using spray 

pyrolysis method. Complementary characteristics such as morphology, structure, 

optical properties and electrical properties are also investigated.    

1.6 Literature review 

Metal oxides play a crucial role in the field of optoelectronics due to their 

widespread availability, cost-effectiveness, and exceptional photoconversion 

capabilities. Specifically, they function as active components in photovoltaic 

systems, leveraging their optical characteristics and electrical conductivity to 

enhance the efficiency of photovoltaic cells [48]. Moreover, metal oxides find 

applications in heterogeneous photocatalysis, a treatment technology employed 

for various pollutants in water treatment, air depollution, hydrogen production, 

hydrocarbon generation, and the transformation of specific compounds [49]. 

In the realm of flexible electronics and optoelectronics, transparent and 

conductive oxide/metal/oxide nanolaminate structures have been developed. 

These structures provide a low-temperature coating suitable for organic materials, 

contributing to advancements in this field [50]. Hybrid metal oxide photocatalysts 

are being explored for highly efficient photoanodes in photoelectrochemical cells, 
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with a focus on achieving sustainable hydrogen production. Various metal oxides, 

including TiO2, Fe-Ti-O, ZnO, and Zn2TiO4, are under investigation for their 

photocatalytic properties [51]. 

To enhance the stability and electrical properties of graphene for transparent 

electrodes, multilayered electrodes consisting of metal oxides overcoated with 

graphene have been developed [52]. ZnO, a wide-band semiconductor, emerges 

as a notable candidate for photoconduction in optoelectronic devices operating in 

the visible and ultraviolet spectral regions [53]. ZnO-based photodetectors exhibit 

an exceptionally high photoconductive gain, indicating significant potential for 

efficient photoresponse [54]. Additionally, ZnO nanocrystals serve as model 

systems for studying the generation and properties of excess charge carriers in 

semiconductor nanocrystals, with the maximum number of excess electrons per 

nanocrystal in ZnO photodoping found to be size-dependent [55, 56]. 

TiO2, renowned for its efficient photoactivity, high stability, and low cost, is 

extensively utilized as a photoconductor. It is commonly employed as a 

semiconductor substrate for water photo-dissociation and is considered an ideal 

solid-state photocatalyst for academic study [57, 58]. However, the industrial 

application of pristine TiO2 is hindered by its limited absorption of visible light 

due to its bandgap [59]. To overcome this limitation, TiO2 can be doped or co-

doped with elements such as Se and Zr, reducing the bandgap and enhancing the 

photo-response under visible light irradiation [60]. Furthermore, the fabrication 

of TiO2 p-n homojunctions improves charge separation and transfer, leading to 

significantly higher photoactivity in photoelectrochemical and photocatalytic 

hydrogen generation [61]. 

Extensive research has been conducted on ZnO:TiO2 heterostructures, revealing 

their favorable photoelectrochemical properties and potential as photoconductors. 

These heterostructures exhibit intercalated valence and conduction bands, 

resulting in a decreased band gap, reduced recombination rate, and increased light 

absorption range [62]. The addition of ZnO to TiO2 enhances the electrical 
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conductivity, charge separation, and photoresponse ability of the photoelectrodes 

[63]. Incorporating ZnO nanoparticles into TiO2-based photoanodes increases the 

specific surface area and pore volume, thereby improving dye sensitizer capacity 

[64]. Additionally, ZnO:TiO2 heterostructures are employed in the fabrication of 

visible-light phototransistors, demonstrating high photoresponsivity and 

photosensitivity under illumination [65]. 

The recent literature further delves into the photocurrent response of TiO2:ZnO 

hybrid heterojunctions, showcasing varying values based on specific 

compositions and structures. Notably, TiO2/ZnO heterojunctions have 

demonstrated high photoresponsivity and photosensitivity under 520 nm 

wavelength light, emphasizing their potential for visible-light photocurrent 

response applications [66]. In comparative studies, ZnO/TiO2 heterojunction 

photoelectrodes achieved significantly higher photocurrent density compared to 

pure TiO2, indicating the effectiveness of the hybrid structure [67]. 

ZnO-TiO2 core-shell nanotubes exhibit a high UV response and improved 

performance under heating, demonstrating a promising photo/dark current ratio 

and responsivity [68]. TiO2/ZnO nanotube layers with varying ZnO coatings 

exhibit considerable enhancement in photocurrent density and incident photon to 

current conversion efficiency [69]. 

The application scope of ZnO:TiO2 heterostructures is extended to visible-light 

photocurrent response applications, showcasing high photoresponsivity and 

photosensitivity. The optimized TiO2/ZnO heterostructure, in particular, exhibits 

impressive performance under 520 nm wavelength light illumination [70]. This 

underscores the potential of ZnO:TiO2 heterostructures in enhancing the 

performance of phototransistors based on oxide semiconductors. In solar cell 

applications, TiO2/ZnO double-layer coatings prove effective in reducing 

substrate reflectivity and minimizing spectral mismatch, resulting in a substantial 

increase in average photocurrent [71]. 
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Additionally, TiO2/ZnO hybrid nano-sponges, when employed as photoanodes in 

photoelectrochemical water splitting tests, demonstrate a significant increase in 

the photoelectrochemical response [72]. Titanium dioxide-nitrogen doped 

graphene quantum dot (TiO2-NGQD) composites exhibit superior photocurrent 

generation and photocatalytic degradation of phenol compared to commercial 

standard TiO2, particularly under visible light illumination [73]. Furthermore, 

TiO2 conjugated with zinc oxide thin films achieves notable efficiency in dye-

sensitized solar cells [74]. 

 

1.7 Aims  

The main goals of this study are to: 

1. Explore the synthesis of a ZnO:TiO2 heterojunction using the sol-gel 

technique and spray pyrolysis deposition method on different substrates. 

2. Investigate the influence of different precursor materials, solvents, 

catalysts, and annealing temperatures on the overall properties of both TiO2 

and ZnO thin films. 

3. Conduct a comprehensive analysis of the optical properties of the 

synthesized materials, including their absorption characteristics and 

measurements of the optical band gap. Then, test the morphology of the 

prepared  thin film samples using scanning electron microscopy (SEM), 

and evaluate the structural properties of the materials through advanced 

techniques such as X-ray diffraction (XRD). 

4. Study the electrical characteristics of the ZnO:TiO2 heterojunction by 

analyzing its IV characteristics. Assess the thermal dependence of the 

heterojunction's conductivity to elucidate its performance under varying 

temperature conditions. 

5. Examine  the photoresistance characteristics of the ZnO:TiO2 

heterojunction to provide insights into its photoresponse behavior. 
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2.1 Structural Properties 

The crystallite size (D) was calculated using the Scherer equation [75] as follows: 

𝑫 =
𝒌𝝀

𝜷𝒄𝒐𝒔𝜽
                                                       2.1 

where θ is Bragg angle, λ is the incident X-ray wavelength (0.15406 nm), (k) is 

a dimensionless shape factor, with a value close to unity (0.9) and β is the full-

width at half maximum (FWHM) of the diffraction peak. 

The lattice strain (ε) can be calculated using the equation 4.2 [76]: 

𝜺 =
𝜷

𝟒𝒕𝒂𝒏𝜽
                                                                      2.2 

The crystallite size (D) is an essential parameter that provides information about 

the size of the individual crystalline domains within the material[77]. The 

equation considers the X-ray wavelength, the shape factor, and the diffraction 

angle. The angle at which the X-ray beams strike the crystal lattice, leading to 

constructive interference and diffraction, is called the Bragg angle [78].  

Lattice strain is a measure of the distortion or deformation in the crystal lattice of 

a material, which can arise from various factors such as lattice defects, 

dislocations, and external stresses. Lattice strain affects the diffraction peak 

positions and shapes, leading to peak broadening. The observed FWHM of the 

peaks is influenced by both the crystallite size and lattice strain. An increase in 

lattice strain results in a broader peak [79-80].  

2.2  Optical Properties 

The process of generating electron-hole pairs and initiating the photo-current 

response is essential for moving from the valence band to the conduction band. 

Direct and indirect transitions are the two types of transitions [81]. In direct 
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transitions, the energy of an absorbed photon matches the energy difference 

between the valence band and the conduction band. When a photon with the 

correct energy is absorbed by the material, an electron in the valence band is 

directly excited to the conduction band. Direct transitions are more probable and 

efficient, resulting in a stronger absorption of light and higher photo-current 

response [82].  

On the other hand, in an indirect transition, the energy of the absorbed photon 

does not exactly match the energy difference between the valence band and the 

conduction band. Instead, the absorbed photon interacts with phonons (quantized 

lattice vibrations) to assist the electron in overcoming the energy difference. 

Indirect transitions are less probable and less efficient compared to direct 

transitions, leading to weaker absorption of light and lower photo-current 

response [83]. 

Semiconductor nanoparticles, zinc oxide (ZnO) and titanium dioxide (TiO2), offer 

unique properties that can improve absorbance in photoresistance devices [84]. 

These nanoparticles can be engineered to have a specific bandgap energy, 

allowing them to absorb light at different wavelengths. By tuning the bandgap 

energy, nanoparticles can be designed to match the visible spectrum more 

effectively, leading to enhanced light absorption and increased photo-current 

response [85].  

Furthermore, heterojunction composites made from these semiconductor 

nanoparticles provide further opportunities to enhance absorbance. Combining 

different semiconductor materials with complementary bandgap energies can 

widen the absorbance spectrum. This enables the composite to harvest a broader 

range of wavelengths from the solar spectrum, improving the overall efficiency 

of photovoltaic devices[86]. The bandgap energy of a semiconductor material is 

a critical factor influencing the photo-current process and photo-resistance [87]. 
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Narrow bandgap materials can absorb a wider range of light energies, including 

lower energy photons. This leads to more efficient generation of electron-hole 

pairs and a stronger photo-current response. On the other hand, wider bandgap 

materials can only absorb higher energy photons, limiting their ability to generate 

electron-hole pairs from the lower-energy end of the solar spectrum. This results 

in a weaker photo-current response compared to narrow bandgap materials [88]. 

Concerning photo-resistance, materials with narrower bandgaps generally exhibit 

lower photo-resistance due to their enhanced absorption of light and efficient 

generation of electron-hole pairs. Higher photo-resistance indicates a stronger 

change in electrical resistance when exposed to light, making these materials more 

suitable for light-sensitive applications like photoresistors [88-89]. 

 

Figure 2.1 Scheme of optical transition in semiconductor with a (a) direct bandgap 

and (b) indirect bandgap [90]. 

 

Photons are absorbed by the semiconductor from the incident beam; The rate of 

absorption is proportional to the photon energy (ℎ𝜐), where (ℎ) is Plank’s 

constant, (𝜐) is the incident photon frequency, The electronic transition is 

connected with absorption between the valance and conduction bands in the 

material starting at the absorption edge which corresponds to minimum energy 
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difference (Eg) between the V.B. and the C.B. [91]. If the energy of the photon 

(E) is greater than or equal to the energy gap (Eg), the interaction between the 

photon and a valence electron occurs, resulting in the promotion of the electron 

to the conduction band and the formation of an electron-hole pair. The wavelength 

(λ) of the incident photon that leads to the creation of the electron-hole pair is 

referred to as the maximum wavelength (λmax) [92]: 

   λmax =
hc 

Eg
=

1.24

Eg(eV)
                                                                   (2.3) 

The photon flux diminishes exponentially in its magnitude as it traverses the 

semiconductor, in accordance with Beer's law [93]. 

IT = Ioe−αt                                                                           (2.4) 

Where (𝐼𝑜, 𝐼𝑇) photons absorbed per unit distance of the semiconductor. 

Additionally, the thickness of the film is denoted as (t) [93]: 

𝛼 = 2.303
Ab

t
                                                                        (2.5) 

Where (Ab) is the absorption.  

The phenomenon of radiation absorption, which results in the occurrence of 

electronic transitions between the valence and conduction bands, can be classified 

into two distinct categories: direct transitions and indirect transitions. The 

mathematical representation of these transitions is provided by the Tauc equation 

[94]: 

(αhν) = B(hν − Eg)r                                                                         (2.6) 

where (ℎ𝜈)is the incident photon energy, (r) is constant which takes the values 

(1/2, 3/2, 2, and 3) depending on the material and the type of the optical transition 

whether it is direct or indirect, where (r) equal to 1/2, 2, 1/3 or 2/3 for direct 

allowed, indirect allowed, direct forbidden and indirect forbidden transitions, 
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respectively. In the present study of TiO2 and ZnO the value of (r) of Eq. (2.6) 

was taken as 1/2. and (𝐵) is the edge width parameter [95].  

The optical constants hold significant importance as they elucidate the optical 

characteristics of the substances. The absorption coefficient of the substance 

exhibits a profound dependency on both the photon energy and the energy of the 

band gap. As it is possible to know the nature of electronic transfers from knowing 

the value of the absorption coefficient, if the value of the absorption coefficient is 

high (α>104), then this means the possibility of a direct electronic transmission 

[96]. 

In summary, optimizing absorbance through the use of semiconductor 

nanoparticles and heterojunction composites, and considering the bandgap 

energy, is essential for enhancing the photo-current response and photo-resistance 

in photovoltaic devices. These considerations contribute to the design of more 

efficient photo-current and  light-sensitive devices in optoelectronics. 

2.3  I-V Characteristics  

A voltage-current (I-V) characteristic curve, also known as the current-voltage 

characteristic or simply I-V curve, is a graphical representation of the relationship 

between the current (I) passing through a device or material and the voltage (V) 

applied across it. It is a fundamental tool used to study and understand the 

behavior of various electronic components, devices, and materials. 

The I-V curve provides valuable information about the electrical properties and 

behavior of a device or material. It helps to analyze and understand various 

aspects. Firstly, it allows us to verify if the device or material follows Ohm's Law, 

which states that the current passing through a conductor is directly proportional 

to the voltage applied across it, given the resistance remains constant [97]. 

Secondly, for many devices and materials, the I-V curve exhibits nonlinear 

behavior, which is crucial in understanding the operation of diodes, transistors, 
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and other semiconductor devices [98]. Thirdly, the I-V curve helps identify the 

threshold voltage at which semiconductor devices like diodes and transistors start 

conducting (turn on) or stop conducting (turn off). This behavior is discussed by 

Jing, Chen, and Feng [99]. 

 

Figure 2.2 Schematic diagram of I-V curve at ON-OFF states. 

2.4  Thermal Dependence Conductivity  

The electrical conductivity of a material changes with temperature due to thermal 

excitation of charge carriers. For semiconductors, increased temperature leads to 

higher carrier concentration, leading to enhanced electrical conductivity. 

However, temperature also affects recombination processes, potentially 

degrading the performance of photovoltaic devices[100].  

Understanding the temperature dependence of conductivity is crucial for 

optimizing device operation and predicting its behavior under varying 

environmental conditions [101].  

The Arrhenius equation is a mathematical relationship that describes the 

temperature dependence of various chemical and physical processes, including 

the electrical conductivity of materials [102] . In the context of electrical 

conductivity, the Arrhenius equation relates the conductivity (σ) of a material to 

the temperature (T) and activation energy (Ea) involved in charge carrier 

movement through the material. 
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Arrhenius Equation for Electrical Conductivity: The Arrhenius equation for 

electrical conductivity is given by [103-104]: 

σ = σo e
Ea

(KB∗T)                                                                        (2.7)         

where: σ = Electrical conductivity of the material (in (Ω.m)-1 ). σo= Pre-

exponential factor, a constant representing the electrical conductivity at a 

reference temperature (usually at room temperature or another specified 

temperature). It is a scaling factor for the conductivity. Ea = Activation energy, 

which is the energy required for charge carriers (electrons or holes) to overcome 

the energy barrier and participate in conduction. It is measured in joules (eV). T 

= Temperature of the material in Kelvin (K). KB = Boltzmann constant, 

approximately equal to 8.617× 10
-5

 eV/K. The Arrhenius equation plays an 

important part in understanding the temperature dependence of electrical 

conductivity in semiconductors. The equation is of significant importance for 

several reasons [103-104]. 

The mobility of these charge carriers can be described by the Arrhenius equation, 

which provides insights into how easily they can move through the crystal lattice 

as the temperature changes. This equation helps to determine the activation energy 

required for the charge carriers to participate in conduction. The mobility is 

defined as the rate at which the charge carriers move in response to an applied 

electric field, which is usually measured in units of (m2/(V.s)). A higher mobility 

value indicates that the charge carriers can move more freely, resulting in 

enhanced electrical conductivity[105]. 

The mobility of the charge carriers in semiconductors is greatly affected by 

temperature. As the temperature rises, the lattice vibrations in the semiconductor 

crystal become more pronounced, leading to changes in the movement of the 

charge carriers. At higher temperatures, the lattice vibrations can scatter the 



Chapter Two  Theoretical Background 

 

24 

 

charge carriers, causing a decrease in mobility. However, the thermal energy can 

also provide charge carriers with additional kinetic energy, making them move 

faster, which can increase mobility. Additionally, the increase in charge carrier 

concentration due to thermal generation can also impact mobility. 

The Arrhenius equation relates the mobility of charge carriers to the temperature 

and an activation energy involved in their movement. It is expressed as [106]: 

μ = μoe
−Ea

(KB∗T)                                                                            (2.8) 

where μ represents charge carrier mobility, μo denotes the pre-exponential factor 

representing mobility at a reference temperature. The temperature dependence of 

charge carrier mobility is important for optimizing the design and performance of 

semiconductor devices.  

2.5   Photoresistance  

Photoresistance refers to the change in electrical resistance of a material in 

response to light exposure. In photoresistive materials, the conductivity is altered 

by the generation and recombination of charge carriers when exposed to light. The 

photoresistance of a material depends on its properties, such as bandgap, trap 

states, and defect concentrations. Control photoresistance is valuable for 

designing light-sensitive devices and assessing their performance in different 

lighting conditions [107]. 

In the case of semiconductors, the determination of photoresistance involves 

examining the time-varying photocurrent response. This response can be 

classified into two categories. The first category involves applying a voltage 

across two electrodes on the semiconductor material, which accelerates and 

separates electron-hole pairs, leading to photocurrent generation. The second 

category, known as photovoltaic, involves setting the source voltage to zero and 
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evaluating the semiconductor's resistance to light-induced electric current 

generation [108]. 

 Under illumination, the presence of oppositely charged carriers creates an 

inherent electric field, resulting in measurable electric current generation. By 

studying the time-varying photocurrent response under different arrangements, 

Photoresistance provides useful information about a material's ability to resist the 

creation of an electric current as well as how it reacts to the transfer of electrons 

caused by light [109]. 

 

 

Figure 2.3  Modificated typicla plot of time dependant photocurrent response[110]. 

 

According to Figure 2.3, there are four main measurements: 

1- Response time or rise time (R.T.)  is a crucial metric used in the study of 

semiconductors and materials in general, as it provides valuable information 

into their interaction with light. It is defined as the time taken for the current 

to reach 90% of its maximum value, starting from the moment of illumination 

onset and ending when the illumination ceases[111]. 
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In the field of optoelectronics and photonics, understanding the response time is 

essential to assess the performance and efficiency of various devices, such as 

photodiodes, solar cells, and light-emitting diodes (LEDs). The semiconductor's 

ability to rapidly respond to incoming light directly affects its functionality and 

suitability for specific applications. 

Response time measurements often used to evaluate the speed at which a 

semiconductor material can switch between its conducting and non-conducting 

states under light exposure. The faster the response time, the more suitable the 

material may be for high-speed optoelectronic applications like optical 

communication or ultrafast photodetectors [112] . 

Moreover, the response time is a key parameter in evaluating the suitability of a 

material for light-sensitive applications, like image sensors or photovoltaic cells. 

A shorter response time allows these devices to capture rapid changes in light 

intensity accurately, making them more efficient in capturing and converting light 

into electrical signals photodetectors [112] . 

2- Recovery time or fall time (F.T.) refers to the duration it takes for the current 

to return to a specified baseline level after the illumination is removed. 

Understanding the recovery time is important for assessing the ability of a 

semiconductor or material to revert to its initial state once the light source is 

switched off or blocked. This parameter is particularly relevant in applications 

where rapid switching or modulation of light sensitivity is required [113]. 

In devices like photodetectors and image sensors, the recovery time directly 

influences their performance during repeated exposure to light pulses or varying 

light intensities. A shorter recovery time allows these devices to quickly adapt to 

changes in illumination levels, enabling faster image capturing and better 

sensitivity to varying light conditions. On the other hand, in certain optoelectronic 

applications, a longer recovery time might be desirable. For instance, in certain 
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photodiodes used for high-speed communication, a slightly longer recovery time 

can act as a natural filter, ensuring that the device responds consistently to a 

specific frequency range of light signals. 

Both response time and recovery time are critical parameters for the design and 

optimization of optoelectronic devices. The interplay between these two 

characteristics defines the device's ability to sense and respond to light effectively, 

making them key factors in material selection and device engineering. 

3- The steady current region, where the current remains stable even with the 

lighting on, is primarily due to the specific characteristics of the semiconductor 

material used in the device. Semiconductors possess unique electrical 

properties that allow them to conduct electricity under certain conditions, such 

as exposure to light. 

In the steady current region, the semiconductor material is operating in a state 

where the generated electron-hole pairs (electrons and corresponding positively 

charged holes) are efficiently collected and contribute to a constant flow of 

electric current. When light illuminates the semiconductor, it excites electrons, 

promoting them to higher energy levels, and creates electron-hole pairs. These 

charge carriers can either recombine (return to their original states), get trapped 

in the material, or be collected at the contacts of the device to form a current. 

The stable current flow in the steady current region occurs because the rate of 

electron-hole pair generation due to the incident light is balanced with the rate of 

recombination and collection of these carriers. This balance ensures a steady state 

of current flow, even under continuous illumination [114]. 

The characteristics that influence the steady current region include the bandgap 

of the semiconductor material, the type and concentration of impurities, and the 

structure of the device.  
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The bandgap determines the energy required to promote electrons from the 

valence band to the conduction band, and the impurities (dopants) affect the 

number of charge carriers available for conduction. 

Moreover, the device's structure, such as the design of the junctions and contacts, 

plays a crucial role in facilitating the efficient collection and transportation of 

charge carriers. A well-designed structure ensures that the generated charge 

carriers are directed toward the external circuit to contribute to a stable current 

flow.  

Optimizing of the steady current region, leading to better-performing 

optoelectronic devices like photodiodes, solar cells, and light sensors.  

The time rate of change of current, represented as dI/dt, is a valuable tool used to 

investigate the photocurrent trend in optoelectronic devices. It provides crucial 

information about how the current responds dynamically to changes in 

illumination or light exposure [115]. 

In optoelectronics, devices such as photodiodes, solar cells, and photoconductors 

generate a photocurrent when they are exposed to light. This photocurrent is the 

result of the excitation of charge carriers (electrons and holes) within the 

semiconductor material by incident photons. The generated charge carriers 

contribute to the flow of current in the external circuit. 

4- The time rate of change of current (dI/dt), insights into the speed and magnitude 

of the photocurrent response to varying light conditions can be gained through 

the analysis of the time rate of change of current (dI/dt). Here are some key 

points to consider: 

a. Dynamic behavior: The dI/dt value reflects the current's responsiveness to 

rapid changes in illumination. A high dI/dt indicates that the photocurrent 

can quickly follow fluctuations in light intensity, making the device 
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suitable for high-speed applications such as optical communication or high-

frequency light detection. 

b. Time constants: The time rate of change of current is related to the 

characteristic time constants of the device. Time constants represent the 

time required for the photocurrent to reach certain fractions  of its steady-

state value after a sudden change in light intensity. By analyzing these time 

constants, researchers can better understand the underlying charge transport 

and recombination processes within the semiconductor material. 

c. Responsivity and sensitivity: The dI/dt value is directly related to the 

device's responsivity and sensitivity. Responsivity refers to the 

photocurrent generated per unit of incident light power, while sensitivity 

describes how small changes in light intensity result in measurable changes 

in the photocurrent. A higher dI/dt generally indicates greater responsivity 

and sensitivity, which are desirable qualities in light-sensitive devices. 

d. Transient behavior: The dI/dt value provides insights into the transient 

behavior of the photocurrent during light exposure and when the 

illumination is turned on or off. Understanding the transient response is 

essential for applications where fast and accurate detection of light pulses 

or rapid changes in light intensity is required. 

The time rate of change of current (dI/dt) is a powerful tool for investigating the 

photocurrent trend in optoelectronic devices. It provides a deeper understanding 

of the dynamic behavior, responsivity, sensitivity, and transient response, all of 

which are crucial for optimizing device performance and advancing various light-

sensitive applications [116] . 

2.6  Heterojunction 

A comprehensive examination of the theoretical foundation concerning 

heterojunctions reveals that a heterojunction represents an interface or junction 
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that occurs between two diverse materials or crystalline structures within the 

semiconductor domain. These materials possess unique electronic characteristics, 

such as bandgap energy, electron affinity, and conductivity. Upon contact, these 

materials establish a boundary possessing one-of-a-kind electronic traits, which 

subsequently give rise to a multitude of electrical and optical phenomena[117]. 

Heterojunctions can be categorized into various types based on the nature of the 

materials and their manner of interaction. Moreover, a single heterojunction is 

produced when two distinct semiconductor materials come into contact. These 

materials generally possess disparate bandgaps and electronic characteristics. 

Single heterojunctions find applications in optoelectronic devices such as light-

emitting diodes (LEDs) and laser diodes [118].In a double heterojunction, there 

exist two heterojunctions in series, accompanied by an additional layer of an 

alternative semiconductor material that is interposed between the two [119].  

This configuration is frequently employed in cutting-edge electronic and photonic 

devices to achieve superior regulation of charge carriers. The application of strain 

to semiconductor materials can induce a heterojunction, thereby modifying the 

electronic properties of the materials at the interface and resulting in distinctive 

device characteristics[118-119].  

Numerous approaches can be utilized to augment the performance of 

heterojunctions. The selection of semiconductor materials with complementary 

properties is of utmost importance in attaining the desired device characteristics. 

This process involves the careful choice of materials with appropriate bandgaps, 

electron affinities, and crystal structures[120].  

By deliberately doping semiconductor materials at the heterojunction interface, 

carrier concentrations and conductivity can be altered, thereby allowing for the 

optimization of device performance. The variation of layer thickness at the 
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heterojunction interface can significantly affect charge carrier transport and 

recombination, thus exerting an influence on device efficiency[120].  

Tailoring the interface at the atomic or nanoscale level can enhance the properties 

of charge transfer and minimize defects, thereby leading to improved device 

performance. The application of strain to the materials can modify their electronic 

band structures, thus enabling precise control of device properties. In order to 

minimize surface defects and provide carrier lifetimes, surface passivation 

techniques can be applied to heterojunctions [121].  

Controlled charge transport holds immense importance in the realm of hybrid 

heterojunctions as well as bilayer heterojunctions, and its influence on the efficacy 

of devices constructed using these heterojunctions is substantial[122]. 

 2.6.1 Controlled Charge Transport in Hybrid Heterojunctions 

In a hybrid heterojunction, such as TiO2:ZnO, the alignment of energy bands at 

the interface emerges as a crucial aspect in regulating controlled charge transport. 

The relative positions of the conduction and valence bands of the constituent 

materials exert an influence on the motion of charge carriers, encompassing 

electrons and holes.  

Hybrid heterojunctions are frequently engineered with the intention of fostering 

effective charge separation. Upon the excitation of the system by light or an 

external stimulus, electron-hole pairs materialize. The energy band alignment and 

electric fields present at the interface contribute to the segregation of these charge 

carriers, thereby thwarting recombination. The existence of an inherent electric 

field at the interface, engendered by the variations in electron affinity or work 

function between the materials, can instigate the occurrence of directional charge 

transport[123]. 

Electrons often gravitate towards one side of the interface, while holes migrate to 

the other side, thereby facilitating their collection. The attributes of hybrid 
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heterojunctions can frequently be fine-tuned through the manipulation of the 

composition, thickness, or doping of the materials, thereby enabling control over 

the characteristics of charge transport. Meticulous engineering of the 

heterojunction interface at either the atomic or nanoscale level can heighten the 

transfer properties of charge, diminish defects, and ameliorate the overall 

efficiency of charge transport [124].  

2.6.2 Controlled Charge Transport in Bilayer Heterojunctions 

In a bilayer heterojunction, two semiconductor layers that possess distinct 

electronic properties are vertically arranged. The band offset between these layers 

assumes a critical role in the regulation of charge transportation. The dissimilarity 

in energy levels at the interface has the capability to generate obstacles or 

reservoirs for charge carriers. 

Bilayer heterojunctions commonly exploit the band offset in order to amplify the 

separation of charges. Electrons can be confined to one layer, whereas holes are 

restricted to the other layer, thereby minimizing recombination. The band 

alignment possesses the ability to form energy barriers that impede the motion of 

charge carriers in specific directions, as well as energy reservoirs that facilitate 

motion in alternative directions[125].  

This effect can be utilized to accomplish specific functions within devices. The 

mobility of charge carriers in each layer, as well as the properties at the interface, 

substantially effect the manner in which charge carriers traverse the bilayer 

structure. Materials with elevated carrier mobility are frequently chosen to 

augment the efficiency of transport. The thickness of each layer within a bilayer 

heterojunction can be regulated to exert influence over the depth and 

configuration of energy barriers and reservoirs, consequently affecting the 

characteristics of charge transportation[126].   
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Both hybrid and bilayer heterojunctions present possibilities for precise regulation 

of charge transfer, which is crucial for a range of electronic and optoelectronic 

applications, such as solar cells, photodetectors, and light-emitting devices. The 

comprehension and enhancement of these charge transfer mechanisms are pivotal 

in enhancing the efficiency of these devices[127] . 

 

 

2.7 Sol-Gel Method 

 

The solution-gelation (sol-gel) method stands as a widely acknowledged synthetic 

strategy employed to create high-quality metal oxide nanoparticles (MONPs) and 

composite materials. This approach grants exceptional precision in tailoring 

material characteristics and surface attributes. Operating under a chemical 

framework, the sol-gel process serves as a gateway to crafting diverse 

nanostructures, particularly MONPs. The process unfolds with the dissolution of 

a molecular precursor, often a metal alkoxide, in a water or alcohol solution. The 

ensuing solution, shaped through hydrolysis or alcoholysis, bears a moist 

disposition. Subsequent drying, customized to the desired gel attributes, becomes 

essential. In the case of alcohol-based solutions, evaporation of alcohol comes 

into play[128]. 

The sol-gel methodology is notably cost-efficient and imparts direct control over 

product chemistry due to its operation at low reaction temperatures. Moreover, its 

utility extends to ceramics manufacturing, acting as both a shaping material and a 

bridge for metal oxide thin films in diverse applications. The products forged 

through the sol-gel technique find their footing across a spectrum of sectors, 

spanning optics, electronics, energy, surface engineering, biosensing, 

pharmaceuticals, and chromatographic separations. Embedded within this 

conventional and industrial methodology is the crux of converting homogeneous 
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sols into gels, followed by solvent removal and drying, a step where drying 

methods significantly influence the resultant properties[129]. 

The sol-gel approach has garnered widespread attention across scientific domains, 

primarily due to its capacity to yield diverse materials with broad applications. 

This wet chemistry-based synthesis technique offers a flexible route to novel and 

functional materials, encompassing glasses, ceramics, and organic-inorganic 

hybrids. It functions effectively at low temperatures and mild chemical 

conditions, resonating as an environmentally friendly and dynamic bottom-up 

synthesis avenue [130].  

In diverse research realms, such as nanotechnology, optoelectronics, 

semiconductors, medicine, biotechnology, and separation science, the sol-gel 

technique holds steadfast as a reliable and compelling method. It epitomizes the 

fusion of precision, innovation, and environmentally conscious synthesis, driving 

progress in these multifaceted fields [129-130]. 
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3.1 Overview 

This chapter is employed to describe all the experimental procedures including;  

materials preparations using sol-gel method, thin film deposition, and the 

instrumentations that utilized to investigate all the properties of the prepared 

samples. The structure of photoresistance devices are also explained in this 

chapter.   

3.2  Spray Pyrolysis 

Spray pyrolysis has recently garnered significant attention as a prominent method 

for depositing a diverse range of thin films that find application in a wide range 

of devices[131]. This active processing approach is underpinned by its ability to 

generate films with varying thicknesses while maintaining simplicity [132]. Spray 

pyrolysis distinctly offers an accessible avenue to craft films with diverse 

compositions, thereby eliminating the necessity for high-end substrates or 

intricate chemical formulations. Furthermore, the adaptability of this method is 

underscored by its capacity to facilitate the creation of multi-layered films with 

remarkable ease[133]. 

The convenience and cost-effectiveness of spray pyrolysis set it apart from 

alternative film deposition methodologies, particularly concerning equipment 

investment. The fundamental components comprising spray pyrolysis equipment 

include an atomizer for droplet generation, a precursor solution housing the 

desired materials, a substrate heater to enable controlled thermal interactions, and 

a temperature controller to govern the deposition conditions. This comprehensive 

setup empowers researchers and practitioners alike to harness the potential of this 

technique in crafting films tailored to their specific requirements, and it is gaining 

prominence as a pragmatic solution for thin and thick film fabrication. 
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3.3  Precursor 

Considering the chemical nature of the sol-gel process, the solvent, catalyst, and 

stabilizer used influence the choice of a precursor in the synthesis of sol-gel 

nanoparticles. To achieve the desired heterostructure growth and avoid unwanted 

chemical interactions, both types of nanoparticles treated with the same solvent 

(2-Methoxyethanol), catalyst (HCl), and stabilizer (Monoethanolamine). Zinc 

acetate (ZnAc) used to synthesize zinc oxide (ZnO) [134] , whereas titanium 

tetraisopropoxide (TTIP) used to synthesize titanium dioxide (TiO2) [ 135]. 

3.4  Devices 

Lateral and sandwich behaviors refer to two different modes of current flow 

within semiconductor devices, particularly in the context of thin-film or 

nanostructured devices [ 136]. 

Sandwich behavior also known as vertical behavior, sandwich behavior involves 

the flow of current through the thickness or depth of a semiconductor material. 

This mode of operation is achieved through a layered structure of heterostructures 

or multilayer thin films, where each layer contributes to the overall device 

functionality. The current travels vertically from one layer of the material to 

another, typically passing through different layers with varying electronic 

properties. This behavior is more similar to the traditional concept of current flow 

in a semiconductor, where electrons move through the bulk of the material [137]. 

Precautionary measures are taken during device preparation to accommodate this 

behavior, resulting in sandwich device which classified into two subtypes based 

on the substrate used  ITO coated glass or Si/SiO2 substrate. 

Lateral behavior pertains to the flow of current across the surface of a 

semiconductor material, typically in a horizontal direction. In devices exhibiting 

lateral behavior, current moves laterally along the surface, often guided by 

specific structures or patterns on the material's surface. This mode of operation is 
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often used in applications like sensors, thin-film transistors, and some types of 

photovoltaic devices. The gadget includes an interdigitated electrode for studying 

lateral behavior [138]. Precautions are also taken during device preparation to 

accommodate this behavior. Lateral devices are designed to measure or 

manipulate current flow across a surface rather than through the bulk of the 

material. 

3.4.1  ITO Coated Glass Substrate 

An ITO-coated glass substrate is a commonly utilized choice for the creation of 

transparent conductive layers in various optoelectronic apparatus [139]. These 

devices encompass solar cells, LEDs, and photoresistivity sensors. The function 

of the ITO layer is to act as a transparent electrode that enables light transmission 

while simultaneously ensuring a conductive surface for the flow of electrical 

current. Therefore, it is highly suitable for applications that require both optical 

transparency and electrical conductivity [140], Figure 3.1 shows the prepared 

sandwich ITO device. 

 

     

                  Figure 3.1 The prepared sandwich device(ITO) as Photoresistance. 

 

3.4.2  Si/SiO2 Substrate 

Si/SiO2 substrate composed of p-type silicon wafer coated with a layer of silicon 

dioxide is prominently utilized in diverse semiconductor applications due to its 

unique properties. This type of substrate exhibits a high degree of light absorption 

owing to the silicon material's exceptional photo-electronic properties, making it 
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a widely employed semiconductor material for various optoelectronic devices. 

Conversely, silicon dioxide (SiO2) acts as an insulating material serving as a 

dielectric layer in multiple semiconductor devices. It offers electrical isolation 

between different components on the substrate and impedes unintended electrical 

interactions. Furthermore, SiO2 indicates excellent chemical stability, rendering it 

resistant to most chemicals and solvents [141]. This substrate as illustrated in 

Figure 3.2 commonly exhibits high-quality surfaces with low roughness, making 

them suitable for processes such as  thin-film deposition. It combines the desirable 

electrical and optical properties of silicon with the insulating characteristics of 

silicon dioxide, thus enabling the creation of complex semiconductor devices 

[142]. 

 

Figure 3.2 Top view of (Si/SiO2) sandwich device as photoresistance. 

 

3.4.3  Interdigitated Electrodes  

Figure 3.3 shows the interdigitated electrode device. Interdigitated electrodes 

(IDEs) have proven to be useful substrates for studying the lateral dynamics of 

photocurrent responses. Because of its tightly spaced finger-like metal structures 

arrayed in a comb-like configuration, IDEs provide a large interaction area that 

excels at sensing changes in electrical properties such as impedance caused by 

substance interactions [100]. 

IDEs have particular advantages in the context of photocurrent lateral behavior. 

Their design maximizes surface area, making it easier to capture photo-generated 

charge carriers along the electrode's width. This tool allows you to investigate 
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how photo-current responsiveness varies throughout the surface of the electrode. 

IDEs allow for the measurement of spatial photo-generated current changes, 

which shed light on how different areas of the substrate react to input light. 

IDEs are effective platforms for mapping and analyzing the lateral distribution of 

photocurrent, revealing vital information on material qualities, flaws, and 

performance differences. Their applications include optoelectronic devices, 

photodetectors, and solar cells, and they have made major contributions to the 

understanding and improvement of device efficiency and performance. 

 

                                

   Figure 3.3 Top view of (IDEs) device as photoresistance. 

 

3.5  Materials, and Synthesis Methods 

3.5.1  TiO2 Thin Film 

A solution of TiO2 was created by the addition of 3.23 ml of titanium 

tetraisopropoxide (Sigma-Aldrich, 205273, Germany), Ti{OCH(CH₃)₂}₄, to 40 

ml of 2-methoxyethanol (MERCK, USA), (C3H8O2) at 60±5°C, resulting in a 

molar concentration of 0.3 M. Stirring of the mixture for 30 minutes was followed 

by 24 hours of aging in the dark. The subsequent deposition process was 

conducted through the application of a spray pyrolysis method at 150°C on a 

hotplate. The thin film was formed through a total of ten sprays, with each spray 
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lasting one minute and allowing for moisture removal between layers. After 24 

hours of aging, a 30-minute annealing step was performed at 600°C. 

3.5.2 ZnO Thin Film 

The synthesis of the ZnO thin film was conducted using a sol-gel approach similar 

to that previously employed in 3.5.1. The initial step involved combining 6.645g 

of zinc acetate dihydrate (HIMDIA, GRM 1434, India), C4H5O4Zn.2H2O, with 40 

ml of 2-methoxyethanol at 60±5°C whilst stirring, resulting in a molar 

concentration of 0.3 M. Next, monoethanolamine (MEA) (THOMAS BAKER, 

India), CH2(OH)CH2NH2, was slowly added as a stabilizing agent, and the 

solution was stirred for 30 minutes. The introduction of hydrochloric acid (HCl) 

expedited the reaction, which was allowed to continue for 60 minutes. 

Subsequently, the solution was shielded from light for 24 hours prior to the 

deposition process. Finally, the resulting ZnO thin film underwent annealing at 

380°C for 30 minutes. 

3.5.3  TiO2:ZnO Hybrid Heterojunction 

To create a TiO2:ZnO hybrid  heterostructure, the previously prepared ZnO and 

TiO2 solutions were mixed in a 1:1 ratio under stirring for 30 minutes. The mixture 

was then aged for 24 hours and subsequently deposited using the spray pyrolysis 

method. A 30-minute annealing process at 380°C followed the deposition. 

3.5.4   TiO2/ZnO Bilayer Heterojunction 

The sequential deposition process was executed for the bilayer structure of 

TiO2/ZnO heterojunction. Firstly, the TiO2 layer was subjected to deposition and 

annealing at an elevated temperature of 600°C. Subsequently, the deposition of 

the ZnO layer was carried out, followed by annealing at 380°C. 

Photocurrent devices were fabricated by depositing the respective solutions onto 

clean Si/SiO2,   ITO, and interdigitated electrodes (IDEs) substrates, following the 
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aforementioned procedures. An aluminum (Al) contact layer was coated on the 

Si/SiO2 device. For a visual representation, refer to Figure 3.4 in the provided 

work scheme flowchart. 

 

Figure 3.4  Work scheme of sol-gel synthesizing method of TiO2 and ZnO nanoparticles. 

 

3.6   Furnace and Annealing Procedure 

The process of annealing facilitates the rearrangement and relaxation of atoms 

within the thin film, leading to the formation of a more ordered crystal structure 
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and thereby reducing defects while enhancing material properties. Thin films are 

often characterized by internal stresses due to differences in thermal expansion 

coefficients between the film and substrate. However, annealing can alleviate 

these stresses, thereby improving film integrity and reducing the likelihood of 

cracking or delamination. Moreover, annealing can modify the electrical 

conductivity and resistivity of thin films, making them more suitable for specific 

electronic and semiconductor applications, while also aiding in tuning the band 

gap of semiconductor materials [144]. 

The utilization of annealing can additionally facilitate improved adhesion 

between the thin film and substrate, thereby enhancing the overall stability and 

durability of the film-substrate interface. Furthermore, crystalline grains within 

the thin film can grow and coalesce during annealing, leading to larger and more 

ordered grains, thereby improving material properties such as mechanical strength 

and electrical conductivity. Annealing also enables the diffusion of atoms within 

the thin film, which can lead to alloying with the substrate or other layers, thereby 

making it an effective tool for creating multilayer structures with tailored 

properties [145].  

The process of annealing can also aid in healing point defects, vacancies, and 

other crystal lattice imperfections, leading to improved material quality and 

performance. In the case of thin films employed in optical applications, annealing 

can modify the refractive index, transparency, and other optical properties, 

thereby enabling precise control over light interactions.  

Annealing can also be employed to modify the microstructure of the thin film, 

thereby adjusting its mechanical properties such as hardness, elasticity, and 

resilience. Consequently, it provides researchers with the ability to study the 

influence of temperature and time on thin film properties, which is essential for 

understanding material behavior and developing new materials with enhanced 

characteristics. Finally, it can aid in achieving a more uniform composition 
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throughout the thin film, thereby reducing compositional variations that might 

have occurred during the deposition process [146]. 

The process conditions for the annealing procedure are illustrated in Figure 3.5, 

which shows a schematic diagram of the temperature vs. time program process. 

The annealing furnace employed in this study was the KSL-1600X model 

developed by MTI Corporation. This furnace was specifically programmed to 

regulate the temperature as a function of time, wherein the temperature was 

gradually increased in increments of 10 °C per minute. In order to achieve the 

desired temperature profile for the annealing process, the temperature was initially 

set at 20 °C and gradually increased until it reached half of the maximum 

temperature required. Subsequently, the furnace was maintained at this 

temperature for a duration equal to half of the maximum time required for the 

process. Following this, the furnace was reheated to reach the maximum 

temperature required and subsequently held at this level for the desired duration 

 

Figure 3.5 Schematic diagram of the temperature vs. time program process. 

 

3.7  X-Ray Diffraction 

X-ray diffraction has emerged as a widely used technique in various fields such 

as materials science, chemistry, physics, geology, and other disciplines where 

comprehending the atomic arrangement in crystalline materials is crucial. X-ray 
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diffraction, also known as XRD, is an experimental method that has demonstrated 

to be a potent instrument for the determination of the crystal structure of materials. 

The procedure involves the application of X-rays onto a crystalline sample and 

subsequently analyzing the diffraction pattern that emerges to extract information 

about the arrangement of atoms within the crystal lattice. X-rays are generated 

using a high-energy source, typically an X-ray tube that produces a focused beam 

of X-rays with a well-defined wavelength.  

Upon interaction with the crystal lattice, the X-rays will interact with the regularly 

spaced atoms. As per Bragg's law, the X-rays will be diffracted at specific angles 

when the path difference between the rays scattered by adjacent atomic planes is 

a multiple of the X-ray wavelength [147].  

Bragg's law establishes the conditions for observing diffracted beams. When 

parallel X-rays at an angle of incidence penetrate a set of parallel lattice planes 

with indices h, k, l, and spacing d (as shown in Figure 3.6; Bragg's law reflection 

principle used In XRD), these lattice planes operate as mirrors. The path 

difference must be aligned with multiples of the wavelength in order for a 

diffracted beam to emerge by constructive interference, as described by equation 

3.1: 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛λ                                                                               3.1 

Bragg's equation is represented by equation 3.1. diffracted beams that fail to meet 

this requirement will experience destructive interference. The value of n in this 

equation denotes the 'order' of diffraction [147]. 

This results in constructive interference, which produces a diffraction pattern that 

is unique to the crystal structure of the material. The processed data will show a 

series of peaks corresponding to the diffracted X-rays. Each peak represents a 

specific set of crystal planes that satisfied Bragg's law.  
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These peaks are subsequently utilized to determine the lattice spacing and other 

structural information. By analyzing the positions and intensities of the peaks, 

along with known crystallographic data, researchers are capable of determining 

the crystal structure of the material. This includes parameters such as lattice 

constants, unit cell dimensions, and atomic positions. If there exist databases of 

known crystal structures, one can compare the observed diffraction pattern with 

them to identify the material or confirm its known structure. In case the material 

is novel, the diffraction pattern can help determine its unique crystal structure. 

Once the crystal structure is determined, researchers can analyze its properties and 

behavior in relation to its atomic arrangement. This information is pivotal for 

comprehending the material's properties and potential applications. 

                  

Figure 3.6  Bragg's Law Reflection Principle Used In X-Ray Diffraction[148]. 

 

3.8  UV-Vis. Spectrophotometer 

A double beam UV-Visible spectroscopy is used to estimate the absorption 

characteristics of the studied thin films. The process of absorption may transpire 

as light travels through the sample or as it reflects off the sample surface. The 

determination of accurate absorbance is based on the incident and transmitted 

light as revealed by equation 3.2 which is Lambert's law of absorption.  
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𝐼𝑇 = 𝐼𝑜𝑒
−𝛼𝑡                                                                          3.2 

Where 𝐼𝑜 is the incident intensity of light, 𝐼𝑇 the transmitted light intensity, 𝛼 

absorption coefficient, and 𝑡 the thickness of sample Figure 3.7 illustrates the 

incident- transmitted intensities .  

 

 

Figure 3.7 Typical plot of incident and transmitted light . 

As atoms or molecules absorbed energy, electrons transfer from the ground state 

to an excited state. The energy absorption occurs discretely in quanta, which is 

equivalent to the difference in energy between the ground and excited states.  

As analyte concentration rises, light absorption increases linearly, and light 

transmission decreases exponentially. A photon can induce a transition in energy 

levels if its energy matches the energy difference. Nanoparticles have distinct 

optical properties due to their size, known as surface plasmon polariton 

resonances. These resonances occur when nanoparticles interact with radiation, 

affecting the refractive index near their surface. This enables effective UV-Vis 

spectroscopic analysis of nanomaterials, which are sensitive to size, shape, 

aggregation, structure, and concentration changes, even at low concentrations          

[148]. 

Absorption spectroscopy covers electromagnetic radiation from 190 to 800 nm, 

ultraviolet (190-400 nm) and visible (400-800 nm) regions. This technique is 
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valuable for experimental analysis. The absorbance, transmittance, and 

reflectance as shown in Figure 3.8, are illustrated mathematically by equation 3.3 

as follows : 

 𝐴 + 𝑇 + 𝑅 = 1                                                                                 3.3 

Where 𝐴 is the absorbance, 𝑇 is the transmittance, and 𝑅 represents the 

reflectance. 

  

 

Figure 3.8 Schematic showing the absorption, transmission and reflection[149]. 

 

 

3.9  Keithly Instrument 

Keithly 2400, was employed to conduct I-V characteristic of the samples in the 

ON and OFF states, which were induced by light illumination. This specific 

technique is highly suitable for measuring the resistivity of samples.  As illustrated 

in Figure 3.9, the resistivity can be obtained by determining the voltage (V) and 

current (I) utilizing the following formula:  

𝜌 =
𝑉

𝐼
∗
𝑤∗𝑙

𝑡
                                                                                               3.4 
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Additionally, the dimensions of the film, namely width, length, and thickness, are 

denoted by w, l, and t, respectively as in Figure 3.10.  

                                      

Figure 3.9 Typical plot of the thin film dimensions. 

Moreover, the Keithly instrument was utilized to determine the time-dependent 

current by varying the light illumination between ON and OFF states. This method 

enables the current versus time to transition from an increasing behavior due to 

charge transitions until reaching a steady-state current. Subsequently, the light 

was turned off, causing the current to decay until it reached the steady-state once 

again. 

3.10 Photoresistance System 

The photoresistance system utilized in this , as depicted in Figure 3.10, was 

contained within a box made of medium-density fiberboard (MDF) wood, 

measuring  30 cm × 30 cm × 20 cm. This design choice ensured that the influence 

of light on the experiments was minimized. The setup also allowed for easy 

insertion and removal of samples, thereby enabling precise control over their 

positioning to optimize light exposure. To provide the necessary visible light for 

the experiments, an 80-watt tungsten laboratory lamp was securely positioned at 

a distance of 35 cm from the sample. To avoid excessive heat generation, the lamp 

was fastened using a holder and connected to a regulator, which stabilized the 

light intensity and prevented electrical fluctuations during operation. 

At the heart of the system was a thin film device that seamlessly integrated with 

a computerized system from Keithley. This integration allowed for precise 

measurement and analysis of the photoresistance properties of the samples. A 

specially designed opening at the top of the box served as a controlled passage for 
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light, enabling the experimental conditions to be switched between the ON and 

OFF states. 

In addition, a dedicated power supply unit ensured that consistent and regulated 

power was distributed to all components of the system. This guarantee of reliable 

and reproducible experimental outcomes was crucial. The sophisticated 

integration of the Keithley instrument facilitated the accurate capture and analysis 

of intricate variations in the photoresistance behavior of the thin film under 

different experimental conditions. 

The seamless integration of a sophisticated computer system within the setup 

streamlined the acquisition, processing, and analysis of data. It served as a central 

hub for real-time monitoring and meticulous record-keeping of experimental 

parameters and results. The meticulously designed configuration and dimensions 

of the photoresistance system were optimized to ensure precise and controlled 

experimental conditions. This optimization allowed for in-depth investigations 

into the nuanced photoresistance properties of the thin film material. Such 

investigations have important implications for advancements in optoelectronics, 

semiconductor research, and material science. 
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Figure 3.10 Schematic of the photoresistance system. 
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4.1 Overview  

This chapter extensively analyzes thin film materials for potential applications. It 

explores optical properties, confirms film thickness with a Lambda 

Reflectometer, and uncovers structural and electrical characteristics through         

X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and current-

voltage (I-V) measurements. Significance is placed on the photoresistive 

properties for optoelectronic use, with correlations contributing to broader 

technological insights. All films undergo analysis using X-ray diffraction, SEM, 

and UV-Vis spectroscopy, including deposition on glass slides. 

4.2  X-ray Diffraction 

4.2.1  Titanium Dioxide (TiO2) 

The X-ray diffraction (XRD) peaks (JCPDS 00-001-0562)[150], as shown in 

Figure 4-1, observed in the TiO2 thin film at specific 2θ angles are significant as 

they correspond to crystallographic planes of the Anatase phase.  

 

Figure 4.1 XRD Pattern of TiO2. 
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This is crucial as different polymorphs of TiO2 exhibit distinct XRD patterns due 

to their unique crystal structures.  

Table 4-1 presents XRD analysis data for the TiO2 thin film, revealing crucial 

information about its crystal structure. The indexed (h k l) values denote 

crystallographic planes, while K represents the relative intensity factor. 𝝀 is the 

wavelength, 𝝱 is the Bragg angle, and 2𝝷 is the diffraction angle. D denotes the 

crystallite size, measured in nanometers. Lattice strain, indicative of structural 

distortion, is also provided. The observed peaks at (101), (004), and (200) 

positions align with Anatase phase crystallographic planes, confirming the 

predominant crystal structure. 

The associated K values indicate the relative intensity of these planes. The 

calculated crystallite sizes (D) range from 25.394 to 48.073 nm, providing insight 

into the dimensions of the crystalline domains in nanoscale. The lattice strain 

values suggest minimal structural distortion. 

                             Table 4-1: XRD Analysis Data for TiO2 Thin Film 

h k l K 𝝀(nm) 𝝱(°) 2𝝷(°) D(nm) 

(measured) 

Lattice 

Strain 

101 0.9 0.15406 0.59 25.394 14 0.011 

004 0.9 0.15406 0.69 37.821 12.3 0.009 

200 0.9 0.15406 0.72 48.073 12.2 0.007 

 

4.2.2  Zinc Oxide (ZnO) 

The wurtzite crystal structure of ZnO is confirmed by comparing its XRD pattern 

in Figure 4.2 with JCPDS card 01-079-0205[151]. The analysis reveals that the 

ZnO thin film comprises nano-sized particles with a hexagonal wurtzite crystal 

structure. In the specific context of ZnO, the diffraction peaks are identified by 
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their respective Miller indices (hkl) and  the position (2θ), which represent the 

scattering angles.  

 
Figure 4.2  XRD Pattern of ZnO. 

 

Table 4-2 presents a variety of parameters pertaining to the diffraction peaks and 

the associated calculations.  

The Miller indices denote the crystallographic planes, specifically the (100), 

(002), (101), and (110) planes. The lattice strain values were relatively minor, 

indicating that the crystal lattice was under a comparatively low level of strain. 

Table 4-2: XRD Analysis Data for ZnO Thin Film 

h k l K 𝝀(nm) 𝝱(°) 2𝝷(°) D(nm) 

(measured) 

Lattice 

Strain 

100 0.9 0.15406 0.394 32.047 21.4 0.006 

002 0.9 0.15406 0.59 34.349 14.3 0.008 

101 0.9 0.15406 0.689 36.371 12.3 0.009 

110 0.9 0.15406 0.72 56.762 12.7 0.006 
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4.2.3  Hybrid Heterojunction (ZnO:TiO2) 

In Figure 4-3, the main point is the X-ray diffraction (XRD) pattern of the mixed 

hybrid. This pattern shows a mixing of TiO2 and ZnO in an exact 1:1 ratio. The 

pattern seems to be more like ZnO.   

 

 

Figure 4.3  XRD Pattern of hybrid heterojunction. 

 

Within the intricate field of the hybrid heterostructure, an intriguing alignment 

surfaces: all eight discernible peaks harmoniously correspond to the JCPDS card 

01-076-0704 [152], unequivocally signifying the pronounced presence of the 

hallmark hexagonal ZnO structure. However, peaks found at distinct angular 

orientations, which are 25.28°, 47.76°, and 63.12°. These peaks converge in 

alignment with a specific reference code, JCPDS card 00-001-0562 [150], closely 

associated with the anatase phase of TiO2. Table 4-3: gives an indication of the 

heterostructure nanoscale and lattice strain . The coexistence of ZnO and TiO2 

structures suggests an interface between these two materials. From the 

researcher's perspective, this interface may give rise to new peaks or a distinct 

diffraction pattern, indicative of the synergistic effects and potential novel 

properties resulting from the interaction between the two different structures. 
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Table 4-3: XRD analysis data of  TiO2:ZnO 

h k l K 𝝀(nm) 𝝱(°) 2𝝷(°) 
D(nm) 

(measured) 

Lattice 

Strain 

101 0.9 0.15406 0.85 25.28  TiO2 9.7 0.017 

100 0.9 0.15406 0.492 31.834  ZnO 17.1 0.008 

002 0.9 0.15406 0.492 34.412  ZnO 17.2 0.007 

101 0.9 0.15406 0.492 36.345  ZnO 17.3 0.007 

100 0.9 0.15406 0.787 47.765  TiO2 11.2 0.008 

110 0.9 0.15406 0.59 56.695  ZnO 15.5 0.005 

103 0.9 0.15406 0.96 63.121  TiO2 9.8 0.007 

112 0.9 0.15406 0.9 68.125  ZnO 10.8 0.006 

 

4.2.4  Bilayer Heterojunction (TiO2 / ZnO) 

Layer heterostructure XRD pattern shows only one peak at position 36.203o that 

matched with reference code:01-076-0704 ZnO [153], and Reference code: 00-

029-1361 TiO2 [154],as shown in Figure 4-4.  

 

Figure 4.4; XRD Pattern of bilayer heterojunction 

This peak intensity is more matched with reference code: 01-076-0704 ZnO, so 

this mean that the ZnO layer is more effective than that of TiO2. 
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4.3  Morphological Properties (SEM) 

In the pursuit of conducting a comprehensive morphological analysis of thin 

films, the methodology employed was Scanning Electron Microscopy (SEM). 

The selection of two distinct image scales was carefully considered within this 

approach. The initial image scale, with dimensions of 10 μm, was chosen to 

facilitate a panoramic examination of the thin film distribution. This broader view 

enabled the assessment of various characteristics, including surface roughness, 

the presence of cracks, and the identification of potential structural damages. 

At the same time, a smaller 200 nm scale was carefully chosen for another image. 

The aim was to observe the sizes of crystal grains in the thin films more clearly. 

This resulted in a better understanding of how the grains were arranged and their 

sizes, granting us more insight into the structure of the films.  

4.3.1  TiO2 

Through an investigation of the morphology of titanium dioxide (TiO2) using 

scanning electron microscopy (SEM), noteworthy observations were made. 

Specifically, the study focused on the uniformity of the distribution of the thin 

film and the presence of clusters on its surface. The methodology adopted for 

depositing the TiO2 thin film in multiple layers involved spray pyrolysis, which 

resulted in the outermost layer serving as a protective shield for the underlying 

TiO2 material [155]. 

Figure 4-5 (TA) provided a visual representation of the TiO2 thin film. The image 

showed that the distribution of the film was uniform, but clusters on the surface 

were observed, which were attributed to the rigorous annealing process [156]. 

Figure 4-5 (TB) presented SEM images of TiO2, emphasizing nanoribbon-like 

structures. 
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Figure 4.5  SEM images of TiO2 thin film (TA) 10 μm scale, (TB) 200 nm scale. 

These structures exhibited elongated and ribbon-like characteristics, manifesting 

a remarkable homeotropic alignment, indicative of a preferential orientation. 

Importantly, the synthesis process and annealing temperature played pivotal roles 

in altering the shape of the thin film particles. It should be noted that the reported 

bulk sizes of the TiO2 material ranged from 28 to 48 nm. These dimensions, while 

significant, did not precisely correspond to individual nanoparticles (NPs). 

Instead, they represented aggregations of several NPs coming together to form 

these bulk-sized particles [157]. 

This comprehensive morphological analysis has shed light on the intricate 

behavior of TiO2 thin films, revealing how synthesis techniques and annealing 

conditions could significantly impact their structural properties. 

4.3.2  ZnO  

The SEM images ZA and ZB in Figure 4-6 highlight the particle morphology of 

ZnO by revealing its spherical-like forms. This finding suggests that ZnO particles 

tend to form spherical shapes. The bulk diameters of the ZnO material were found 

to range from 44 to 166 nm. Furthermore, the thin film's dispersion shows that 

ZnO is consistently distributed, with no fractures or flakes on its outer shell. This 
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homogeneous distribution indicates that the annealing temperature was properly 

maintained, resulting in a uniform film distribution system[158]. 

 

Figure 4.6  SEM images of ZnO thin film (ZA) 10 μm scale, (ZB) 200 nm scale. 

 

4.3.3  Hybrid Heterojunction ZnO:TiO2 

The SEM images displayed in Figure 4-7 present the heterojunction mixture of 

the hybrid through a combination of ZnO and TiO2 at a 1:1 ratio. It is noteworthy 

that the distribution observed in this mixture was found to have a uniform pattern. 

The image of the thin film structure of the hybrid presents an interesting overlap 

between the two structures of ZnO and TiO2. This particular overlap creates an 

impression of the two structures blending together. 

The process of synthesis and annealing temperature are significant factors that 

played a crucial role in the reshaping of the thin film particles. Subsequently, the 

bulk sizes of the hybrid material were measured to be within the range of 67-221 

nm [159]. 
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      Figure 4.7  SEM images of hybrid thin film (HA) 10 μm scale, (HB) 200 nm scale. 

   

4.3.4 Bilayer Heterojunction TiO2/ZnO  

Figure 4-8 (LA, and LB) shows a SEM image of the layered thin film that clearly 

shows a definite distinction between the two materials, forming a well-defined 

layered structure. The ZnO and TiO2 layers are clearly distinct, indicating a 

layered structure. The bulk diameters of the layer were measured to be between 

139 and 267 nm [160]. 

 

          Figure 4.8 SEM images of Bilayer thin film (LA) 10 μm scale, (LB) 200 nm scale. 
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4.4 Optical Properties 

The investigation of the optical properties was carried out through absorption 

spectra within the range of wavelengths from 200 to 800nm. From the absorption 

spectra represented in Figure 4-9, it was observed that the ZnO sample exhibited 

an absorption shoulder ranged from 350nm to 380nm, which was also evident in 

the bilayer. In contrast, the TiO2 and hybrid thin films demonstrated clear 

absorption edges around 300-320nm. 

Typically, ZnO and TiO2 display optical absorption within the UV region below 

400nm. The strong absorption in the UV region suggests that the photon energy 

is used for electron excitation from valence band to conduction band. This implies 

that light with photon energy that is higher or equal to the optical band gap 

absorbed by the semiconductor is required to enable the electron to have suitable 

energy to jump from the valence band to the conduction band [161].  

 

 

 

 

   

 

 

 

 

 

 

 

The estimation of the optical band gap energy (Eg) was carried out using the Tauc 

equation [161]: 

Figure 4.9  Absorption Spectrum of Thin Films . 
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              (𝛼ℎ𝑣) = 𝐶(ℎ𝑣 − 𝐸𝑔) 𝑛                                                     4.3 

Where 𝛼 is the absorption coefficient, ℎ𝑣(𝑒𝑉) is the photon energy, 𝐶 an energy 

dependent constant, 𝐸𝑔 is the optical band gap, and 𝑛 is a constant depending on 

the band gap nature usually 𝑛 = 1/2 , 2 for allowed direct or indirect transition, 

respectively. The extrapolation of the linear part of the curve represents a value 

of Eg as shown in Figure 4.10. Band gap of the ZnO is found to be 3.3eV while 

the band gap of the TiO2 is 3.75eV. On the other hand, ZnO/TiO2 layer has 

exhibited a band gap of 3.23eV and the heterostructure ZnO:TiO2 has shown a 

band gap of 3.57 eV. 

 

Figure 4.10  Energy gap  of samples under study, a)TiO2, b) ZnO, c)Hybrid, and d) Bilayer. 

 

In addition, the thickness of the thin films was measured using optical thin 

measurements LIMF-10 (Lambda Scientific). The energy gap values and thin 

films thickness are presented in Table 4-4. 
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Table 4-4: Energy band gap measurements and thickness of investigated thin films 

Thin Film 

Structure 

Energy gap 

(eV) 

Thickness 

(nm) 

TiO2 3.75 108 

ZnO 3.3 100 

TiO2:ZnO (hybrid) 3.57 125 

TiO2/ZnO (bilayer) 3.23 144 

 

 

4.5 Hall Measurements 

According to the measurements by Hall instrument, the carrier concentration and 

carrier mobilities are listed in Table 4-5. All of the samples in this study have a 

negative carrier concentration, indicating an overabundance of electrons within 

the materials. This surplus of electrons is a common feature of n-type 

semiconductors, where electrons are the majority charge carriers [162]. 

Table4-5: Carrier Concentration and Mobility of Thin Film Materials 

Thin Film 
Carrier Concentration 

Nb (cm-3) ×1011 

Carrier Mobility 

μ (cm²/V.s) ×102 

TiO2 -1.20 2.48 

ZnO -0.969 4.65 

Hybrid -22.0 2.22 

Bilayer -1.60 2.54 
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TiO2 has a carrier concentration of about -1.20×1011 cm-3, indicating a moderate 

concentration of charge carriers. The related carrier mobility value for TiO2 is 

roughly 2.48×102 cm2/(V.s), indicating that the material had a moderate rate of 

charge carrier mobility. 

In comparison, ZnO has a carrier concentration of roughly -9.69×1010 cm-3, 

indicating a lower charge carrier concentration than TiO2. The carrier mobility for 

ZnO is relatively high, at around 4.65×102 cm2/(V.s). ZnO has a high carrier 

mobility.  

When compared to the individual TiO2 and ZnO materials, the hybrid sample, a 

combination of TiO2 and ZnO, had a significantly different carrier concentration 

of around -2.20×1011 cm3. This different carrier concentration reflects the changed 

electrical characteristics that can occur in composite materials. 

Similarly, the bilayer sample, composed of TiO2 and ZnO in a layered structure, 

had a carrier concentration of about -1.60×1011 cm3. The carrier concentrations of 

the different TiO2 and ZnO compounds varied. 

The bilayer sample has a carrier mobility of around 2.54×102 cm2/V.s, indicating 

excellent charge transfer inside the layered structure. The carrier concentration 

and mobility numbers stress the possibility of tailoring electrical characteristics 

in heterojunctions and composite devices even further. 

Carrier concentration and mobility are critical characteristics in semiconductor 

device design and optimization. The differences in these values discovered across 

different materials and their composites illustrate the fascinating electrical 

features that can emerge at interfaces and in composite structures [163]. 

Carrier mobility, a fundamental characteristic for understanding charge transfer 

inside materials, differs throughout the samples tested. Notably, the ZnO sample 
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has the maximum carrier mobility, followed by the TiO2 sample, the bilayer 

sample, and finally the hybrid sample. 

It is critical to emphasize the importance of carrier concentration and mobility 

values in understanding the electrical behavior of these materials. These values 

provide information about the efficiency of charge carrier transport within each 

material, which has practical significance for device applications and a better 

knowledge of their electrical properties [164]. 

 

4.6 I-V Characteristics 

The purpose of this study is to look at the direct current resistance derived from 

the current-voltage characteristics of thin films such as TiO2, ZnO, Hybrid, and 

bilayer formed on various substrates such as ITO-coated glass, Si/SiO2, and 

interdigitated electrodes (ID). Resistance values, specifically resistance in the 

dark (ROFF) and resistance under illumination (RON), as well as ROFF/RON ratios, 

were examined to provide insight into how different substrates influence the 

resistive behavior of these materials. 

Figures 4-11, 4-12, and 4-13 depict the I-V characteristics of the ITO, Si/SiO2, 

and IDEs substrates, respectively. It is evident that the behavior of the I-V curve 

varies depending on the type of substrate employed in the investigation. 

In the specific case of the ITO substrate, the I-V characteristic exhibits a 

consistent pattern in both the forward and reverse bias directions. This regularity 

is attributed to the transparent nature of the ITO substrate which permits a 

significant amount of light to pass through it from the top. Furthermore, the 

sandwich structure of the thin film can be analogized to a parallel connection of 

resistors. Since ITO is a conductive material with low resistance, the I-V behavior 

remains uniform [165]. Detailed values of these resistances can be found in Table 

4-6. 
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            Figure 4.11 I-V ON-OFF  ITO substrate behavior of (a)TiO2, (b) ZnO, (c) Hybrid,                

and (d) Bilayer. 

TiO2 demonstrated resistance values of ROFF and RON at 15.94 kΩ and 8.91 kΩ, 

respectively, resulting in an ROFF/RON ratio of 1.79. This indicates that TiO2 on 

ITO exhibits a photoresistive response of moderate magnitude. 

ZnO, exhibited higher resistance values, with ROFF and RON at 38.88 kΩ and 31.23 

kΩ, respectively, resulting in an ROFF/RON ratio of 1.24. The photoresistive 

behavior of ZnO on ITO is less pronounced in comparison to TiO2 [166]. 

The ROFF/RON ratios of hybrid and bilayer thin films on ITO were 1.06 and 1.36, 

respectively. These materials displayed varying degrees of photoresistive 

behavior on the ITO substrate, with hybrid demonstrating a slightly weaker 

response than bilayer. 
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Table 4-6:Resistance values of thin films ITO substrateat ON-OFF state. 

Structure ROFF (kΩ)  RON(kΩ)  ROFF/RON 

TiO2 15.94 8.91 1.79 

ZnO 38.88 31.23 1.24 

Hybrid 68.19 64.5 1.06 

Bilayer 69.28 50.81 1.36 

The Si/SiO2 substrate shown in Figure 4-12 exhibits distinctive I-V behavior in 

the thin film structures, particularly in the forward bias region. Upon exposure to 

light, all structures demonstrate reduced resistance and increased current flow. 

However, in the reverse bias region, all structures align closely with the x-axis, 

indicating limited current flow[167]. 

Among the individual films, TiO2 displays a resistance of 2.79×105 Ω with the 

light off, which decreases to 1.90×105 Ω with the light on, resulting in an RON/ROFF 

ratio of 0.68. ZnO exhibits even lower resistance values, measuring 1.65×105 Ω 

with the light off and 1.37×105 Ω with the light on, corresponding to an RON/ROFF 

ratio of 0.83. 

Interestingly, the hybrid structure demonstrates higher resistance, registering 

8.38×105 Ω with the light off and 1.60×105 Ω with the light on. This substantial 

reduction in resistance results in a notably low RON/ROFF ratio of 0.19, 

signifying efficient utilization of the generated photocurrent. Similarly, the 

bilayer structure exhibits a resistance of 3.46×106 Ω with the light off, which 

decreases to 1.70×106 Ω with the light on, resulting in an RON/ROFF ratio of 0.49. 
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         Figure 4.12  I-V ON-OFF  Si/SiO2 substrate behavior of (a)TiO2, (b) ZnO, (c) Hybrid,       

and (d) Bilayer. 

 

These observed resistance characteristics imply an enhancement in the 

conductivity of the thin film structures under light illumination, attributed to 

improved charge carrier generation, transport, and collection mechanisms. The 

variations in resistance values among the structures underscore the importance of 

material composition and structural design in determining conductivity and 

photoresponse [168]. 

The I-V behavior and resistance characteristics have been thoroughly analyzed 

for TiO2, ZnO, hybrid, and bilayer thin film structures, particularly in the context 

of photovoltaic applications. The forward bias behavior clearly indicates 

increased current flow under light illumination, signifying improved conductivity. 

Conversely, in the reverse bias region, all structures exhibit alignment with the x-

axis, indicating restricted current flow. 
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Significantly, the measured resistance values reveal a consistent reduction in 

resistance for all structures under light illumination. Among these structures, the 

hybrid structure demonstrates the most substantial decrease in resistance, 

highlighting its efficient photoconductive response. Furthermore, it is noteworthy 

that ZnO on Si/SiO2 exhibits heightened sensitivity to light, characterized by an 

ROFF/RON ratio of 4.49. Additionally, hybrid and bilayer thin films on Si/SiO2 

display ROFF/RON ratios of 5.28 and 4.72, respectively, underscoring their 

substantial photoresistive responses when placed on Si/SiO2. 

Table 4-7: Resistance values of thin films Si/SiO2 substrate at ON-OFF state. 

Structure ROFF(kΩ) RON(kΩ) ROFF/ RON  

TiO2 75 30.2 2.48 

ZnO 30.2 6.72 4.49 

Hybrid 102 19.3 5.28 

Bilayer 136 28.8 4.72 

It is worth mentioning that Si/SiO2 is a p-type semiconductor, falling within the 

resistance range typical of semiconductors. This property suggests that this 

substrate may act as a potential heterojunction for the thin films deposited on it, 

facilitating intriguing semiconductor behavior and interactions. 

Examining the I-V properties of thin films placed on an ID substrate, as shown in 

Figure 4-13, provides unique insights into lateral behavior. When working with 

TiO2, it is clear that its behavior remains mostly unchanged at low applied voltage 

levels. However, as the voltage exceeds 150 volts, the behavior changes. This 

means that TiO2 does not exhibit lateral behavior, demonstrating its resistance to 

electron transport. This behavior can be linked to two essential components. For 

starters, the tiny particle size of TiO2 increases charge carrier confinement. 

Second, TiO2 has a greater electron-hall density because of  its huge energy gap 

and tiny crystal size. This increased density, in turn, increases the resistance to 
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electron transport inside the material. While it is observed that ZnO behaves 

somewhat ohmic, which means that the increase in the relationship between 

voltage and current remains mostly constant in this type of behavior  [169-170]. 

 

Figure 4.13  I-V ON-OFF  interdigitated electrode substrate behavior of (a)TiO2, (b) ZnO, (c) 

Hybrid, and (d) Bilayer. 

 

When deposited on the IDE substrate, TiO2 exhibited an ROFF/RON ratio of 3.84, 

indicating moderate photoresistance. ZnO on the IDE substrate displayed a 

notably high ROFF/RON ratio of 10.91, underscoring its exceptional sensitivity to 

lateral illumination. Hybrid and bilayer thin films on IDE showed ROFF/RON ratios 

of 2.46 and 3.90, respectively, signifying their unique photoresistive 

characteristics in this lateral configuration [171-172]. 
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Table 4-8: Resistance values of thin films interdigitated electrode substrate at ON-OFF state. 

Structure ROFF(kΩ) RON(kΩ) ROFF/RON 

TiO2 2×104 5.2×103 3.84 

ZnO 96.2 88.1 10.91 

Hybrid 1430 580 2.46 

Bilayer 1500 384 3.90 

 

This study reveals that the photoresistive behavior of thin films, including TiO2, 

ZnO, hybrid, and bilayer, is significantly influenced by the choice of substrate. 

Si/SiO2 substrates amplify the photoresistive response of these materials, with 

ZnO demonstrating particularly high sensitivity. On the other hand, IDEs 

substrates result in distinct lateral photoresistive behaviors, with ZnO exhibiting 

exceptional sensitivity [173]. 

The variation in resistance values observed between different substrates can be 

ascribed to a multitude of factors, encompassing the intrinsic characteristics of the 

materials, the nature of the substrates, and the interactions between the thin films 

and substrates. There exist various potential explanations for these observed 

disparities. Diverse substrates possess unique chemical compositions and surface 

properties, thereby leading to dissimilarities. Moreover, the interaction between 

the thin film and the substrate has the capacity to exert an influence on the 

electronic and structural properties of the thin film, consequently impacting its 

photoresistive behavior. 

The overall electrical behavior of the thin film is significantly influenced by the 

conductivity of the substrate. Substrates with different conductivities can directly 

affect the charge transport mechanisms within the thin film, thereby causing 

variations in resistance values[174]. 
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The orientation and crystal structure of the thin film may be influenced by the 

substrate. Modifications in the crystal structure have the potential to alter the 

electronic properties of the material, thereby impacting its conductivity and 

response to light [175]. 

The transparency of the substrate, particularly in the case of ITO, has an impact 

on the amount of incident light that reaches the thin film. This, in turn, can affect 

the photoresistive behavior, as the availability of light to induce changes in 

resistance may be either increased or decreased. The interfaces between the thin 

film and the substrate can introduce additional electronic states or defects, thereby 

influencing the dynamics of charge carriers and, consequently, the photoresistive 

response. 

Disparities in the composition and thickness of the thin film across different 

substrates can result in differences in the density of charge carriers and their 

mobility, thereby affecting the overall resistance. 

In the case of hybrid and bilayer structures involving the combination of TiO2 and 

ZnO, the synergistic effects and interactions between these materials may vary 

depending on the substrate, thereby leading to differences in the photoresistive 

behavior. 

In the case of interdigitated electrodes, the unique configuration can enhance the 

sensitivity of the thin film to light. The design of the electrodes may introduce 

localized variations in the strength of the electric field, thereby impacting the 

photoresistive response [176]. 

4.7     D.C. Thermal Conductivity 

The Arrhenius equation serves as a powerful tool for understanding the 

relationship between reaction rates and temperature. To investigate the thermal 

dependence of conductivity, the activation energy (Ea) was calculated using the 
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Arrhenius equation [131] . Figure 4-13; shows three proposed regions covering a 

temperature range of 290 K to 490 K. 

The acquired activation energy (Ea) values offer valuable insights into the stability 

and thermal sensitivity of these materials. The activation energy values provide a 

glimpse into the stability of diverse structures. Lower activation energy values 

indicate greater stability, as they suggest that a lower energy barrier must be 

overcome for reactions or processes to occur[132]. 

 

Figure 4.14  D.C. Thermal behavior, a) TiO2, b) ZnO, c) ZnO: TiO2, and d) TiO2/ZnO. 

 

TiO2 is the most stable structure, with the lowest activation energy values across 

all regions, consistent with its proven role as a stable and dependable material in 

various applications. The significant difference in activation energy values 

between TiO2 and the other structures in all regions highlights the remarkable 

temperature resilience of TiO2. This behavior can be attributed to its robust crystal 

structure, strong chemical bonds, and inherent thermal stability. As the 
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temperature increases, the relative stability of TiO2 becomes even more apparent, 

making it an ideal choice for applications that demand uniform performance 

across a broad temperature range [133]. 

In contrast, ZnO exhibits relatively higher activation energy values, indicating 

increased sensitivity to temperature changes. This characteristic can be attributed 

to the nature of its crystal lattice and weaker interatomic bonds. The increasing 

activation energy with temperature implies that the structural changes or reaction 

rates within ZnO are more prone to thermal fluctuations. This aspect could 

influence the behavior of the material in high-temperature environments, where 

degradation or altered performance might occur more readily[134]. 

Comparison of the two heterostructures, bilayer and hybrid, reveals intriguing 

differences in their temperature response. The lower activation energy value of 

hybrid indicates its greater stability compared to bilayer. This discrepancy can be 

attributed to the hybrid nature, where the close interaction between the two 

materials might impart unique thermal properties that shield it from temperature-

induced changes to a greater extent. 

The observed behaviors have implications for the practical application of these 

structures. TiO2's stability makes it an attractive candidate for use in high-

temperature environments, such as catalytic processes or electronic components 

in harsh conditions. On the other hand, the temperature sensitivity of ZnO might 

be harnessed for certain sensing applications, where its response to temperature 

variations could provide useful information. The distinct characteristics of the 

heterostructures offer opportunities for tailoring materials with specific thermal 

properties, enabling innovative design in nanotechnology and materials 

engineering [135]. 
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Table 4-9: The activation energy of the four structures according to the region. 

Thin film 

Structure 

Region I Region II Region III 

Ea (eV) Ea (eV) Ea (eV) 

TiO2 0.062 0.0078 0.162 

ZnO 0.248 0.0598 1.494 

Hybrid 0.0866 0.009 0.514 

Bilayer 0.113 0.309 0.768 

 

The activation energy values obtained through the Arrhenius equation reveal 

significant insights into the stability and temperature sensitivity of TiO2, ZnO, and 

their heterostructures. TiO2's remarkable temperature resilience, ZnO's 

temperature sensitivity, and the unique behavior of the heterostructures open 

avenues for designing materials with tailored thermal properties. 

4.8   Photoresistance 

The results section focuses on photoresistance as a crucial metric to assess a 

material's response to light. Photoresistance, indicative of changes in electrical 

properties under illumination, offers insights into the material's behavior in 

sensors and optoelectronic devices. The experimental setup involved stabilizing 

samples under continuous visible light, and three substrates (ITO-coated glass, 

Si/SiO2, and IDEs) were used to investigate various behaviors. The discussion 

covers key aspects such as starting position, photoresponse time, photodecay time, 

average current amplitude, and total illumination time, providing a 

comprehensive understanding of both pure thin film and heterojunction behavior. 

 

4.8.1  ITO substrate 

Examining Figure 4-15, and starting from the initial position prior to the start of 

the initial illumination period, it is clear that each thin layer does not begin at zero, 

but rather at a different higher value. This number varies from thin film to thin 

film, demonstrating that the phenomena of dark current affects all thin films. The 
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current that flows through the detector in the absence of incident photon flux is 

referred to as dark current. The importance of dark current resides in its ability to 

identify the fundamental current level that photocurrent must exceed in order to 

be detected.  

It is apparent that TiO2 reacts to light, albeit slowly, and that when the light is 

turned off, it responds slowly again but is unable to recover to the initial 

illumination value. This pattern is repeated for each of the three light times. While 

the beginning value of ZnO's illumination falls below the preceding value. While 

the first value of ZnO illumination is lower than the previous value, this trend is 

replicated across all illumination times. TiO2 primarily shows the electron 

scavengers effect due to adsorbed oxygen at the surface [141]. 

 Because oxygen is the most reactive gas in air, it can be adsorbed on the surface 

of TiO2. Adsorbed oxygen molecules act as electron scavengers and are reduced 

to, increasing the photoresistance of TiO2 during the illumination time. 

Furthermore, because the energy gap is larger than that of ZnO, this affects how 

quickly electrons flow from the valence band to the conduction band [142-143].  

The trapping process is linked to the long fall time. Because of the prolonged 

illumination time, the increased electron density in the conduction band will 

enhance the rate of recombination. For the reasons stated above, when the light is 

turned on, the material resists photoconductivity and has an effect on the recovery 

of electrons, resulting in a discrepancy between the initial starting value and the 

other starting values [144].  

ZnO thin film acts completely differently from TiO2, which could be ascribed to 

less oxygen on the surface, resulting in a depletion area [145]. Under continuous 

illumination, holes grow and act as states that capture air, causing the surface to 

lose oxygen. As a result, the depletion layer would be smaller than before. The 

photoconductivity responses of the  hybrid, and bilayer heterojunction and, which 
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are essentially equal to TiO2 and ZnO, respectively. TiO2 has a stronger effect in 

ZnO: TiO2, which may suggest that TiO2 overlaps with ZnO and has twice as 

many oxygen molecules as ZnO [146-147]. 

Furthermore, TiO2 has a larger energy band gap than ZnO. When ZnO is deposited 

over a TiO2 layer in a TiO2/ ZnO heterostructure, the behavior is more akin to 

ZnO, resulting in ZnO being dominant and delaying rise and fall times due to the 

absence of TiO2 [148]. 

 

       Figure 4.15  Photocurrent behavior using ITO substrate for a)TiO2, b)ZnO, c)Hybrid,                    

and d) Bilayer. 

 

In both illustrated cases of heterojunctions, as shown in Figure 14-4 (c, and d), 

there exists a propensity towards regular patterns. The energy gap of both 

heterojunctions closely approximates that of TiO2 and ZnO, correspondingly. This 

implies that in both cases, the presence of electron scavengers and electron traps 

is significantly diminished, leading to a more uniform and predictable behavior 

[149]. Although TiO2 and ZnO may individually display inclinations towards 
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being influenced by electron scavengers and traps, the combination of these 

materials is able to mitigate these effects. The electron scavengers that may 

potentially impact TiO2 can be rendered less effective due to the existence of ZnO, 

and vice versa for electron traps in ZnO. This combination is capable of 

establishing a harmonious environment where the adverse effects are minimized 

[150]. 

             Table 4-10: Photoresistance characteristics of thin films on ITO substrate. 

Thin 

Film 

S.T. 

(μ A) 

Iph 

(μA) 

I.P. 

(s) 

R.T.    

(s) 

F.T.            

(s) 

Rph×105 

(Ω) 
𝛒𝐩𝐡×10

9  

(Ω.m) 

TiO2 4.2 11.03 750 459 258 4.53 1.57 

ZnO 1.5 43.01 100 25 37 1.16 0.436 

Hybrid 70.0 18.72 750 347 305 2.67 0.801 

Bilayer 100.0 203.45 150 34 47 0.246 0.0640 

 

 

 

Figure 4-16  First deravitive of photocurrent behavior using ITO substrate for a)TiO2, b)ZnO, 

c) hybrid, and d) bilayer. 
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In order to enhance the clarity of the behavior, the temporal behavior of the 

photocurrent in Figure 4-15 was subjected to the first derivative. It is indicated 

that upon activation of the light source, the initial derivative of the current with 

respect to time (dI/dt) reaches its maximum height and subsequently decreases 

until it attains a state of stability[151].  

This occurrence can be elucidated as follows: Upon activation of the light source, 

electron-hole pairs are generated within the ZnO:TiO2 thin films. This signifies 

that electrons are excited from the valence band to the conduction band, thereby 

leaving behind holes in the valence band. The initial surge of electron-hole pairs 

precipitates an increase in photocurrent [152].  

Consequently, dI/dt experiences a rapid initial rise, culminating in its maximum 

value. In the aftermath of the initial surge of electron-hole pairs, a fraction of these 

carriers recombine, leading to a decrease in the photocurrent. This transient 

response is characterized by the decay in the rate of change of current, as 

manifested by the diminishing dI/dt [153].  

Throughout this phase, carriers are still being generated and recombined, albeit 

the rate of recombination gradually attains equilibrium with the rate of carrier 

generation, thereby instigating the decrease in dI/dt. Ultimately, a state of stability 

is attained. In this state of stability, the rate of carrier generation resulting from 

the incident light is counterbalanced by the rate of carrier recombination. At this 

juncture, the system attains a dynamic equilibrium and the photocurrent remains 

relatively constant. dI/dt plateaus, suggestive of the stabilization of the rate of 

change of current, signifying that the system is no longer undergoing rapid 

changes [154]. 
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Table 4-11: dI/dt values at ON-OFF states for thin films on ITO. 
 

Thin Film 
(dI/dt) ON 

(μA.s-1) 

(dI/dt) OFF 

(μA.s-1) 

TiO2 0.165 -0.265 

ZnO 8.21 -4.04 

Hybrid 0.065 -0.23 

Bilayer 8.13 -7.8 

 

This behavior is frequently observed in photocurrent measurements conducted on 

semiconductor materials under illumination. The initial ascent in dI/dt followed 

by the subsequent decay, prior to reaching a state of stability, mirror the transient 

response of the material upon the abrupt introduction of light and the 

establishment of an equilibrium between carrier generation and recombination.  

In addition, it can be observed from Figure 4-15 that the behavior of hybrid and 

bilayer heterojunction thin films is characterized by regularity. This implies that 

the presence of heterojunctions contributes to a consistent behavior in the 

photocurrent. Additionally, it is noteworthy that the photoresistance is minimized 

in the case of bilayer heterojunctions, while it is maximized in the presence of 

TiO2. 

4.8.2  Si/SiO2 Substrate 

Thin films of TiO2 and ZnO, as well as the consequent heterojunction, display 

regular behavior with a relatively small initial reaction when deposited on a 

Si/SiO2 substrate. Figure 4-16; depicts this regular pattern, specifically the time-

dependent rise in current during illumination. Several important elements 

contribute to this consistency. For starters, the Si/SiO2 substrate has a strong light-

absorption capability, leading in a poor transmittance. As a result, a considerable 

part of incident light is transformed into light energy efficiently. This 

phenomenon has a considerable impact on the photocurrent's behavior in the 

system [155]. 
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Furthermore, Si/SiO2 is a p-type semiconductor with a tiny energy band gap. This 

characteristic allows charge carriers to pass from the valence level to the 

conduction level within the substrate. The n-type thin films placed on the Si/SiO2 

substrate form a heterojunction. In this structure, the interaction of the positive 

and negative charge carriers results in a relatively tiny depletion area, allowing 

for easy charge transfer [156].  

The starting photocurrent values, which are 0.18 μA for TiO2, 2.58 μA for ZnO, 

1.25 μA for the hybrid configuration, and 0.84 μA for the bilayer, are notably low 

and can be considered close to zero. These low initial values serve as strong 

indicators of the photocurrent response's efficiency, which, in turn, signifies a 

desirable behavior in these thin films. 

Another crucial aspect to consider in evaluating this behavior is the illumination 

time and response time, both of which are elucidated in Table 4-12. The uniform 

illumination period of 10 seconds across all thin films is indicative of their 

consistent and regular response to incident light. However, it's imperative to delve 

into the response time (R.T.), which denotes how rapidly the photocurrent rises 

upon illumination[157-158]. 

In this context, the TiO2 thin film demonstrates a response time of 0.061 seconds, 

ZnO exhibits 0.141 seconds, the hybrid thin film showcases 0.383 seconds, and 

the bilayer film reveals 3.423 seconds. Interestingly, the bilayer film demonstrates 

the longest response time among the films. 

To gain deeper insights into the efficiency and dynamics of the photocurrent 

response, it is valuable to consider the relationship between photocurrent 

amplitude and response time. Dividing the photocurrent amplitude by the 

response time yields values of 93 μA·s-1 for TiO2, 538 μA·s-1 for ZnO, 221 μA·s-

1 for the hybrid, and 674 μA·s-1 for the bilayer configuration. These results 

underscore how the photocurrent amplitude increases over time. 
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It is important to note that while a shorter response time might intuitively appear 

preferable, these results reveal that the efficiency of the behavior cannot be solely 

assessed based on response time. Instead, when considering both the photocurrent 

amplitude and response time, it becomes apparent that the bilayer heterojunction 

stands out with the highest value, indicating its excellent performance in this 

context 

      

 

Figure 4.17 Photocurrent behavior using Si/SiO2 substrate for a)TiO2, b)ZnO, 

c)Hybrid, and d) Bilayer. 

The photoresistance and, consequently, the photoresistivity of these thin films, as 

depicted in Table 4-12, demonstrate an interesting trend. Specifically, the 

photoresistivity values of the heterojunctions, namely the hybrid and bilayer 

configurations, are notably the lowest among the thin films. This observation 

holds significant implications, suggesting that the heterojunctions exhibit 

enhanced photoresistive properties when deposited on a Si/SiO2 substrate. 
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In other words, the hybrid and bilayer heterojunctions, when interfaced with the 

Si/SiO2 substrate, showcase a heightened sensitivity to changes in resistance 

induced by incident light. This enhanced photoresistive behavior can be attributed 

to the intricate interplay of materials and the substrate's influence. It signifies their 

potential utility in applications where precise control of resistance in response to 

varying light conditions is required, such as in photodetectors and optoelectronic 

devices. 

            Table 4-12: Photoresistance characteristics of thin films on Si/SiO2 substrate. 

Thin 

Film 

S.T. 

(μ A) 

Iph 

(μA) 
I.P. (s) R.T.(s) F.T. (s) 

Rph×105 

(Ω) 
𝝆𝒑𝒉×10

7  

(Ω.m) 

TiO2 0.18 5.65 10 0.061 0.077 8.85 123 

ZnO 2.58 75.86 10 0.141 0.2216 0.659 9.89 

Hybrid 1.25 84.47 10 0.383 0.3826 0.592 7.10 

Bilayer 0.84 74.14 10 0.11 1.001 0.674 7.02 

 

Figure 4-17 provides a valuable insight into the photocurrent behavior of these 

thin films when utilizing a Si/SiO2 substrate. It depicts the first derivative of the 

photocurrent, showcasing a regular trend where the photocurrent rises and falls in 

a consistent manner without any significant decay. The behavior is characterized 

by reaching a maximum height and then maintaining a steady state, indicating the 

stable performance of these thin films. 

Table 4-14 further illustrates the regularity and responsiveness of these thin films 

by presenting the average values of the first derivative of photocurrent, denoted 

as (dI/dt), for both the ON and OFF states. Notably, the data reveals that the fastest 

response is attributed to the hybrid heterostructure. 
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Figure 4-18 First derivative of photocurrent behavior using Si/SiO2 substrate for a)TiO2, 

b)ZnO, c) hybrid, and d) bilayer. 

These results clearly indicate that the hybrid heterostructure exhibits the fastest 

response in both the ON and OFF states, underscoring its excellent performance 

in terms of rapid changes in photocurrent. 

Table 4-13: dI/dt values at ON-OFF states for thin films on Si/SiO2. 

Thin 

Film 

(dI/dt) 

ON 

(μA.s-1) 

(dI/dt) 

OFF 

(μA.s-1) 

TiO2 35 -25 

ZnO 502 -403 

Hybrid 508 -521 

Bilayer 190 -422 

 

4.8.3 Interdigitated Electrode Substrate 

The hybrid and bilayer structures, which incorporate both TiO2 and ZnO 

constituents, exhibit distinguishable photocurrent responses that lie within the 
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range of behaviors observed in the individual materials. This intermediate 

behavior can be primarily ascribed to the distinctive amalgamation of structural 

properties and energy band gaps intrinsic to these heterojunction systems.  

The complicated relationship between crystallite size and crystal structure 

remains relevant in these heterojunction systems, influencing their responses to 

photocurrent and resistance profiles [159].  

While TiO2 contributes smaller, more uniform crystallites as well as the anatase 

crystal structure, ZnO adds larger crystallites and the wurtzite crystal structure to 

the mix. Furthermore, the key component influencing the difference in 

photocurrent responsiveness between TiO2 and ZnO on the IDE substrate remains 

their unique energy band gaps. TiO2's larger band gap makes it less sensitive to 

visible light, resulting in a lower photocurrent. In contrast, ZnO's narrower band 

gap increases its sensitivity to light, resulting in a larger photocurrent [160]. 

The combination of TiO2 and ZnO in the hybrid and bilayer structures yields band 

gaps that are intermediate in magnitude compared to those of the individual 

materials [161]. The observation -as shown in Figure 4-18- that the lateral 

behavior of TiO2 is not significantly influenced by incident light and exhibits a 

very weak impact can likely be attributed to the specific configuration and 

geometry of the interdigitated electrodes (IDEs) substrate, especially when 

compared to an alternative setup, such as the sandwich configuration. 

In an IDE substrate, the electrodes are arranged in a comb-like fashion, featuring 

closely spaced fingers. When a thin film, like TiO2, is deposited on this type of 

substrate, the lateral behavior primarily involves the movement of charge carriers, 

such as electrons or holes, between adjacent electrodes. The spacing and design 

of the IDE structure can impose limitations on the lateral motion of charge 

carriers, restricting their ability to contribute to a detectable photocurrent. 
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Consequently, the lateral response to incident light in this setup may manifest as 

weak or even negligible. 

In contrast, the behavior of ZnO is characterized as regular and evident, indicating 

a higher sensitivity to light. This heightened sensitivity is observed in both types 

of heterojunctions. The non-sensitive nature of TiO2, when juxtaposed with the 

high sensitivity of ZnO, leads to a clear distinction in the behavior of both 

heterojunctions. They initiate with low responses and then gradually increase after 

the second illumination time-period [162]. 

 

 

     Figure 4-19  Photocurrent behavior using IDEs substrate for a)TiO2, b)ZnO, c)Hybrid,          

and d) Bilayer. 

 

The photoresistance characteristics of thin films coated on an Interdigitated 

Electrode (IDEs) substrate are shown in Table 4-14. The photoresistance and 

resistivity values provide information on how the materials' resistance varies 

under illumination. ZnO has an extremely low resistance (Rph) and 

photoresistivity (ρph), showing a considerable drop in resistance when exposed to 
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light. Higher Rph and ρph values are seen in TiO2 which that the TiO2 has very low 

sensitivity when it behaves as lateral. The hybrid structure, and the bilayer 

structure, indicating a less dramatic drop in resistance.  Demonstrates that ZnO is 

the most light-sensitive material tested on the IDEs substrate, with strong 

photocurrent, quick reaction, and low photoresistance values. TiO2, on the other 

hand, has minimal light sensitivity, with low photocurrent and photoresistance 

values. With extended response times and moderate photoresistance levels, hybrid 

and bilayer materials exhibit intermediate properties. 

Table 4-14: Photoresistance characteristics of thin films on IDE substrate. 

Thin 

Film 
S.T. (μ A) Iph (μA) I.P. (s) R.T.(s) F.T. (s) 

Rph×105 

(Ω) 

𝝆𝒑𝒉×10
3  

(Ω.m) 

TiO2 0.012 / 200 / / / /   

ZnO 10 333 200 50.4 67 0.15 0.254 

Hybrid 0.9 15 200 129 127 3.33 7.03 

Bilayer 15 58 200 159 149 0.86 2.09 

 

Based on the observations presented in Figure 4-19, it is evident that the 

photocurrent response over time varies significantly among the different thin film 

materials. TiO2 exhibits a minimal and almost negligible response to the applied 

light stimulus, indicating its limited sensitivity in generating photocurrent. ZnO, 

on the other hand, displays a consistent and regular response pattern over time.  
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Figure 4.20  First derivative of photocurrent behavior using IDE substrate for a)TiO2, b)ZnO, 

c) hybrid, and d) bilayer. 

 

The photocurrent generated by ZnO demonstrates a steady increase when 

subjected to light. In the case of the heterojunctions, both the hybrid and bilayer 

structures, their initial responses are relatively small but notable. However, the 

significant finding is that after the second light illumination, the photocurrent 

response becomes much more pronounced, suggesting a cumulative effect or 

enhanced sensitivity in these heterojunctions upon repeated light exposure. 

Table 4-15: dI/dt values at ON-OFF states for Thin Films on IDE. 

Thin 

Film 

(dI/dt) 

ON   

(μA.s-1) 

(dI/dt) 

OFF   

(μA.s-1) 

TiO2 5.49×10-05 -4.86×10-05 

ZnO 165 -249 

Hybrid 5.58 -11.5 

Bilayer 9.95 - 44 

Table 4-16; further quantifies these observations by presenting the values of the 

first derivative of photocurrent, dI/dt, at both the ON and OFF states for the 
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various thin film materials on the IDEs substrate. TiO2 exhibits very low dI/dt 

values, both in the ON and OFF states, emphasizing its weak photocurrent 

response. ZnO displays significantly higher dI/dt values in the ON state, 

indicating its strong and consistent photocurrent generation. In the OFF state, it 

shows a notable negative value, signifying a decrease in current after light 

exposure.  

The hybrid structure demonstrates moderate dI/dt values in the ON state, 

indicating a reasonable photocurrent response. In the OFF state, it displays a 

negative value but of smaller magnitude, indicating a less dramatic reduction in 

current compared to ZnO. The bilayer structure exhibits even higher dI/dt values 

in the ON state, surpassing both TiO2 and the hybrid structure, showcasing a more 

significant initial photocurrent response. However, it also demonstrates a noTable 

negative value in the OFF state, indicating a considerable reduction in current 

after light exposure. 

                    Table 4-16: Photoresistance values across different substrates. 

Thin 

Film 

Photoresistivity 

ITO (Ω.m) 

Photoresistivity 

Si/SiO2 (Ω.m) 

Photoresistivity 

ID (Ω.m) 

TiO2 1.87×108 1.20×109 / 

ZnO 2.30×108 1.00×108 2.38×107 

Hybrid 4.42×108 7.10×107 4.50×108 

Bilayer 3.41×107 7.18×107 1.12×108 

 

The photoresistivity values across different substrates for hybrid and bilayer 

structures, composed of TiO2 and ZnO, reveal intriguing trends across various 

substrates. On ITO, the hybrid structure displays high photoresistance, indicating 

its potential for optoelectronic applications demanding higher resistance. 

However, on Si/SiO2 and IDEs substrates, the hybrid structure exhibits lower 

photoresistance, making it suitable for applications requiring lower resistance. 
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The bilayer structure exhibits intermediate photoresistance values on all 

substrates, reflecting its mixed characteristics influenced by both TiO2 and ZnO 

properties. These findings highlight the versatility of these heterostructures for 

diverse optoelectronic applications. 
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5-1 Conclusions 

Based on the information presented in the fourth chapter on results and 

discussion, the following conclusions can be drawn: 

1- The nanomaterials was synthesized via sol-gel method, which can be 

regarded as a good approach of synthesis.  

2- XRD patterns confirm nano-scale structures with anatase (TiO2) and 

wurtzite (ZnO) characteristics. Analysis of heterojunction XRD patterns 

highlights a combined structure, emphasizing the discernible impact on peak 

intensities from both TiO2 and ZnO. 

3-  SEM images confirm successful morphology control, revealing ZnO thin 

films with uniform spherical shapes and TiO2 thin films displaying 

nanoribbon-like morphology with elongated structures and homeotropic 

alignment. 

4- The hybrid (ZnO:TiO2) thin film structure revealed an intriguing overlap 

between the two constituent materials, ZnO and TiO2. 

5- The bilayer structure exhibited clear and distinct layers of the individual 

materials, providing further evidence of precise control over the deposition 

process. 

6- Activation energy, crucial for charge carrier mobility, undergoes a 

significant change in heterojunctions, indicating the presence of interfaces 

between distinct materials. Lower activation energies in heterojunctions 

compared to individual materials suggest improved charge carrier transport, 

emphasizing the potential for enhanced mobility at the interface 

7- The choice of substrate significantly influences the electrical behaviors of 

thin films (I-V). ITO substrate yields varying behaviors, with TiO2 

displaying lower resistance and moderate switching, while Si/SiO2 substrate 

results in higher resistance and stronger switching. The IDEs substrate leads 
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to distinct behaviors, with TiO2 showing very high resistance and ZnO 

exhibiting lower resistance with strong switching 

8- Based on the photocurrent and time-dependent current change (dI/dt) 

characteristics of the thin films on different substrates: 

a) TiO2 Thin Film: 

• On ITO substrates, the TiO2 thin film exhibited a relatively gradual 

response in both photocurrent amplitude and dI/dt values, indicating 

a moderate switching behavior. 

• On Si/SiO2 substrates, the response was significantly faster with a 

higher dI/dt value during both ON and OFF states, suggesting 

pronounced switching ability. 

• On IDEs substrates, the response was minimal, indicating minimal 

charge carrier mobility and limited switching behavior. 

b) ZnO Thin Film: 

• On ITO substrates, the ZnO thin film displayed a moderate response 

with respect to both photocurrent amplitude and dI/dt values, 

indicating moderate switching characteristics. 

• On Si/SiO2 substrates, the response was notably faster with 

significantly higher dI/dt values during both ON and OFF states, 

indicating strong switching capability. 

• On IDEs substrates, the ZnO thin film exhibited a high response with 

respect to both photocurrent and dI/dt values, suggesting strong 

switchable behavior. 
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c) Hybrid Thin Film (TiO2:ZnO): 

• On ITO substrates, the hybrid thin film showed moderate responses 

in photocurrent amplitude and dI/dt values, indicating a decreased 

ability to switch compared to ZnO. 

• On Si/SiO2 substrates, the response was significantly faster, 

indicating pronounced switching characteristics. 

• On IDE substrates, the response was substantial, reflecting a 

balanced electrical behavior influenced by both ZnO and TiO2. 

d) Bilayer Thin Film (TiO2/ZnO): 

• On ITO substrates, the bilayer thin film exhibited moderate 

switching behavior in both photocurrent amplitude and dI/dt values. 

• On Si/SiO2 substrates, the response was faster, indicating strong 

switching capability. 

• On IDEs substrates, the bilayer thin film displayed a high response, 

suggesting potential for strong switchable behavior. 
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5-2 Future Works 

As this investigation delves into the amalgamation, characterization, and 

electrical conduct of slim coatings on various substrates, it becomes evident that 

there exist numerous possibilities for further research and advancement. This 

section aims to pinpoint potential avenues of study as well as areas that warrant 

further investigation. Expanding upon the discoveries of the current study. 

 The discussion that follows indicates bright opportunities for future study in the 

fields of thin film materials and their applications in science and technology.. 

These proposed directions encompass both refining existing knowledge and 

delving into uncharted territories in the field of materials science and electronics. 

1. Substrate Optimization for Thin Film Quality. 

2. Enhancing Thin Film Behavior through Improved Heterojunction Design. 

3. Thin Film Materials for Photovoltaic and Photocatalytic Applications. 

4. Integration Strategies for Thin Film Devices: Fabrication and Practical 

Applications. 

5. Tailoring Thin Film Properties through Doping and Alloying. 

6. Multilayer thin films for Antenna applications. 

7. Modeling and Simulation for Design Optimization of Thin Film Devices. 
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 الخلاصة

 

 وتوصيفها( ZnO) الزنك وأكسيد( 2TiO) التيتانيوم أكسيد ثاني من الرقيقة الأغشية أجهزة تحضير تم

 لدراسة مختلفة ركائز على والرش بالمحلول التجيل طرق باستخدام تصنيعه تم. الضوئية المقاومة لتطبيقات

 .المحضرة الأجهزة على الركيزة تأثير

وتركيزحاملات  الطاقة، فجوة وقياسات السينية، الأشعة حيود ذلك؛ في بما التكميلية الفحوصات إجراء تم كما

 بقيم يتعلق فيما للتيار ىالأول ةوالمشتق المورفولوجية، والخصائص الشحنة، حاملات تحركية ،الشحنات

 .والإيقاف التشغيل لحالات( dI/dt) الوقت

 ZnO (wurtzite(و anatase 2TiO)( أطوار ووجود مميزة بلورية أنماطاً XRD فحص نتائج تظهر

 معلومات عن يكشف مما النطاق، فجوة قيم في تقلبات الطاقة نطاق فجوة قياسات تظهر. الرقيقة الأغشية في

                    بين العينات لجميع الطاقة فجوة مدى يتراوح. للمواد البصرية الإلكترونية الخصائص حول

3.23-3.75 eV)  (.  

 من الرقيقة للأغشية الجسيمات وحجم الشكل إدارة عن( SEM) الماسح الإلكتروني المجهر صور تكشف

2TiO وZnO .الإنتاج بإجراءات ةالدقيق السيطرة خلال من معينة وأحجام لأشكال النانوية المواد تصميم تم 

 النانوي بالشريط الشبيهة الأشكال إلى ZnO في بالكروية الشبيهة تراكيبال من بدءًا التلدين، حرارة ودرجات

 واجهة مع متغاير ترابط إنشاء يعني مما المادتين، بين عادي غير تداخلًا  الهجين الهيكل يعرض. 2TiO في

 .جيدًا محددة

 تبديل وسلوك المقاومة في انخفاضًا 2TiO يظهر ،(ITO) الإنديوم القصدير أكسيد ركائز على ترسيبه عند

 علاوة. وضوحًا أكثر تبديل وسلوك أعلى مقاومة 2Si/SiO ركائز تعرض ذلك، من العكس على. معتدل

 ركائز على قوي تحويل سلوك مع أقل مقاومة ZnO يظُهر بينما جدًا، عالية مقاومة 2TiO يظُهر ذلك، على

 (.IDEs) المتداخلة الكهربائية الأقطاب

 المقاومة نسبة من يتضح كما ،ITO ركائز على نسبياً معتدل تبديل سلوك( 2ZnO:TiO) الهجين يظُهر

 ركائز على. 1.06 تبلغ( ONR/OFFR) بنسبة مضاءً  الضوء يكون عندما مطفأً  الضوء يكون عندما المنخفضة

2Si/SiO، نسبة الهجين الرقيق الغشاء يظُهر ONR/OFFR مقاومة إلى يشير مما ،5.28 تبلغ بكثير أعلى 

 ركائز على الهجينة الرقيقة للأغشية ONR/OFFR نسبة فإن وبالمثل،. وضوحًا أكثر تبديل وسلوك أقوى

IDEs للضوء مميزة ولكنها معتدلة استجابة إلى يشير مما ،2.46 هي. 

 ONR/OFFR نسبة مع ،ITO ركائز على معتدل تبديل سلوك الطبقة ثنائي الرقيق الفيلم يعرض وبالمثل،

 قوي، تحويل وسلوك كبيرة مقاومة الطبقة ثنائي الرقيق الغشاء يظُهر ،2Si/SiO ركائز على. 1.36 تبلغ



 ONR/OFFR نسبة تبلغ ،IDEs ركائز على تطبيقها عند. 4.72 البالغة ONR/OFFR نسبة من يتضح كما

 .للضوء مهم ولكنه معتدل تفاعل على يدل مما ،3.9 الطبقة ثنائي الرقيق للفيلم

 الضوئية، المقاومة قيم بأعلى 2TiO يتمتع. للضوء المقاومة لخصائص شاملاً  فحصًا أيضًا الدراسة تتضمن

 توجد لا بينما ،2Si/SiO على Ω. 7123×10) (m إلى ITO على Ω. 91.57× 10) (mمن تتراوح والتي

 إلى  m)(Ω. 90.436×10 من تتراوح أقل ضوئية مقاومة قيم ZnO يمتلك. sIDE ركيزة على استجابة

m)(Ω. 79.89×10  و m)(Ω. 30.254 × 10 .من الهجين  الرقيق  للفيلم الضوئية المقاومة  تتراوح          

m)(Ω. 90.801× 10 إلى m)(Ω. 77.1×10  وm)(Ω. 37.03×10 ، الضوئية المقاومة تتراوح حين في 

 . Ω. 32.09×10) (mو Ω. 77.02×10)(m إلى Ω. 90.064 10)(m من الطبقة ثنائي الرقيق للفيلم

 نطاق من التسارع إلى السالبة القيمة تشير بينما للضوء، التعرض أثناء الحركة إلى الموجبة القيمة تشير

 الشحنة نقل حركية فهم في dI/dt لـ الحاسم الدور على العلاقة هذه تؤكد. التكافؤ نطاق إلى التوصيل

 .صحيح والعكس للضوء مقاومة أعلى إلى قيمة أدنى تشير حيث للضوء، المقاومة المواد في والمقاومة

 

. مختلفة ركائز على الطبقة وثنائية الهجينة الرقيقة الأغشية لأنواع الأمثل الأداء على مؤشرا dI/dt قيم كانت

 للغاية، مواتية خصائص الهجين الرقيق الفيلم يظُهر ،ITO ركيزة على ترسيبه عند الخصوص، وجه على

 أظهرت ،2Si/SiO الركيزة على. -1-A.s0.23 μ (OFF)و 1-A s0.065 μ  (ON) تبلغ dI/dt قيم مع

 قيم الهجين الرقيق الفيلم يعرض. للمقارنة قابلة مثالية قيمًا الطبقة وثنائية الهجينة الرقيقة الأغشية من كل

dI/dt تبلغ (ON)  1-A.s508 μ و (OFF) 1-A.s521  μ-، قيم الطبقة ثنائي الرقيق الفيلم يعرض بينما 

dI/dt تبلغ (ON) 1-A s190 μو(OFF) 1-A.s422 μ- .ثنائية الرقيقة الطبقة أداء أن بالذكر والجدير 

. -1-44 A.s (OFF)و 1-9.95 A.s (ON) تبلغ dI/dt قيم مع ،sIDE الركيزة على أفضل كان الطبقة

 يوفر مما متنوعة، ركائز على المختلفة الرقيقة للأغشية المتغيرة الحالي المعدل ديناميكيات النتائج أظهرت

 .الكهربائية وخصائصها للضوء المقاومة سلوكياتها حول قيمة رؤى
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