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Preface 
 

In the 21st century, the discharge of dye-containing wastewater into aquatic environments, 

predominantly by the textile industry, has emerged as a significant environmental concern, 

resulting in various ecological issues. Advanced oxidation processes (AOPs), particularly photo-

induced catalytic decomposition, have gained prominence as a cost-effective and 

environmentally sustainable method for wastewater treatment. While metal oxides and 

chalcogenides, such as titanium dioxide (TiO2), copper oxide (CuO), copper sulfide (CuS), copper 

telluride (CuTe), and copper selenide (CuSe), have been utilized for photocatalytic dye 

degradation, their limitations—including low surface-to-volume ratios and short lifetimes of 

photo-generated electron-hole pairs—have necessitated the exploration of remedial techniques. 

An effective approach by two different carbon nanomaterials, identified in the literature include 

the synthesis of carbon nanotube-based composites of CuS and the graphene-based composite of 

CuSe. The present thesis compiles and organizes our research, which is based on carbon 

nanotubes (CNTs), reduced graphene oxide (rGO), copper sulfide (CuS), and copper selenide 

(CuSe), into eight chapters, each contributing to a deeper understanding of these effective 

methodologies. 

Chapter 1 provides an overview about the nanomaterials and nanocomposites. A brief 

introduction of carbon nanotubes and its properties, the synthesis methods of graphene since its 

2004 discovery. The unique characteristics of carbon nanomaterials, its versatile role in 

synthesizing inorganic nanocomposites, and its applications in wastewater management are 

discussed. A comprehensive review of copper nanomaterials-based semiconductors, focusing on 

CuS, CuSe, and their carbon (CNT, rGO) composites, is presented. 

Chapter 2 introduces the theoretical overview of some characterization techniques, the theory 

of Schottky barrier formation and fabrication technique of Schottky diode with introductory 

insights into their electrical study. The theoretical background of impedance spectroscopy is 

briefly outlined. 

Chapter 3 investigates the synthesis of copper sulfide (CuS) via two different methods. The 

structural, optical and electrical properties of the materials were analysed. Schottky barrier diode 

were fabricated and the charge transport properties were analysed via current-voltage 

measurement and impedance spectroscopy. The particle size and the crystallinity by different 

synthesis method enhances the device performance and charge transport. This highlights the 

charge transport of CuS-based photovoltaic devices and a better perception of the synthesis 

procedure-dependent conduction mechanism. 



[iv] 
 

Chapter 4 is dedicated to the synthesis of copper sulfide (CuS) and its composite with carbon 

nanotubes (CNT-CuS). It explores the fabrication of Schottky barrier diodes utilizing both pristine 

CuS and CNT-CuS. A comprehensive analysis of charge transfer properties and an examination of 

metal-semiconductor interfaces through bias-dependent impedance spectroscopy yield valuable 

insights into the advancement of optoelectronic device applications. 

Chapter 5 investigates the influence of enhanced carrier mobility in carbon nanotubes on the 

photodegradation of azo dyes. The current-voltage characteristics of CuS and CNT-CuS Schottky 

devices, along with an analysis of charge transport parameters, contribute to a nuanced 

understanding of the underlying mechanisms. Furthermore, this chapter extends to the simulated 

solar light-induced photocatalytic performance of both materials in the degradation of the azo 

dye Rhodamine B (RhB). A comprehensive analysis is presented to elucidate the role of carrier 

mobility in extending photo-induced charge separation, thereby promoting efficient charge 

transfer and enhancing the photodegradation process. 

Chapter 6 presented the charge transport properties of reduced graphene oxide-copper selenide 

(rGO-CuSe) based Schottky diodes by tuning the rGO content over bare CuSe. The performance of 

the fabricated diodes was analysed with incorporation of different weight percentage of rGO. 

Space charge limited current theory was used to determine various charge transport properties 

like carrier mobility, transit time, and diffusion length to provide valuable insights in the 

development of electronic device applications. 

Chapter 7 introduces the overall charge separation characteristics of hexagonal copper selenide 

(CuSe), with the objective of maximizing efficiency in the catalytic degradation of dyes. 

Additionally, it investigates the influence of enhanced carrier mobility provided by reduced 

graphene oxides (rGO) on the photo-degradation of Methylene Blue (MB) azo dyes. The research 

employs the spatial-charge-limited conduction (SCLC) theory to extract the mobility of each 

catalyst, thereby offering a nuanced exploration of how charge carrier mobility affects 

photocatalytic degradation efficiency. This analysis transcends traditional macroscopic 

parameters by emphasizing microscopic factors such as mobility and transit time, which are 

crucial for a comprehensive understanding of the photocatalytic process. 

Chapter 8 encapsulates the entirety of the research, providing a succinct conclusion to the 

conducted study. This chapter also signifies a critical juncture as we consider future directions. 

Our focus shifts towards the shape-dependent copper chalcogenides and rare earth doped metal 

oxide synthesis to attain deeper insights into their electrical and charge transport characteristics. 

We have to fabricate Schottky diode to determine different charge transport parameters and 

investigate their role towards the photo decomposition of various azo and non azo dyes. 
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1.1. Nanomaterials and Nanocomposites 

The history of nanomaterials can be traced back to the formation of nanostructures in 

early meteorites, a process that occurred following the Big Bang. Subsequently, natural 

processes led to the evolution of various other nanostructures, such as skeletal remains 

and seashells1,2. Additionally, nanoscaled smoke particles were generated during the use 

of �ire by early humans. However, systematic scienti�ic investigation of nanomaterials 

commenced much later. Michael Faraday's synthesis of colloidal gold particles in 1857 

represents one of the earliest documented scienti�ic contributions to the �ield3. For over 

70 years, researchers have been exploring the properties and applications of 

nanostructured catalysts. By the early 1940s, precipitated and fumed silica nanoparticles 

were produced and marketed in the United States and Germany as alternatives to 

ultra�ine carbon black for rubber reinforcement purposes4,5. 

Both industry and academia have demonstrated signi�icant interest in nanomaterials over 

the past three decades6,7. The impetus for this interest stems from the need for solutions 

in practical applications, where existing methodologies are facing limitations. 

Advancements in characterization and processing techniques have facilitated scientists' 

assessment of theoretical research on nanomaterials, thereby providing more 

sophisticated tools for investigating and manipulating the nanoscale environment8,9. 

Generally, materials that possess at least one dimension within the nano meter range (1 

nm = 10−9 m) are classi�ied as nanomaterials10. This dimensional scale, which exists 

between the atomic and microscale, imparts new physical and chemical properties to 

materials. Such properties become particularly pronounced when the nanomaterial has 

at least one dimension ranging from 1 to 100 nm11. 

It has become widely acknowledged that the term "nanomaterial" pertains to a speci�ic 

range of dimensions characterized by their nanoscale properties. Nanomaterials can be 

classi�ied as either natural or engineered (synthesized) nanomaterials. Naturally 

occurring examples include volcanic ash and soot from forest �ires12–14. Engineered 

nanomaterials can be further categorized based on their shape and composition. The 

structural characteristics of their constituent components, as well as the dimensionality 

that extends beyond the nanoscale, provide a useful framework for their classi�ication. 

Nanomaterials are generally categorized into zero-dimensional (0-D) materials (such as 
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quantum dots and nanoparticles), one-dimensional (1-D) materials (including carbon 

nanotubes, nanorods, and nanowires), two-dimensional (2-D) materials (such as 

nano�ilms), and three-dimensional (3-D) materials, which arise when 0-D, 1-D, and 2-D 

nanomaterials interact to form interfaces (such as powders, �ibrous structures, 

multilayered systems, and polycrystalline materials)15,16. The diverse arrangements of 

nanomaterials can give rise to a wide spectrum of nanostructures, each characterized by 

distinct observable shapes and dimensions. For instance, a linear or planar arrangement 

of nanoparticles of a speci�ic composition leads to the formation of one-dimensional or 

two-dimensional nanostructured materials, respectively17. Moreover, methodologies for 

the production of nanodevices can be informed by the assembly of ordered arrays of 

nanostructures18. Generally, the surface area of a nanomaterial exerts a more signi�icant 

in�luence on its performance than its composition. Recent advancements in 

nanotechnology enable the development of nanomaterials that enhance the quality of life. 

Notable examples of engineered nanomaterials include carbon nanotubes (CNTs), carbon 

nano�ibers (CNFs), graphene, fullerenes, silica, clay, as well as various metal and metal 

oxide nanomaterials. 

Due to their exceptional properties, nanomaterials are frequently integrated with bulk 

polymeric materials to augment their characteristics. Nanocomposites are de�ined as the 

combination of two or more phases or components with distinct physical or chemical 

characteristics, wherein at least one component exists at the nanometer scale, resulting 

in properties that differ from those of the individual components. The enhanced 

properties of these nanocomposites, as compared to their respective micro composites, 

are primarily attributed to the size effects of the involved nanomaterials19. The 

specialized category of nanocomposites entails the dispersion of at least one 

discontinuous nanosized phase within a continuous medium, commonly referred to as 

the matrix. Nanocomposites can be classi�ied based on the type of matrix material 

utilized, including polymer matrix composites, metal matrix composites, and ceramic 

matrix composites. In polymer matrix composites, the dispersion of nano�illers within the 

bulk polymer matrix is a critical consideration. Enhanced properties are associated with 

a homogeneous dispersion of nanoparticles. However, the weak van der Waals 

interactions among the nanomaterials lead to a propensity for particle agglomeration, 

which negatively impacts the material's properties. For example, a homogeneous 

dispersion of carbon nanotubes (CNTs), graphene, carbon nano�ibers (CNFs), and clay 
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within the polymer matrix has been shown to improve mechanical, thermal, electrical, 

optical, gas barrier, and �lame-retardant properties of the nanocomposites20–22. It is now 

well-established that the surface modi�ication or functionalization of nanomaterials can 

signi�icantly enhance their dispersion within a polymer matrix23,24. Recent studies have 

demonstrated that the incorporation of compatibilizers can also improve the dispersion 

of nanomaterials within the polymer matrix21. To develop high-performance lightweight 

composites for advanced applications, surface modi�ication and functionalization of 

nanomaterials strengthen the interfacial interactions or compatibility between the �iller 

and the matrix. This improvement in dispersion facilitates effective stress transfer 

between the matrix and the �iller. 

1.2. Advantages of Nanomaterials 
A diverse array of �ields, including electronics, sensors, energy devices, medicine, 

cosmetics, and catalysis, have signi�icantly bene�ited from the unique optical, magnetic, 

electrical, and chemical properties exhibited by nanomaterials25–27. For instance, 

advancements in nanomaterials have facilitated the development of various electronic 

devices, such as organic light-emitting diodes (OLEDs), plasma displays, and 

nanotransistors. In the realm of energy, nanomaterials have been instrumental in the 

enhancement of solar cells, fuel cells, and high-performance portable batteries. 

Furthermore, the incorporation of nanomaterials into polymers has resulted in the 

production of materials that are both stronger and lighter, enabling the development of 

smart uniforms, nonwetting textiles, �ire-retardant fabrics, self-cleaning and self-healing 

materials, as well as lightweight, high-performance military aircraft and automobiles28. 

The large surface area and high gas sensitivity of metallic-based nanomaterials render 

them particularly suitable for applications in gas sensors and hydrogen storage devices29. 

The utilization of nanopesticides, nanofertilizers, and nanoherbicides in agriculture 

presents potential advantages for crop management30. Moreover, the �ield of 

nanocatalysis is experiencing rapid expansion, with nanomaterials emerging as a 

favorable choice for catalysts due to their substantial surface area and exceptional surface 

activity. 
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1.3. Challenges and Opportunities 
Although nanomaterials have a wide range of applications, numerous challenges remain 

to be addressed. There is considerable concern regarding the effects of nanoparticles on 

human and animal health. To alleviate safety concerns associated with nanoparticles, 

further investigation is necessary, as many questions regarding this domain remain 

unanswered. For instance, the inhalation of nanoparticles may cause lung irritation and 

elevate the risk of lung damage, potentially leading to cancer. The agglomeration of 

nanoparticles, driven by weak van der Waals forces, is particularly concerning. To 

preserve the distinctive properties of nanoparticles, technologies must be developed to 

maintain their separation. 

The cost of nanomaterials and their associated products is signi�icantly higher than that 

of conventional materials. It has been proposed that the cost of nanomaterials could be 

reduced by expanding their application across various new �ields, thereby increasing 

their production rates. Furthermore, the potential development of atomic weapons, 

which could have catastrophic consequences, necessitates a thorough understanding of 

nanomaterials. Consequently, it is imperative that nanomaterials are utilized in a 

constructive manner. 

The extensive use of nanoparticles in agriculture raises signi�icant concerns, as their 

release into the environment may adversely affect animals, plant growth, and soil fertility. 

Prior to employing metallic-based nanoparticles in gas sensors and hydrogen storage 

applications, it is critical to control their structure and chemistry, which presents a 

substantial challenge. Moreover, issues pertaining to the need for new materials, 

performance enhancement, extended product lifespan, and pricing persist. Collectively, 

these factors underscore the necessity for the development of new and advanced 

technologies to enhance the performance of nanomaterials. 

1.4. Promises of inorganic materials in Photo responsive-

electronic devices and photocatalysis application 
The in�luence of inorganic materials on civilization is extensive and multifaceted, 

particularly regarding their promising applications in photoelectronic systems. These 

materials are essential to the advancement of technologies that drive economic growth, 

enhance quality of life, and promote environmental sustainability due to their remarkable 
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electrical and optical properties. Inorganic semiconductor materials have ushered in a 

new era of innovation and progress in photoelectronic devices, offering unparalleled 

advantages across various technological domains and societal dimensions. Characterized 

by their exceptional optical and electrical properties, these materials serve as the 

foundation for the development of high-ef�iciency solar cells, light-emitting diodes 

(LEDs), photodetectors, laser diodes, and other devices31–38. These examples exemplify 

the unique attributes of inorganic materials, which extend their applicability across a 

broad spectrum of applications. Furthermore, these materials can be seamlessly 

integrated with contemporary technologies, such as Complementary Metal-Oxide-

Semiconductor (CMOS) techniques, to enable the creation of hybrid devices that leverage 

the bene�its of both inorganic and organic compounds39–41. In recent years, the 

incorporation of inorganic LEDs has played a signi�icant role in enhancing the brightness 

and energy ef�iciency of consumer display technologies42–45. Inorganic quantum dots, for 

instance, are utilized to improve the brightness and color purity of displays, resulting in 

advancements in television and smartphone screens46–48. The exceptional ef�icacy, 

durability, tunable properties, and versatility of inorganic semiconductor materials 

render them critical to the progression of modern technology. Consequently, the promises 

offered by inorganic materials are numerous, encompassing energy production, economic 

development, environmental sustainability, and the overall well-being of humanity. 

 Solar energy is increasingly recognized as a viable alternative to fossil fuels, 

primarily due to its remarkable ef�iciency in directly converting sunlight into electricity. 

This transition contributes to the reduction of air pollution, the mitigation of climate 

change, and the decrease of greenhouse gas emissions, thereby enhancing both 

environmental and public health49,50. The pursuit of renewable energy materials 

represents a compelling objective for scientists and researchers. It is evident that the 

production of renewable energy constitutes one of the most signi�icant societal impacts 

of inorganic materials. A critical element of the global shift toward sustainable energy is 

the utilization of solar cells, which are predominantly composed of silicon and other 

inorganic semiconductors51–54. 

Environmentally, these materials contribute to a circular economy by minimizing 

ecological footprints through non-toxic manufacturing processes and comprehensive 

recycling programs. Their durability decreases electronic waste. Continuous research and 
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development in this domain facilitate ongoing innovation, promoting sustainable 

progress and enhancing global quality of life on a daily basis. Undoubtedly, these 

advancements signi�icantly improve performance and ef�iciency, which are essential for 

the progress of photoelectronic devices. 

Technology enhances devices' capabilities to meet the evolving demands of 

society, particularly through chemical modi�ications of materials. A fundamental concept 

in the modi�ication of inorganic materials is doping, which involves the introduction of 

controlled impurities into a material's crystal lattice to alter its electrical properties. For 

instance, doping silicon with phosphorus or boron results in n-type and p-type 

materials55, respectively, thus optimizing the performance and ef�iciency of 

optoelectronic devices. Nanostructuring represents another critical modi�ication 

technique, utilizing manipulation at the nanoscale to enhance speci�ic characteristics and 

leverage quantum mechanical phenomena. The size and surface properties of 

nanomaterials, such as quantum dots and nanowires, confer unique optical and electrical 

attributes. Speci�ically, nanowires and nanotubes exhibit increased surface areas and 

enhanced charge transport channels, which improve light absorption and ef�iciency in 

photodetectors and solar cells. Conversely, quantum dots provide tunable emission 

wavelengths, making them ideal for high-de�inition displays and biomedical imaging 

applications. Surface passivation is also a vital modi�ication method that mitigates charge 

carrier recombination by applying thin layers of oxides or nitrides to semiconductor 

surfaces. This technique enhances the stability and performance of inorganic materials in 

electronic devices; for example, the passivation of CuS with titanium dioxide (TiO₂) 

prolongs carrier lifetime56 and boosts device ef�iciency by reducing the presence of 

recombination centers. Furthermore, inorganic components can be combined with other 

materials, such as polymers or ceramics, to create composite materials that exhibit 

synergistic properties unattainable by individual elements alone. These composites are 

employed in photonic devices to enhance durability, lower production costs, and expand 

application possibilities. 

Another signi�icant method for altering inorganic materials is alloying, a process 

that involves the combination of two or more elements to produce alloys with speci�ic 

characteristics. For instance, Cu(In,Ga)Se₂ (CIGS) is synthesized by alloying copper 

indium selenide (CuInSe₂) with gallium (Ga). By varying the concentration of gallium, the 
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band gap can be modulated from approximately 1.0 eV (CuInSe₂) to 1.7 eV (CuGaSe₂)57–

59. This tuning enhances the alignment with the solar spectrum, thereby increasing the 

ef�iciency of solar cells60. In applications where speci�ic emission wavelengths are 

requisite, such adjustments are critical for optimizing the performance of light-emitting 

diodes (LEDs) and laser diodes. Furthermore, thin �ilm techniques such as chemical vapor 

deposition (CVD) and molecular beam epitaxy (MBE) play a pivotal role in the 

modi�ication of inorganic materials through the deposition of precise layers with 

regulated properties. These techniques facilitate the production of high-quality thin �ilms, 

which are essential for developing advanced photovoltaic systems that utilize multi-

junction solar cells with elevated conversion ef�iciencies. Additionally, it is imperative for 

photoelectronic devices to account for the sustainability of the inorganic nanomaterials 

employed in their fabrication to mitigate environmental impact, conserve resources, and 

ensure long-term viability—an aspect that is increasingly critical in the context of 

technological advancement. 

One signi�icant area of interest is the enhancement of mitigation strategies for 

global environmental pollution, particularly concerning air and water contamination. 

Over the past two to three decades, the photocatalytic degradation of environmental 

pollutants through the conversion of solar energy into chemical energy has garnered 

substantial attention. Heterogeneous photocatalysts offer numerous advantages over 

alternative photocatalytic materials, as they are often cost-effective, stable, non-toxic, and 

capable of functioning effectively under ambient temperature and pressure conditions61. 

The integration of photocatalysts with geopolymers has been explored within the 

construction industry to develop self-cleaning coatings for buildings, where key 

considerations include aesthetic appeal and the associated costs of maintenance62. 

 In recent years, the rapid pace of industrial development and population growth 

has led to the depletion of traditional fossil fuels and an increase in CO2 emissions, 

thereby precipitating dual challenges: the greenhouse effect and the energy crisis63–65. 

Addressing these issues necessitates the advancement of clean energy, which has 

emerged as one of the foremost challenges of the 21st century66–69. Among the various 

sources of clean energy, solar energy is particularly notable for its sustainability and long-

term stable supply performance70,71. Photocatalysis, recognized as an accessible and 

environmentally benign energy conversion technique, has emerged as a signi�icant area 

https://www.sciencedirect.com/topics/physics-and-astronomy/fossil-fuel
https://www.sciencedirect.com/topics/physics-and-astronomy/greenhouse-effect
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of research72. A variety of photocatalysts have been developed to date73–77. A suitable 

photocatalyst must satisfy two primary criteria: (1) a broad light-excitation range coupled 

with high optical absorption capacity78and (2) ef�icient charge transfer and separation of 

photoelectrons and holes79–81. However, achieving these requirements simultaneously 

poses signi�icant challenges for many conventional photocatalytic materials due to 

inherent limitations. Consequently, several methodologies have been developed to 

overcome the constraints associated with traditional photocatalysts, which can be 

classi�ied into two categories: (1) modifying existing photocatalysts to broaden their 

light-excitation range and enhance visible-light absorption and (2) creating 

semiconductor heterojunctions. The synergistic effects at the interface of these 

heterojunctions can effectively facilitate the transfer and separation of photogenerated 

electron-hole pairs82–87. Inorganic photocatalysts possess high electron transport 

capabilities, favourable magnetic properties, and substantial mechanical strength. 

However, their wide bandgaps necessitate high photo-excitation energy, resulting in low 

sunlight utilization ef�iciency. Additionally, the photogenerated carriers excited by 

inorganic photocatalysts tend to recombine readily, thereby restricting the effective 

utilization of single inorganic photocatalysts within photocatalytic applications. 

Conversely, organic photocatalysts exhibit narrow bandgaps, requiring less 

photoexcitation energy while offering greater sunlight utilization ef�iciency. Furthermore, 

organic photocatalysts are generally more cost-effective and easier to synthesize. The 

band structures of organic photocatalysts can also be tailored through modi�ications of 

the functional groups within their molecular frameworks. However, these materials often 

demonstrate structural instability and limited electron transport ef�iciency. The 

combination of inorganic and organic photocatalysts to form inorganic-organic hybrid 

photocatalysts presents a promising solution88. In this context, we regard the integration 

of organic and inorganic components as the creation of inorganic-organic hybrid 

materials89–92. These hybrid materials exhibit characteristics derived from both inorganic 

and organic components, while the synergistic effects at their interface signi�icantly 

in�luence their overall properties93–95. As a result, inorganic-organic hybrid materials are 

characterized by exceptional mechanical, thermal, optical, and catalytic properties. 

Schmidt et al.96  �irst introduced the concept of inorganic-organic hybrid materials in 

1984, which has since garnered signi�icant interest from researchers. Various hybrid 

https://www.sciencedirect.com/topics/chemistry/absorptivity
https://www.sciencedirect.com/topics/chemistry/photoelectron
https://www.sciencedirect.com/topics/chemistry/electron-transport
https://www.sciencedirect.com/topics/materials-science/magnetic-property
https://www.sciencedirect.com/topics/physics-and-astronomy/photoexcitation
https://www.sciencedirect.com/topics/materials-science/electron-transfer
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materials incorporating different organic components in conjunction with inorganic 

materials have been synthesized employing various methodologies97. 

1.5. Copper (Cu)-based materials and chalcogenides 
Crystalline silicon is a cost-effective semiconductor material in the electronic industry. In 

the pursuit of low-cost alternatives, various thin-�ilm compound semiconductor materials 

are frequently employed, offering distinct advantages over silicon. In recent years, the 

application of copper-based nanoparticles has generated considerable interest within the 

semiconductor industry. Metal chalcogenides represent a distinct class of inorganic 

chemical compounds, characterized by the presence of at least one chalcogen anion and 

at least one additional electropositive metal element. While all elements within Group 

VIA of the periodic table are classi�ied as chalcogens, the designation "metal 

chalcogenide" is predominantly applied to sul�ides, selenides, and tellurides, instead of 

oxides and compounds containing polonium. A metal chalcogenide is a class of 

semiconductor materials that has garnered signi�icant scholarly attention due to its 

diverse properties, which encompass optical, electrical, chemical, thermal, and 

mechanical characteristics. These materials are notable for their low and tunable band 

gaps, as well as their optical con�igurations, which facilitate enhanced conversion 

ef�iciency. Copper chalcogenide bonds exhibit a strong covalent character, despite the fact 

that the chalcogenides are often regarded as divalent anions (S2−, Se2−, or Te2−) in certain 

contexts. Within a fundamental lattice cell, the chalcogen atoms form the framework of a 

regular lattice, while the copper atoms display a degree of disorder, exhibiting liquid-like 

behavior as they occupy random positions within the chalcogen lattice98. These materials 

have garnered signi�icant interest due to their diverse applications in semiconductors, 

photoconductors, thermoelectric materials, and solar cells. The binary copper sul�ide 

system encompasses several crystal phases, including monoclinic (Cu31S16 and Cu1.94–

1.97S), cubic (Cu9S5 and Cu1.8S), orthorhombic (Cu7S4 and Cu1.75S), triclinic (Cu58S32 and 

Cu1.81S), and hexagonal (CuS) structures. In contrast, the binary copper selenide system 

comprises cubic (Cu2Se and Cu1.8Se), tetragonal (Cu3Se2), hexagonal (CuSe and Cu0.87Se), 

and orthorhombic (Cu5Se4 and CuSe2) phases. Furthermore, the known crystal phases of 

copper tellurides include hexagonal (Cu2Te), tetragonal (Cu7Te4, Cu4Te3, and Cu3Te2), 

orthorhombic (CuTe), and pyrite-type (CuTe2) structures99,100. Binary chalcogenides, 

such as CuS and CuSe, are considered promising candidates for photovoltaic and 

https://www.sciencedirect.com/topics/chemistry/inorganic-material
https://www.sciencedirect.com/topics/chemistry/inorganic-material
https://www.sciencedirect.com/topics/chemical-engineering/chalcogenides
https://www.sciencedirect.com/topics/materials-science/inorganic-chemical
https://www.sciencedirect.com/topics/materials-science/inorganic-chemical
https://www.sciencedirect.com/topics/materials-science/oxide-compound
https://www.sciencedirect.com/topics/chemical-engineering/chalcogenides
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optoelectronic devices due to their non-toxicity, abundance in the Earth's crust, and the 

tunability of the copper to chalcogen ratio101,102. 

1.5.1. Copper Sul�ide (CuS) 

Copper sul�ide nanoparticles (NPs) attract increasing attention due to unique chemical, 

optical and electronic properties. CuS has hexagonal crystalline structure103 with lattice 

constants of a = b = 3.792 AÅ  and c = 16.344 Å. There exist several stable phases of the 

compound, including CuS (covellite), Cu2S (chalcocite), Cu1.75S (anilite), Cu1.96S 

(djurleite), and Cu1.8SS (digenite). The bandgap energy of CuxS compounds is observed to 

vary between 1.2 and 2.5 eV depending on upon the speci�ic composition (x)104,105. Efforts 

to synthesize copper sul�ide have been undertaken utilizing various methodologies, 

including chemical synthesis, hydrothermal processes, thermolysis, solvothermal 

methods, physical vapor deposition, and template-assisted growth etc. CuS has been 

synthesized in various structural forms, including bulk crystals, thin �ilms, nano�ibers, 

quantum dots, nano-�lakes, and nanoparticles. They have gained signi�icant attention in 

nanotechnology due to their tunable bandgap, high conductivity, and strong light 

absorption. Currently, Cu2−xS is being investigated for a wide range of applications, 

including biosensors, solar cells, optoelectronics, photocatalysis, and is utilized as a 

cathode material in lithium rechargeable batteries.106  

1.5.2. Copper Selenide (CuSe) 

Copper selenide is a signi�icant compound within the category of �irst-row transition 

metal chalcogenides and exhibits a range of compositions, including both stoichiometric 

and non-stoichiometric forms. It is found in various crystalline structures, including cubic 

Cu2Se (bellidoite), orthorhombic Cu2Se, monoclinic Cu2Se, tetragonal Cu3Se2 (umangite), 

face-centered cubic Cu2-xSe (berzelianite), hexagonal CuSe, Cu0.87Se (klockmannite), 

orthorhombic Cu5Se4 (athabascaite), and CuSe2107,108. Copper selenides exhibit a variety 

of crystallographic phases, including monoclinic, cubic, tetragonal, and hexagonal 

structures. Copper selenides are widely recognized as semiconductors exhibiting both 

direct and indirect band gap. Notably, the value of their band gap (Eg) is in�luenced by 

variations in their stoichiometries or phases ranging from 1.1 eV to 2.7 eV109,110. The 

composition of copper selenide (CuSe), along with the arrangement of atoms within its 

crystalline structure, signi�icantly in�luences its electronic, chemical, and thermal 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/copper-sulfide
https://www.sciencedirect.com/topics/chemical-engineering/nanoparticle
https://www.sciencedirect.com/topics/materials-science/lattice-constant
https://www.sciencedirect.com/topics/materials-science/lattice-constant
https://www.sciencedirect.com/topics/materials-science/physical-vapor-deposition
https://www.sciencedirect.com/topics/physics-and-astronomy/thin-films
https://www.sciencedirect.com/topics/materials-science/quantum-dot
https://www.sciencedirect.com/topics/chemistry/selenide
https://www.sciencedirect.com/topics/chemical-engineering/chalcogenides
https://www.sciencedirect.com/topics/engineering/monoclinic
https://www.sciencedirect.com/topics/chemistry/face-centered-cubic-crystal-system
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properties. Variations in size regimes and morphologies are employed to modulate these 

properties. To attain the desired characteristics through morphological and structural 

modi�ications, various synthetic methods have been adopted. The routes for synthesis 

include chemical bath deposition (CBD), electrodeposition (ED), microwave synthesis, 

the sol-gel method, dip coating, sputtering, spin coating, the colloidal method, solid-state 

reaction, hydrothermal synthesis, and vapor-based methods. Researchers have dedicated 

considerable effort to the development of hierarchically designed copper selenide 

nanostructures for a variety of photoelectric applications. Copper selenide (CuSe) is a 

signi�icant chalcogenide material that exhibits a diverse array of applications in 

thermoelectric and photovoltaic-based energy harvesting111,112. Additionally, it plays a 

crucial role in the photocatalytic degradation of dyes for water puri�ication, fabrication of 

electrodes for batteries113, and in photo-ablation therapy114. 

1.6. Cabon-based Nanomaterials/ Allotropes 

Carbon is a unique and indispensable element in our ecosystem. Carbon, in its various 

forms and singular entity, has been utilized in technology and human life for several 

centuries. Over the past two and a half decades, conjugated carbon nanomaterials, 

particularly carbon nanotubes, fullerenes, activated carbon, and graphite, have emerged 

as signi�icant energy materials due to their unique properties. Owing to their exceptional 

chemical, mechanical, electrical, and thermal characteristics, carbon nanostructures have 

recently been applied across a wide range of �ields, including drug delivery, electronics, 

composite materials, sensors, �ield emission devices, and energy storage and conversion. 

Carbon science has garnered signi�icant attention in contemporary research, particularly 

within the domains of nanoscience, materials science, engineering, and technology. In 

these �ields, carbon nanostructures are recognized for their diverse low-dimensional 

allotropes of carbon, which include graphite, activated carbon, carbon nanotubes, the C60 

family of buckyballs, polyaromatic molecules115, and graphene116,117. Chemically 

speaking, various allotropes of carbon can be formed due to the valence characteristics of 

carbon atoms. This phenomenon occurs when carbon atoms establish covalent bonds 

with one another118. To elucidate this phenomenon the concept of allotropes is utilised 

which are de�ined as elements that are chemically identical yet display signi�icant 

variations in their physical properties. Consequently, when atoms in a substance 

consisting solely of one type of atom are organized differently, an allotrope is formed. As 

https://www.sciencedirect.com/topics/chemical-engineering/electrodeposition
https://www.sciencedirect.com/topics/engineering/dip-coating
https://www.sciencedirect.com/topics/chemical-engineering/spin-coating
https://www.sciencedirect.com/topics/engineering/colloidal-method
https://www.sciencedirect.com/topics/chemistry/solid-state-reaction
https://www.sciencedirect.com/topics/chemistry/solid-state-reaction
https://www.sciencedirect.com/topics/chemistry/hydrothermal-synthesis
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a result, several allotropes and forms of carbon have been identi�ied (Fig. 1.1), including 

graphene, buckminsterfullerene, and carbon nanotubes. This diversity results in carbon 

possessing the highest number of identi�ied allotropes compared to any other element. 

 

 

Fig. 1.1: Structural illustration of some 0-, 1-, 2- and 3-dimensional carbon nanomaterials with sp2 and 
sp3 hybridization allotropes occurring in different crystallographic forms. (Ref. 119) 

 

1.6.1. Brief description of Carbon nanotubes (CNTs) 

Carbon nanotube is one of the most important nano-allotropes of carbon. Carbon 

nanotube is an one-dimensional tube or cylindrical nanocarbon. It is simply a rolled 

graphene nanosheet with sp2-bonded carbon atoms. Depending upon the numbers of 

rolled overlapping cylinders, carbon nanotube can be named as single-walled carbon 

nanotube (SWCNT), double-walled carbon nanotube (DWCNT), and multiwalled 

nanotube (MWCNT). These are tubular carbon molecules with excellent mechanical, 

chemical, electrical, and thermal properties. Carbon nanotubes are considered as 

excellent nano-reinforcing materials for polymer matrix due to their 1D cylindrical 

geometry (nano-meter size diameter, high aspect ratio, and high speci�ic surface area) and 

remarkable mechanical properties. Their outstanding properties such as excellent 

mechanical strength, electrical conductivity, and thermal properties resulted in a great 

deal of attention for the preparation of composites.  

 

https://www.sciencedirect.com/topics/chemical-engineering/nanotube
https://www.sciencedirect.com/topics/materials-science/nanosheet
https://www.sciencedirect.com/topics/materials-science/polymer-matrix
https://www.sciencedirect.com/topics/materials-science/mechanical-strength
https://www.sciencedirect.com/topics/materials-science/electrical-conductivity
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Fig. 1.2: Surface and internal view of (a) single-walled CNTs, (b) double-walled CNTs, and (c) multi-

walled CNTs. (Ref. 120) 

From the structural point of view, carbon nanotubes are categorized into two groups: 

single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 

(MWCNTs). The result of weak van der Waals forces comes from carbon nanotubes tends 

to accumulate and prevent well dispersion in the matrix. Carbon nanotubes have excellent 

surface properties like enormous surface area, high aspect ratio, and marvellous electrical 

and mechanical properties. 

CNTs have many applications in wastewater treatment systems and have been widely 

utilized as adsorbents for many water pollutants121. This applicability is due to their 

excellent electronic properties, mechanical properties, high chemical stability and high 

thermal stability. They also have high speci�ic adsorption surface area, layered structure, 

and hollowness, and thereby make the perfect adsorbent with adjustable surface 

chemistry and are easy to reuse. CNTs were also used in nano�iltration membranes and 

in nano sensors. 

1.6.2. Introduction of reduced graphene oxides (rGO) 

Typically, a novel material with exceptional qualities appears every few times, capturing 

the interest of the international scienti�ic community. The discovery of graphene, a 

remarkable substance, in 2004 caused a great deal of enthusiasm among researchers122–

124. Graphene's adventure began in 2004 when it was isolated via the 'Scotch Tape' 

method, which was created by Geim and Novoselov125. Subsequently, studies highlighting 

https://www.sciencedirect.com/topics/chemical-engineering/wastewater-treatment
https://www.sciencedirect.com/topics/materials-science/nanofiltration-membrane
https://www.sciencedirect.com/topics/chemical-engineering/nanosensor
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its distinct mechanical, electrical, and physical characteristics—ascribed to the long-

range π-conjugation—have led to an exponential rise in study on this material126–128. The 

basic building block of all graphitic carbon forms is graphene, which is de�ined as a two-

dimensional honeycomb lattice made of sp2-hybridized carbon (C) atoms129. Bilayer and 

few-layer graphene formations are also of great interest, despite the fact that they are 

usually thought of as single-layer sheets. Graphene sheets may be rolled and coiled to 

create zero-dimensional fullerenes and one-dimensional nanotubes, respectively, or 

stacked to create three-dimensional graphitic structures (Fig. 1.3). Research on graphene 

over the last ten years has indicated a wide range of possible uses, such as improved 

battery longevity130, Schottky diodes131, solar cells132, corrosion prevention strategies133, 

circuit boards134, display panels135, and various developments in medical technologies136. 

 

Fig. 1.3: Graphene: the parent of all graphitic forms: fullerene (bottom left); carbon nanotubes (CNT) 
(bottom centre); and graphite (bottom right). (Ref. 128) 

The integration of graphene into the current framework of semiconductor device 

technologies is greatly facilitated by its natural compatibility with thin �ilm processing. In 

addition to creating rectifying junctions with a number of semiconductor materials, 

graphene is easily scaled and exhibits low contact resistance when interacting with 

widely used metals. The creation of graphene-inorganic semiconductor nanocomposite 

materials has garnered a lot of scholarly interest because of these attractive 

characteristics137. Applications for optoelectronic and electrochemical devices, as well as 

the study of processes at the micro and nanoscale, depend heavily on inorganic 

semiconductors. They are crucial for clarifying the connection between the size and 
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dimensionality of particles and the functional characteristics of the device. Because of 

their high aspect ratio, great mechanical stability, and low work function, inorganic 

semiconductors' intrinsic nanostructure makes them ideally suited for a variety of 

electrical system applications138. Achieving widespread integration of nano-electronic 

devices is the main driving force behind the integration of graphene with inorganic 

semiconductors139. Charge transfer in composite systems may be improved by adding 

graphene to inorganic semiconductors, which is a very bene�icial property for electronic 

devices. The production of graphene and its inorganic semiconducting nanocomposites 

will be investigated in this thesis, along with thorough characterisations. The main 

emphasis will be on using the synthesised graphene-based nanocomposites in Schottky 

diode applications and for the photocatalysis of azo dyes. 

1.7. Discovery and Historical Overview of Graphene 
Recognising graphene as the smallest layer limit of graphite is essential to know the 

direction of graphene research. Reports showing increasingly fewer graphite layers have 

been published for a number of years prior to the notable developments in this area. In 

2004, Geim and his colleagues at the University of Manchester made a signi�icant 

contribution by elevating graphene to a prominent position. They used the well-known 

'Scotch Tape technique' (Fig. 1.4) to successfully separate single-layer samples from 

graphite throughout this crucial year140. 

The naturally occurring material graphite, which has been around for around 500 years, 

became very important in the Middle Ages because of the modest dispersion forces 

between its sheets and its layered structure, which made it perfect for making writing 

instruments. It has been used in a variety of applications, including industrial blast 

furnaces and electrodes, because to its unique qualities, which include high thermal 

conductivity (about 3000 W/mK) and in-plane electrical conductivity (approximately 

104 Ω-1cm-1)141. Over a million tonnes of graphite are presently needed annually 

worldwide. 
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Fig. 1.4: The single (mono)-layer graphene, �irst discovered by Geim and his colleagues at Manchester 

University. The image displays a few-layer graphene �lakes, with enhanced optical contrast achieved 
through an interference effect at a meticulously selected oxide thickness. (Ref.125 ) 

 

1.8. Synthesis of Graphene 
Several methods have been used to synthesise graphene. A number of approaches have 

been used in the long-standing goal of creating ultra-thin carbon �ilms. Graphite oxide was 

synthesised by Brodie142 and Staudenmaier143 in the late 1850s and 1898, respectively. 

There has been widespread usage of the well-known Hummers process, which was 

created by W.S. Hummers in 1958 as a stand-alone synthesis of graphite oxide144. In 1962, 

chemically reduced graphene oxides were reported to be produced145. The effective 

production of monolayer graphene using silicon carbide by A.J. Van Bommel et al. in 1975 

marked a signi�icant advancement146. These early studies, however, were unable to clarify 

the unique characteristics of graphene122. 

 Research has also been done on the mechanical exfoliation of multilayer materials 

to create thin samples. Ruoff's team carved tiny pillars into highly ordered pyrolytic 

graphite (HOPG) in 1999 using an atomic force microscope (AFM) tip147. The thinnest slab 

they managed to produce, however, was more than 200 nm, or around 600 layers. By 

moving the pillars to a tipless cantilever and imprinting the slabs onto SiO2, Kim et al. 

enhanced this technique. This development made it possible to produce slabs as thin as 

10 nm, or around 30 layers148.  
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Fig. 1.5: The inception of single-layer graphene through mechanical exfoliation. (a) Atomic force 

microscopy displaying the substrate graphene step-height (<1 nm) and a folded step-height (0.4 nm) (Ref. 
140) (b) Transmission electron microscopy (TEM), capturing a free-standing graphene �ilm with etched 

underlying substrate (Ref. 149). 
 

Enoki's Tokyo group transformed nano-diamonds into nanometer-sized graphene on 

HOPG in 2001 by using high temperatures (~ 1600 °C)150. A new era in graphene research 

began in 2004 when Geim, Novoselov, and colleagues developed a much easier method, 

despite the fact that this method proved helpful for creating thin samples. They created 

the 'Scotch-Tape technique,' which helped isolate single-layer graphene for the �irst time 

(Fig. 1.5). Geim and Novoselov's groundbreaking contributions to the �ield of two-

dimensional atomic physics earned them the 2010 Nobel Prize in Physics149. 

1.8.1. Mechanical Exfoliation or Cleavage Method 
Commercially accessible sheets of Highly Orientated Pyrolytic Graphite (HOPG) are used 

as the �irst raw material in the process. Using standard cellulose tape, layers of a graphite 

�lake are repeatedly cut off before the tape is applied to a silicon substrate for material 

deposition. Nevertheless, a single layer is thinner than the layers sticking to the tape. 

Given that mechanical exfoliation might result in a complex combination of thick slabs 

that makes single layer identi�ication challenging, the successful isolation of a single-layer 

graphene sheet by mechanical cleavage is simply an accident. The excellent mechanical 

and electrical characteristics of the graphene generated by mechanical exfoliation are 

maintained due to the high quality of the initial single-crystal graphite source151. 

Graphene's numerous applications require large-scale synthesis, which this approach is 

not the ideal for. 
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Fig. 1.6: ‘Scotch tape’ method. (Ref. 152) 
 

Alternative large-scale synthesis processes have been proposed, including ion 

implantation153, chemical-vapor deposition (CVD)154,155, liquid-phase exfoliation156,157, 

and epitaxial growth on a silicon carbide substrate158. Lee et al. found that graphene 

created using CVD techniques has 90% of the theoretical strength of pure graphene159. 

However, these approaches are less commonly used than the alternative methods of 

exfoliating graphite oxide and then decreasing it. Currently, one of the most widely used 

methods for large-scale graphene synthesis is the 'Hummers' method and its several 

variants144. In this thesis, the modi�ied Hummers method was used to synthesise 

graphene, or, more speci�ically, reduced graphene oxide (rGO), which is discussed 

separately in the following section. 

1.8.2. Chemical Vapour Deposition (CVD) 
Few-layer graphene sheets were successfully synthesised for the �irst time in 2006 using 

Chemical Vapour Deposition (CVD)160. Graphene �ilms were created by pyrolysing 

camphor, a natural hydrocarbon source, on Ni substrates. However, the �ilms tended to 

fold, with a minimum layer count of 20. Recent advancements have con�irmed that 

graphene creation via CVD is reproducible. According to a number of studies, CVD is the 

most promising method for producing graphene on a big scale. Notably, the introduction 

of certain gases, such NH3, makes graphene doping possible during CVD development161. 

Additionally, lowering the growth temperature is made possible by the use of plasma in 

CVD techniques. In these circumstances, the direction of the electric �ield is in�luenced by 

the plasma sheath, which causes graphene to grow vertically onto the substrate. Plasma-

enhanced CVD (PECVD) is a novel method for producing huge amounts of freestanding 

few-layer graphene. 
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1.8.3. Chemical Derivation 
A technique for producing graphite oxide was �irst presented by Hummers and Offeman 

in 1958. It involved treating graphite for two hours at temperatures lower than 45 °C with 

an anhydrous combination of H2SO4, NaNO3, and KMnO4. Graphitic sheets are 

intercalated as a result of this process, and they can break down into few-layer or even 

single-layer graphene when heated. The breaking of graphite oxide into separate layers is 

further facilitated by subsequent ultrasonic treatment. The phenol, carbonyl, and epoxy 

groups that are added during oxidative intercalation improve the graphite oxide 

suspension's colloidal stability151. Nevertheless, graphene produced using this chemical 

process has different electrical characteristics than graphene produced by mechanical 

exfoliation. The electrical structure of graphene oxide (GO) produced by the chemical 

process appears to be semiconductive because of structural �laws, but mechanically 

exfoliated graphene layers show semi metallic characteristics. To restore the relevant 

characteristics of graphene, GO must be chemically reduced, usually with sodium 

borohydrate (NaBH4)162 or hydrazine (N2H4)163. The reduced substance is known as 

reduced graphene oxide (rGO), and when it dissolves in water, its brown hue changes to 

black. Total removal of oxygen atoms, and hence total chemical reduction, is not possible 

even if it becomes less hydrophilic following reduction. As a result, the �inal product 

continues to be in a state between graphene and graphene oxide. According to X-ray 

photoelectron spectroscopy (XPS), the precise structures of graphene are not entirely 

restored by thermal annealing (up to 1100 °C) or chemically reducing GO with hydrazine 

[Fig. 1.7 (a-d)]. However, residual hydroxyl functional groups are present after reduction 

by NaBH4 [Fig. 1.7 (e-j)]. Chemical derivation is not regarded as a practical synthesis 

method when the original graphene structure is important; instead, physical exfoliation 

ought to be used. Nevertheless, rGO synthesis produces a state in between graphene and 

graphene oxide (GO), despite its intrinsic simplicity and suitable characteristics. rGO thin 

�ilms are a potential element for upcoming applications as a transparent conductor due 

to its conductivity and transparency164. Despite being straightforward and not requiring 

complex synthesis conditions, chemical exfoliation has drawbacks. The handling of 

graphene sheets or amorphous graphene �lakes as a matrix for inorganic semiconductors 

is made easier by the fact that rGO produces high end product yields and may be kept in 

a water-based solution or as a powder after drying. For the production of reduced 

graphene oxide in the current thesis, chemical derivation has been selected. 
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Fig. 1.7: X-ray photoelectron spectroscopy (XPS) reveals the impact of various reduction treatments on 

graphene oxide (GO). Images a−d show deconvoluted results indicating the presence of C−C, C−N, C−O and 

C=O species; approximately at B.E. of 284.8, 285.7, 286.2 and 287.8 eV respectively, with the percentage of 

deoxidized carbon (C−C, ∼284.5 eV). (a) Non-reduced. (b) Hydrazine-Vapour-treated. (c) Hydrazine Vapour 

and annealed at 400 °C. (d) Thermal annealing in a vacuum (1100 °C). The C−N signal observed in images 

b and c indicates the formation of hydrazone groups resulting from hydrazine treatment. The presence of 

an F signal at around 292 eV in image (c), is attributed to contamination from the vacuum system. (e) C 1s 

peak of graphene oxide. (f−i) Reduced graphene oxide (rGO) was synthesized using sodium borohydride 

(NaBH4) concentrations of (f) 15 mM (g) 50 mM and (h) 150 mM and (i) graphite. The curves were �itted 

considering C=C (peak-1), C−C (peak-2), C−O/C−O−C (hydroxyl and epoxy groups, peak-3), C=O (carbonyl 

groups, peak-4), O−C=O (carboxyl groups, peak-5) and π−π* (peak-6) species. (j) B 1s peak in the XPS 

spectra of rGO originated from 15 mM NaBH4. (Images a−d and e-j from Ref. 165 and162  respectively). 

1.8.4. Alternative Methods 
Using ultrasonication to treat graphite dispersions in an appropriate liquid solution is an 

alternate technique for producing graphene sheets by accomplishing physical exfoliation. 

By dispersing graphite into N-methyl pyrrolidone (NMP), Hernandez et al. were the �irst 

to report the exfoliation of graphene sheets166. Furthermore, a suspension of thin 

graphitic platelets made up of single-layer graphene �lakes may be produced by 
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dispersing natural graphite crystals in dimethylformamide (DMF) and then sonicating 

them to exfoliate them167. A well-dispersed combination of graphene and a few-layer 

graphite remains in the residual solution when centrifugation is used to remove huge, 

thick graphene �lakes, even if there are plenty of them in the suspension. 

 The graphene produced using this process has characteristics in common with 

those obtained using chemical processes. However, by skipping the oxidation stage in the 

liquid-phase exfoliation process, the product is protected against restrictions or 

deterioration of its electrical characteristics caused by defects. Graphene suspensions 

must be deposited onto a solid substrate with the aid of heat treatment in order to 

produce dry graphene using this method. Another option is liquid-phase exfoliation in 

water, which calls for the addition of strong surfactants such as sodium dodecylbenzene 

sulfonate (SDBS). In order to stabilise the dispersion and stop aggregation, these 

surfactants can be adsorbed onto individual single-layer graphene sheets. The solvent's 

expense and the propensity for individual sheets to overlap are disadvantages, though. 

 The thermal expansion of graphite oxide is another technique for creating 

functionalised graphene sheets137. Starting with the treatment of natural graphite �lakes 

in an oxidising solution of H2SO4, HNO3, and KClO3, this procedure is comparable to the 

Hummers technique. Following the completion of the reaction, the resultant material is 

combined with extra water, rinsed with HCl, and then rinsed many times with water until 

the �iltrate's pH approaches neutral. This process requires that the graphite be fully 

oxidised and heated to an extremely high temperature in order to produce single-layer 

graphene. By releasing CO2, the heating process breaks down graphite oxide into separate 

sheets. 

1.9. Properties of Graphene 
Numerous studies have been carried out to investigate the special physical characteristics 

of graphene since the beginning of the graphene revolution. Early research indicated that 

graphene has a very high carrier mobility in the 2000–5000 cm2/Vs range168. Recent 

developments have shown that suspended graphene solutions can have charge carrier 

mobility of up to 230,000 cm2/Vs under ideal circumstances151,169. For uses like �ield-

effect transistors (FETs), graphene's exceptional electron-transport capacity places it in a 

prominent position. By 2010, graphene FETs were reported to be able to operate at 100 
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GHz, and more recent research indicates that they may be able to operate at frequencies 

as high as terahertz (THz)170. 

 Graphene's remarkable optical transparency, which may reach up to 97.7%140, 

increases the potential uses of the material, especially for sophisticated technologies like 

holographic data storage171 and transparent electrodes in solar cells172. In addition to 

these qualities, graphene has a high Young's modulus of more than ~1 TPa, which 

guarantees excellent mechanical characteristics173. It also has a very large speci�ic surface 

area of 2630 m2/g174 and a good thermal conductivity that approaches 5000 Wm-1K-1 175. 

Interested readers can consult the references supplied for in-depth studies, even if a 

thorough investigation of these qualities is outside the purview of this debate. 

1.10. Carbon nanomaterial-based Inorganic Composites 

Carbon nanotubes (CNTs) are signi�icant carbon-based materials. A single-walled carbon 

nanotube (SWCNT) can be conceptualized as a seamless cylinder formed by the rolling of 

a graphene sheet, whereas a multi-walled carbon nanotube (MWCNT) consists of multiple 

concentric SWCNTs. Due to their exceptional properties, carbon nanotubes (CNTs) have 

been the subject of extensive research and have garnered signi�icant attention over the 

past decade.  

Inorganic nanomaterials, encompassing elemental substances and a wide range of 

compounds, represent a signi�icant category of nanomaterials characterized by diverse 

properties in the �ields of optics, electronics, magnetics, and catalysis. The properties of 

inorganic nanomaterials can be further optimized through the modulation of their 

composition, structure, and morphology. 

Composite materials based on carbon nanotubes (CNTs) and inorganic 

nanomaterials integrate the unique characteristics and functionalities of both component 

types. Additionally, they may exhibit novel properties resulting from the cooperative 

effects between the two material classes176–178. Consequently, these composite materials 

demonstrate signi�icant potential for applications across various �ields like in catalysis, 

energy conversion, sensor etc. 

As previously mentioned, graphene and its inorganic nanocomposites show great 

potential for electronic devices. However, despite its remarkable properties, challenges 
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have emerged regarding graphene's electrical and optical characteristics in high-speed 

electronic applications, primarily due to the absence of a bandgap. Graphene is inherently 

a zero-bandgap semiconductor, characterized by charge conjugation symmetry between 

electrons and holes, along with carriers that possess a chirality-like internal degree of 

freedom, similar to ultra-relativistic elementary particles. These factors contribute to the 

limitations observed in its application179. 

 To overcome these obstacles, scientists realised that integrating graphene 

nanosheets with certain inorganic semiconductors might mitigate or even eradicate the 

zero-gap drawbacks. Techniques including strain-induced curvature and size 

constrictions were used to create an electrical band gap in graphene. It was later 

discovered that this goal may be successfully accomplished by adding nanoscale inorganic 

semiconductors180,181. There are notable differences in the compatibility of graphene with 

other inorganic semiconducting materials due to the production process, even though 

several inorganic semiconductors have shown compatibility with graphene to produce 

composites. This leads to signi�icant changes in the �inal composites' optical and electrical 

characteristics. 

 The charge transport characteristics of these composite materials are signi�icantly 

impacted by graphene. Charge carriers in common inorganic semiconductors are 

activated by light irradiation. Smooth charge separation and transport are made possible 

by the subsequent electronic interactions between graphene and the semiconductor. As 

the electron conductor, graphene prevents the composite's electrons and holes from 

recombining quickly. By using these bene�its, hybrid graphene-inorganic semiconductor 

materials have become very attractive choices for use in photochemistry, 

electrochemistry, and optoelectronics, possibly transforming the composites and 

electronics sectors. 

 Particle size and the band gap energy of semiconductor materials, such quantum 

dots, are closely related; when the particle size shrinks, the band gap rises as a result of 

quantum con�inement phenomena182. Many copper-based semiconductors, including 

CuO, CuS, CuInSe2, CuSe, and CuTe, exhibit this phenomenon, where variations in 

quantum dot size cause a shift in the absorption threshold183. Semiconducting copper 

nanoparticles, such CuS and CuSe, are interesting prospects for a variety of applications 

due to their unique optical and electrical features resulting from quantum con�inement. 
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However, the zero-bandgap characteristic of graphene limits its potential137. As a result, 

hybrid structures that combine graphene and group I–VI semiconductors have been 

investigated to harness on synergistic bene�its and show better performance than 

individual materials. 

In this thesis, the carbon nanotube-copper sulphide (CNT-CuS) microstructures are 

synthesised, characterised, optimised, and used in practical applications. Additionally, 

reduced graphene oxide-copper selenide (rGO-CuSe) microstructures are included and 

their use in thin-�ilm Schottky barrier diodes is investigated, with a focus on how 

graphene and carbon nanotubes affect the inorganic semiconductors' charge transport 

and photoresponse characteristics. 

1.10.1. Copper Sul�ide (CuS) and carbon nanotube (CNT) 

Composite materials with enhanced charge mobility and optical responsiveness are made 

by combining carbon nanotube (CNT) with copper sul�ide (CuS), a semiconductor with 

an energy range of 1.3–2.4 eV. Utilising the semiconducting qualities of CuS and the 

multifunctional qualities of CNT like, high electrical and thermal conductivities, high 

mechanical strength and excellent structural �lexibility, the combination of the two 

creates hybrid structures with improved electrical conductivity, thermal and physical 

stability, and optical qualities. When combined with advantageous energy band locations, 

the quick creation of electron-hole (e-h+) pairs following photo-excitation allows CuS 

nanoparticles combined with carbon nanotubes to perform better in dye degradation 

processes. Aiming to better comprehend the synergistic interactions between CuS and 

CNT, ongoing research endeavours are focused on improved materials for modern physics 

applications. 

1.10.2. Copper Selenide (CuSe) and Graphene Oxide 

Copper Selenide (CuSe), a semiconductor with an energy range of 2.4−2.6 eV, is combined 

with graphene oxide (GO) to create composite materials that exhibit improved charge 

mobility and optical responsiveness. The integration of CuSe and GO capitalizes on the 

semiconducting properties of CuSe and the multifunctional characteristics of GO, leading 

to hybrid structures that demonstrate enhanced electrical conductivity, physical and 

thermal stability, and superior optical properties. The rapid generation of electron-hole 

(e-h+) pairs upon photo-excitation, coupled with favourable energy band positions, 
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enables CuSe nanoparticles decorated with graphene to achieve enhanced performance 

in dye degradation processes. Ongoing research efforts aim to deepen the understanding 

of the synergistic interactions between CuSe and GO, particularly in the context of 

advanced materials for contemporary applications in physics. 

1.11. Synthesis of copper-based nanoparticles and their 
carbon nanocomposites 
Recently, in modern technology and nanoscience, a fundamental aspect is the synthesis 

of various nanomaterials. Consequently, there has been a signi�icant increase in 

publications addressing the synthesis of nanoparticles in recent times. Several inorganic 

nanoparticles have been synthesized using a variety of synthetic strategies. Moreover, 

signi�icant efforts have been made to selectively synthesize nanoparticles of various 

shapes, sizes, and dimensionalities. Various physical as well as chemical method of 

synthesis techniques has adopted to synthesis copper-based nanoparticles. 

Electrochemical deposition, sol-gel, hydrothermal, and chemical reduction are belonging 

to the chemical route and sputtering, physical vapor deposition, laser ablation, pulsed 

laser deposition, electrodeposition, ball milling, spark discharge generation, pulsed wire 

discharge are procedures that belong to the Physical synthesis methods184. In this thesis 

the solvothermal, hydrothermal and co-precipitation methods have been adopted for the 

synthesis of copper-based nanoparticles and their carbon-based nanocomposites and 

hence these methods are described in the following section. 

1.11.1. Solvothermal, Hydrothermal and Co-precipitation method 

Solvothermal, hydrothermal and co-precipitation methods are commonly used technique 

to synthesize inorganic nanoparticles. Hydrothermal synthesis pertains to the generation 

of materials via chemical reactions conducted in aqueous solutions at temperatures 

exceeding the boiling point of water. In contrast, solvothermal synthesis involves the 

preparation of materials in nonaqueous solutions at comparably elevated temperatures 

whereas the co-precipitation method is generally performed at low temperature, 

sometimes at the room temperature.  

In the hydrothermal method chemical reactions occur in a sealed vessel containing an 

aqueous solution heated above the boiling point of water, which establishes high-pressure 

conditions that promote the formation of nanomaterials with controlled morphology and 

https://www.sciencedirect.com/topics/chemistry/hydrothermal-synthesis
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/boiling-point
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/boiling-point
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size. The solvothermal synthesis process is similar to hydrothermal synthesis, employs 

an organic solvent, such as ethanol or methanol etc, in place of water. This approach 

facilitates the synthesis of materials that may not be soluble in aqueous environments. In 

co-precipitation, rapid mixing of aqueous solutions containing the desired metal 

precursors result in a sudden alteration in solubility, which facilitates the precipitation of 

nanoparticles. 

The particle size distribution of the synthesized materials and the nucleation rates during 

the synthesis procedure can be effectively adjusted by manipulating various reaction 

parameters including reaction temperature, concentration, pressure, pH, time duration, 

and reaction cell �ill volume. A signi�icant array of inorganic materials from diverse classes 

has been synthesized using hydrothermal, solvothermal, and co-precipitation methods, 

including metal chalcogenides, oxides, and other materials. In this thesis, we have 

synthesized copper sul�ide (CuS) and copper sul�ide-carbon nanotube composite (CNT-

CuS) via solvothermal and co-precipitation methods and copper selenide (CuSe) and 

copper selenide-reduced graphene oxide (rGO-CuSe) composite via hydrothermal 

technique. 

1.12. Application of Carbon nanomaterials and their 
Composites 
Since 2004, there has been a notable increase in the number of scholarly papers about 

carbon nanomaterials, indicating important turning points and the growing trend in 

graphene research publications. Depending on their intrinsic qualities, different kinds of 

carbon materials, produced in different ways, provide unique bene�its for a wide range of 

applications. A range of prospective technologies is illustrated by the many uses of 

carbon-based composites in Fig. 1.8. The practical uses of graphene and carbon 

nanotubes and its nanocomposites will be brie�ly discussed in the next section. 
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Fig. 1.8: Schematic representation of diverse applications of carbon-based composite materials 
(Ref.185 ). 

1.12.1. High-speed Electronics 

High-speed electronics are a perfect �it for carbon nanocomposites because of their 

extraordinarily high conductivity. Among them graphene has this advantage, its zero 

band-gap prevents it from being widely used commercially in electrical equipment. For 

electrical devices to have "on and off" states, a band-gap is clearly required. The twisting 

of the graphene sheet186 is the reason why bilayer graphene does not have a band-gap, 

according to recent research. However, scientists have been able to create ultra-thin 

graphene transistors187. In graphene transistors, a self-aligning Co2Si-Al2O3 nanowire has 

been used as a gate, notably exhibiting high operating frequencies of 100–300 GHz188 and 

avoiding device deterioration. This development highlights how quickly carbon 

nanocomposite research is progressing and suggests that high-speed graphene 

transistors may soon appear in consumer products. 

1.12.2. Solar Cells 

Carbon nanomaterials have signi�icant applications in solar cells, a domain that is 

essential for future energy solutions. The integration of carbon nanomaterials into 

various types of solar cells can augment the performance of photovoltaic technologies, 

leading to improvements in both ef�iciency and stability. The widespread utilization of 

platinum-based electrodes in contemporary solar cell technologies presents two 

signi�icant challenges: the limited availability of platinum necessary for the production of 

solar cells on a planetary scale and the associated high costs. The hollow tubular structure 
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of CNT with high speci�ic area, excellent thermal and electrical conductivity is suitable for 

electrode materials in the photovoltaic solar cells.  Graphene, another two-dimensional 

carbon nanomaterial has similar properties like CNT and has outstanding optical 

properties, with a light transmittance of 97.7% that is independent of wavelength, makes 

it an excellent transparent electrode material compared to ITO. The light weight, higher 

speci�ic surface area, higher conductivity and good transparency of graphene make it 

alternative to transparent conductive oxide to the �ield of solar cell, similar to CNTs. The 

current density–voltage (J–V) characteristics of the dye-sensitized solar cells (DSSCs) 

incorporating graphene (G) and multi-walled carbon nanotubes (MWCNTs), recorded 

under conditions of 1000 W/m² air mass 1.5 global (AM 1.5 G) irradiation with an 

ef�iciency (η) of 4.1%, surpasses those obtained from platinum-based solar cells, as 

reported by Wahyuono et al189. While large-scale commercial applications continue to be 

a prospective development, any advancements in green energy are highly anticipated. 

Graphene nanocomposites, including Graphene-CdS and Graphene-TiO2, demonstrate 

significant potential for enhancing the performance of solar cells190,191. The enhanced 

durability and stability observed in the study indicate that �lexible perovskite solar cells 

(PSCs) are entirely compatible with carbon materials, thereby contributing to the 

advancement of low-cost, �lexible PSCs. 

1.12.3. Smart Windows and OLED Displays 

The technology behind Liquid Crystal Display (LCD) Smart Windows involves a layer of 

liquid crystals placed between two �lexible electrodes, typically made of a polymer and 

graphene. Graphene also functions as a �lexible counter electrode for organic light-

emitting diodes (OLEDs). Current OLED technologies often use indium tin oxide (ITO) 

counter electrodes, which are scarce and fragile, presenting signi�icant challenges. In 

contrast, graphene is abundant and �lexible, offering a clear advantage. The potential 

commercial use of graphene in OLED devices has attracted interest from multinational 

companies such as Samsung, paving the way for �lexible touch screens in mobile and 

tablet devices. Ongoing research indicates a future where curved screens may become 

standard in mobile phones, potentially evolving into �lexible three-dimensional 

displays—a concept that seemed inconceivable just a decade ago. 
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1.12.4. Electrochemical Sensors 

Carbon nanomaterials, exhibit remarkable electrochemical properties that have 

facilitated sensing applications, as the novel carbon-derived nanomaterials possess 

attributes that are unattainable in their bulk counterparts. This enables them to function 

with enhanced sensitivity and selectivity in challenging environments, as well as over a 

broader spectrum of temperatures and dynamic ranges. Speci�ically, graphene, CNTs, and 

diamond have emerged as the most extensively utilized polymorphs of carbon for 

electrochemical sensing applications in recent years. Moreover, excellent properties of 

carbon nanomaterials, such as large surface-to-volume ratio, high conductivity, and 

electron mobility at room temperature, have led to numerous advances in electrochemical 

sensors. The study conducted by Li and Lee 192 has demonstrated a two-fold enhancement 

in the detection limit of a DNA sensing system, achieving approximately 140 picomolar 

sensitivity. Furthermore, the incorporation of functionalized multi-walled carbon 

nanotubes (MWCNTs) into the sensing system has substantially decreased the fabrication 

time. 

1.12.5. Supercapacitors 

Supercapacitors (SCs) exhibit superior power densities; however, these devices typically 

maintain a moderate level of speci�ic energy. To enhance their energy densities, various 

strategies have been employed, including the utilization of different electrolytes and 

electrode materials to improve capacitive performance, thereby resulting in increased 

energy densities. Carbon materials have been modi�ied to enhance their speci�ic surface 

area (SSA) and optimize their surface chemistry and porous structure. However, carbon 

remains the most widely utilized active material in commercially available supercapacitor 

devices, primarily due to the inferior power densities associated with conducting 

polymers and transition metal oxide-based nanomaterials. This characteristic is a 

fundamental advantage that underlies the preference for supercapacitors in numerous 

high-power delivery applications193,194. Carbon-based materials are extensively employed 

in supercapacitors owing to their superior physical, chemical, and electrochemical 

properties, which include an exceptionally high surface area, the ability to control porous 

structures, excellent electrical conductivity, chemical inertness, structural stability, the 

capability for functionalization, and the versatility in producing a diverse array of 
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composites195,196. Among various carbon-based materials, activated carbon (AC), 

graphene, and carbon nanotubes (CNT) are the most extensively utilized as electrode 

materials for supercapacitors (SCs). Nevertheless, they demonstrate potential as 

sustainable energy solutions for electric vehicles, trains, and potentially aircraft. 

1.12.6. Schottky Barrier Diodes 

Schottky diodes are essential electronic components within contemporary technology, 

providing the foundational basis for a range of applications, including solar cells, 

photodetectors, clamped transistors, metal-semiconductor �ield-effect transistors 

(MESFETs), high electron mobility transistors (HEMTs), microwave mixers, RF 

attenuators, recti�iers, varactors, Zener diodes, and various integrated circuits197. The 

enhancement of Schottky junction performance has the potential to signi�icantly improve 

the functionality of these devices. Schottky barriers, which are formed at metal-

semiconductor junctions, typically employ metals such as aluminium, silver, gold, or 

platinum. By harnessing the semi-metallic properties of graphene as well as CNT, it may 

be possible to substitute traditional metals in the fabrication of Schottky diodes. Indeed, 

existing literature highlights the exceptionally promising performance of Schottky diodes 

featuring graphene electrodes 131,198. In addition to functioning as a metal electrode 

within the Schottky barrier, graphene-inorganic nanocomposites, including graphene 

oxide–Fe3O4 and carbon nanotube-CuS, have exhibited favourable results in Schottky 

diode applications199,200. Notwithstanding these advancements, there remains substantial 

opportunity for further improvement and exploration of carbo nanomaterials-inorganic 

semiconductor nanocomposites in Schottky diodes, which may yield diverse prospects 

for future technologies. As previously discussed, this thesis focuses on the synthesis of 

carbon allotropes based-inorganic semiconductors and their application in a Schottky 

barrier diode, thereby establishing a foundation for the subsequent discourse on the 

theory and con�iguration of Schottky barrier diodes. 

1.12.7. Photocatalysis and Wastewater Treatment 

Cabon nanomaterials such as carbon nanotube and graphene and its composites have 

emerged as promising materials for a variety of applications, including photocatalysis and 

wastewater treatment. Their distinctive properties, including a large surface area and 

excellent electrical conductivity, render them attractive candidates for addressing 
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environmental challenges. In the realm of photocatalysis, carbon-based materials 

function as ef�icient catalysts that promote chemical reactions under light irradiation. The 

incorporation of graphene and CNT with semiconductor photocatalysts such as TiO2, ZnO, 

and CdS can signi�icantly enhance photocatalytic activity due to improved light 

absorption and charge carrier separation. Furthermore, carbon composites demonstrate 

enhanced stability and recyclability, making them suitable for practical applications in 

wastewater treatment. The integration of graphene as well as CNT into membranes or 

adsorbents facilitates the removal of pollutants from water through adsorption or 

photocatalytic degradation. Additionally, carbon-based materials exhibit excellent 

antibacterial properties, further augmenting their effectiveness in wastewater 

disinfection. Overall, the application of carbon nanomaterials and its composites in 

photocatalysis and wastewater treatment holds substantial promise for mitigating 

environmental pollution and promoting sustainable water management practices. 

Ongoing research in this �ield seeks to optimize synthesis methods, explore novel 

composite materials, and scale up production for practical implementation. 
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The fundamental theories and related parameters associated with the material 

characterization, as well as the theory pertaining to the metal-semiconductor contact 

have been explored in this chapter. The way of analysis and understanding of the 

mechanism of charge transport within the Schottky device is illustrated in this part.  

2.1. Crystallite size and strain from Powder X-Ray Diffraction 

Powder X-Ray diffraction analysis (PXRD) is a non-destructive laboratory technique that 

provides detailed information about the crystallographic structure, chemical 

composition, and physical properties of a chemical compound. It is based on the 

constructive interference of monochromatic X-rays of CuKα radiation having wavelength 

1.54Ǻ. The Fourier analysis of diffraction spectra obtained from the powder crystal 

sample, informs about all the details of crystal (e.g. lattice dimension; crystallite size; and 

crystal-strain). Few analytical methods utilised for such purposes are illustrated aptly in 

the following sections: 

2.1.1. Debye-Scherrer and Williamson-Hall Method 

The Scherrer equation, sometimes referred to as the Debye-Scherrer equation, has been 

a helpful and pronounced tool for estimating crystallite size. The width of the diffraction 

peak pattern could enable to get information about the average dimension of material 

using Debye-Scherrer equation, developed from the famous Bragg’s Diffraction law. The 

equation that helps to estimate crystal dimension, can be stated as  

 

 

Fig. 2.1: full-width half maxima (FWHM) or the integral breadth of the peak 
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s
hkl

Kλβ =
Dcosθ

        (2.1) 

Here, βs is the full-width at half maxima (FWHM) or the integral breadth of the peak (hkl 

plane) due to the crystallite size contribution (Fig. 2.1), K is considered as near about 1, 

D is the average thickness of the crystal which is normal to the hkl plane. θ is Bragg’s angle 

and λ is the wavelength of CuKα radiation. It is crucial to remember that the Scherrer 

equation interprets the size of the crystallite, not the aggregation of polycrystalline 

crystals1.  Crystallite, in general, denotes the discrete diffracting zone that coherently 

scatters the applied X-ray. 

However, the lattice distortion also plays a role in the broadening of the diffraction 

peak in addition to the size of the crystallite. Compressive and tensile stresses as well as 

compositional gradient within the sample could be the source of this distortion1.  The 

bending or shearing in the crystals can be used to illustrate the coexistence of stress and 

strain gradients in the crystal. Peak broadening can also occasionally be attributed to 

variations in unit cell dimensions with negligible compositional differences in different 

crystals. If we consider the differential Bragg equation with respect to the d-spacing and 

the diffraction angle, then  

d dcot (2 ) 2 tan
d d
∆ ∆

= θ∆θ⇒∆ θ = θ      (2.2) 

Around the Bragg maximum, the fractional spread in the d spacing is considered to be 2η, 

and then the stress-induced broadening due to the strain (η) is expressed by1  

4 tanηβ = η θ          (2.3) 

Hence, the broadening on the peak is convoluted by the effects of crystallite size (D) and 

stress. Thus, the total broadening can be written as, 

𝛽𝛽 = 𝐾𝐾𝐾𝐾
𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

+ 4η tan θ        (2.4) 

Or, 

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 = 𝐾𝐾𝐾𝐾
𝐷𝐷

+ 4η𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠       (2.5) 
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Fig. 2.2: Williamson-Hall plot 

the plot of βcosθ versus sinθ which is also referred as Williamson-Hall plot2,  For a 

particular hkl plane, yields the values of crystallite size and strain deduced from the 

intercept and slope (Fig. 2.2), respectively. The effect of low angle reflections has 

decreased due to the dependency of stress broadening on tanθ. W-H plots are usually 

applied to smaller unit cell materials. 

2.2. Determination of optical parameters from UV-Vis data: A 

theoretical study 

The absorption coefficient, the optical energy band gap, the refractive index and the 

optical conductivity of the materials can be derived from the UV-Vis spectroscopy data, 

which could enable one to get better information about the optical characteristics of the 

materials.  

2.2.1 Absorption coefficient and Optical Band gap 

Beer Lambert's law states that the light's intensity drops exponentially with the depth in 

the material i.e., 0
dI I e−α= , where I is the intensity of light after passing through the 

sample, I0 is the initial light intensity, α is the linear absorption coefficient, and d is the 

path travelled by the light. Generally, I/I0 is defined as transmittance. So, absorbance A 

can be stated as  
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d0 0
d

0

I I dA log log loge
I 2.303I e

2.303A
d

α
−α

   α = = = =       

⇒α =

    (2.6) 

Tauc developed an equation to determine the optical band gap energy in the late 70’s of 

the nineteenth century, which can be expressed as3,  

( )gh c h E
γ

α ν = ν −         (2.7) 

Here c is a constant related to valence band and conduction band4, h is the Planck's 

constant, ν is the frequency of light and Eg is the band gap energy. γ is associated to the 

electronic transition nature. The values of band gap Eg can be estimated from the 

extrapolation of the linear region of the (αhν)1/γ versus hν graph to the photon energy 

axis. The value of γ can be 1/2, 2, 3/2, 3 for the direct allowed, indirect allowed, direct 

forbidden and indirect forbidden transition, respectively, and can be obtained from the 

differential expression: 

g

d h
d h h E

[ln( )]
[ ] -
α ν γ

=
ν ν

        (2.8) 

There is a discontinuity that corresponds to the band gap energy in the plot of 

d[ln(αhν)]/d[hν] versus hν. This energy value is used in the plot of ln[(αhν)] versus 

ln[hν-Eg], and the slope of the plot gives the value of γ. 

2.3. Introduction of Schottky Barrier Diodes (SBD) 

In the year 1874, Braun revealed first time the systematic analysis of conduction between 

metal and semiconductor (lead sulfide)5. By 1904, point-contact rectifiers in various 

configurations had begun to find practical applications. Based on the band theory of 

solids, Wilson developed the transport theory for semiconductors in 19316, which was 

later applied to metal-semiconductor contacts. But, i n  1931 Walter Hans Schottky 

noticed the formation of a potential barrier between the metal-semiconductor 

contacts7.  In 1938, Schottky and Mott proposed a model to quantify the shape of the 

barrier and the barrier height8,9. These metal-semiconductor diodes were not effectively 
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imitated or precisely dependable and were replaced by the p-n junction during the 1950s. 

However, semiconductor and vacuum technology is currently used to create reproducible 

and reliable metal-semiconductor contacts. 

2.3.1. Energy-Band Relation 

The interfacial contact between a metal and a semiconductor can lead to two distinct 

devices: the Ohmic junction or the Schottky (rectifying) junction. This outcome depends 

on the type of semiconductor (n-type or p-type) and the relative positions of the Fermi 

level in both the metal and semiconductor. For a n-type semiconductor, the contact is said 

to be rectifying only if its work function (φs) is less than the metal work function (φm), i.e., 

if φs <φm. Conversely, if φs>φm, the metal-n-type semiconductor contact is Ohmic. The 

situation is reversed for p-type semiconductors. A metal-p-type semiconductor contact 

will be rectifying, if  φs >φm and non-rectifying, if φs <φm. The subsequent section will 

explore into the formation of Schottky junctions. 

  When a metal establishes contact with a semiconductor, a potential barrier is 

created at the metal-semiconductor (MS) interface. This kind of barrier forms when the 

charges separate at the interface, leading to the formation of a high-resistance region in 

the semiconductor, depleted of mobile carriers. Schottky and Mott presented the initial 

model to elucidate the barrier height. The process of barrier formation is depicted in the 

energy band diagrams in Fig. 2.1. In Fig. 2.1(a), the band diagram illustrates a metal and 

an n-type semiconductor with work functions φm and φs, respectively, where φs<φm and 

the vacuum level serve as the reference point. The work function of the semiconductor 

undergoes variation due to the fluctuation in the Fermi level caused by doping. 

Nevertheless, the electron affinity 𝜒𝜒𝑠𝑠 of a semiconductor remains unaffected by doping. 

Both the work functions and the electron affinity are measured and denoted in units of 

electron volts (eV). 
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Fig. 2.3: Energy band diagrams depicting the contact of a metal with an n-type semiconductor, where 
φm>φs. Neutral materials when (a) they are separate from one another and (b) in the thermal equilibrium 

after contact formation. (Ref.10) 

 The energy band diagram, shown in Fig. 2.3(b), represents the equilibrium state 

after the metal-semiconductor (MS) contact has been established. Upon intimate contact, 

electrons from the CB of the semiconductor, possessing higher energy than the metal 

electrons, migrate into the metal until the Fermi levels on both sides align. Consequently, 

the free electron concentration near the boundary decreases, leading to an increased 

separation between the CB edge (EC) and the Fermi level (EF), causing EC to bend upwards 

[Fig. 2.3(b)]. This electron transfer results in a positive charge of ionized donors left in 

the semiconductor region, depleting it of mobile electrons. Simultaneously, a narrow 

layer of negative charge forms on the metal region, creating an electric field aligning from 

the semiconductor region to the metal. As the band gap of the semiconductor remains 

unchanged upon metal contact, the valence band (VB) edge (EV) moves up parallel to EC. 

The vacuum level in the semiconductor undergoes similar variations as EC, gradually 

approaching the metal's vacuum level to maintain continuity. The degree of band bending 

equals the gap between the two vacuum levels, equivalent to the distance between the 

two work functions qVi = (φm - φs), where Vi is the contact potential difference or built-in 

potential of the junction. An electron transitioning from the semiconductor to the metal 

must cross a potential barrier of qVi. However, when viewed from the metal region to the 

semiconductor, the barrier value changes and is given by: 
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B m sφ φ χ= −          (2.9) 

Considering, 

𝜙𝜙𝑠𝑠 = 𝜒𝜒𝑠𝑠 + 𝜙𝜙𝑛𝑛         (2.10) 

the barrier becomes, 

B i nqVφ φ= +          (2.11) 

where φn = (EC - EF) and q represents the electronic charge. Here, eq. 2.9 was formulated 

by Schottky and independently by Mott, referred to as the Schottky limit. The rectifying 

nature of the MS contact will be explored in the following section. 

 

Fig. 2.4: Energy band diagrams of the rectifying contact with a metal and a n-type semiconductor. (a) the 
thermal equilibrium, (b) the forward bias and (c) the reverse bias condition. 

 The energy band diagram of the MS contact at thermal equilibrium is depicted in 

Fig. 2.4. In this state, the rate at which electrons traverse the barrier from the 

semiconductor to the metal is counterbalanced by the rate at which they travel across the 

barrier from the metal to the semiconductor, resulting in no net current flow. The 

semiconductor becomes negatively biased relative to the metal by a voltage V=VF, causing 
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the width of the depletion region to decrease. Consequently, the voltage across this region 

reduces from Vi to (Vi-VF), as displayed in Fig. 2.4(b). Electrons in the semiconductor 

region encounter a reduced barrier, leading to an increased electron flow from the 

semiconductor towards the metal compared to the thermal equilibrium value. However, 

φB remains unaffected by the bias voltage. Consequently, the electron flux from the metal 

to the semiconductor does not change from equilibrium. Therefore, when a negative bias 

is applied to the semiconductor, there is a net movement of electrons from the 

semiconductor to the metal, resulting in a current in the direction from the metal to the 

semiconductor. This polarity causes the junction to be forward-biased and the current 

rises exponentially with the applied voltage VF. Fig. 2.4(c) illustrates the energy band 

diagram for a reverse-biased contact. Further, when a positive bias is applied to the 

semiconductor relative to the metal (V= -VR), the potential drop over the depletion region 

increases to (Vi +VR). As a result, the electron flow from the semiconductor to the metal 

decreases below the equilibrium value, while the flow from the metal region remains 

unaltered. This causes a current flow in the opposite direction (i.e., from the 

semiconductor to the metal) which is typically smaller than the forward current and thus, 

the metal-semiconductor (MS) contact behaves as a rectifying junction. 

 The preceding description pertains exclusively to n-type semiconductors, where 

φs<φm. The energy band diagrams for an n-type semiconductor with φm<φs are illustrated 

in Fig. 2.5. In Fig. 2.5(a), the energy bands illustrate the state of the materials when they 

are separated. Following the contact, electrons migrate from the metal into the CB of the 

semiconductor, resulting in a positive charge on the metal and electrons accumulate in 

the semiconductor region at the interface. Upon reaching equilibrium, the Fermi level in 

the semiconductor rises by (φs-φm) as depicted in Fig. 2.5(b). The charge in the 

accumulated region of the semiconductor is localized within the thickness approximately 

equivalent to the Debye length, effectively forming a surface charge. 
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Fig. 2.5: Energy band diagrams for metal contact on an n-type semiconductor where φm<φs: (a) Neutral 
materials when they are separate from one another; (b) Contact at thermal equilibrium; (c) Negative bias 

and (d) Positive bias on the semiconductor. 

Due to the high concentration of electrons in the metal, the positive charge on the metal 

region also constitutes a surface charge within a small distance (~0.5 Å) at the MS 

interface. Thus, there is neither a depletion region nor a potential barrier to prevent 

electrons from migrating from the semiconductor towards the metal or vice versa. 

 The electron concentration in the vicinity of the interface increases, and the bulk 

semiconductor region attains the highest resistance in the system. Almost all of the 

externally applied voltage is distributed across the bulk region, as depicted in Fig. 2.5(c) 

and Fig. 2.5(d) for the two current flowing directions. It is evident that the current is 

governed by the bulk-region resistance and remains unaffected by the direction of the 

applied bias. This type of non-rectifying contact is commonly known as an Ohmic contact.  

 For n-type semiconductors, an MS contact is known to be rectifying if φm>φs and is 

non-rectifying if φm<φs. Conversely, for a metal-p-type semiconductor contact, the 

opposite phenomena occur. When φm<φs, the energy band diagrams for separate 

materials are depicted in Fig. 2.6(a). After the contact, electrons flow from the metal into 
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Fig. 2.6: Electron energy band diagrams of metal contact on p-type semiconductor with ϕm<ϕs (a) 
Neutral and separated materials and (b) at thermal equilibrium after the contact has been formed. 

the semiconductor until the Fermi levels on both sides align. These electrons, being 

minority carriers in the p-type semiconductor, subsequently recombine with holes, 

forming a space-charge layer of ionized acceptors, as illustrated in Fig. 2.6(b). The hole 

concentration in the space-charge region is significantly smaller in comparison with the 

acceptor concentration, resulting in the space-charge region on the semiconductor region 

consisting of a depleted region whose thickness (W0) depends on the concentration of 

ionized acceptor atoms. 

 For p-type semiconductors, barriers for holes in the band diagram must be 

considered. The barrier height for holes is determined by the following relation: 

B s g mEφ χ φ′ = + −        (2.12) 

where Eg is the band gap of the semiconductor. From equations (2.9) and (2.10), it follows 

that, 

B B gEφ φ ′+ =         (2.13) 

Similar to the discussion for n-type semiconductors, it can be shown that a contact formed 

by a metal and a p-type semiconductor is non-rectifying if φm>φs. However, it is observed 

that Schottky barriers with p-type semiconductors typically exhibit smaller barrier 

heights and are infrequently utilized in practical devices. 
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2.3.2. Modifications of Schottky Theory 

Metal-semiconductor contacts in practical scenarios often deviate from the guidelines 

outlined above. Specifically, eq. (2.9) indicates that the barrier height (φB) varies linearly 

with the metal work function (φm). This strong dependence on φm is prominent in 

predominantly ionic semiconductors. However, in many covalent semiconductors, the 

barrier height exhibits less sensitivity to φm, and in some cases, it is nearly independent 

of φm. 

 Bardeen was the first to elucidate that the barrier height in covalently bonded 

semiconductors is insensitive to the metal work function. He highlighted the significance 

of localized surface states in determining the barrier height. At the semiconductor's 

surface, the periodicity of the crystal lattice comes to an end. In a covalent crystal, surface 

atoms only have neighbours on the semiconductor region, and on the vacuum region, 

there are no neighbours available for covalent bonds. Consequently, each surface atom 

has a broken covalent bond with one electron present and the other missing, known as a 

dangling bond. These dangling bonds create localized energy states at the 

semiconductor's surface, with energy levels situated within the forbidden gap. 

 These surface states generally form a continuous distribution in the band gap, 

characterized by a neutral level (φ0). The position of the φ0  is such that, in the absence of 

band bending in the semiconductor, the states are filled by electrons up to φ0, rendering 

the surface electrically neutral. When states below φ0 are occupied or empty, they behave 

like donors or positive, and when they are unoccupied, they function like acceptors. The 

density of surface states on covalent semiconductor surfaces can substantially decrease 

the presence of adsorbed layers of foreign atoms, which can complete the broken 

covalent bonds. 

 The presence of surface states has a notable impact on the charge distribution in 

the depletion region, influencing the barrier height. In Fig. 2.7(a), the energy band 

diagram of an n-type semiconductor with flat-band conditions is depicted. This state is 

characterized by non-equilibrium conditions, transitioning to equilibrium when 

electrons from the semiconductor near the surface occupy states above φ0, aligning the 

Fermi level at the surface with that in the bulk. This leads to a negatively charged surface 

and the creation of a depletion region comprising ionized donors on the semiconductor 

side near the surface. Due to this dipole, a potential barrier is established in the direction 
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Fig. 2.7: Energy band diagrams of n-type semiconductors incorporating surface states. The diagrams 
depict (a) a flat-band at the surface, (b) a surface in thermal equilibrium with the bulk, and (c) a 

semiconductor in contact with a metal. 

from the surface to the semiconductor, even when there is no metal contact, as displayed 

in Fig. 2.7(b). 

 Upon introducing a metal into contact with the semiconductor and reaching 

equilibrium, the Fermi level in the semiconductor changes, exchanging charge with the 

metal. If the density of surface states at the semiconductor surface is substantial, the 

charge exchange predominantly occurs between the metal and the surface states, with 

minimal impact on the space charge in the semiconductor. Consequently, the barrier 

height in Fig. 2.7(c) becomes independent of the metal work function and is determined 

by the expression: 

0( )B gEφ φ= −         (2.14) 

In this scenario, the barrier height is termed "pinned" by surface states, and eq. (2.13) is 

denoted as the Bardeen limit. 
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2.4. Classification of Metal-Semiconductor Interfaces 

The interfaces between metals and non-metals can be systematically classified into 

four primary types based on the resulting atomic configuration at the interface. These 

categories are as follows: 

Type I: This category involves non-metal acting as an insulator or semiconductor, where 

the metal is physiosorbed onto its surface. This type of interface exhibits ideal Schottky 

barrier contact, where the barrier height directly varies with the metal work function. 

Type II: In this type, the non-metal is a highly polarizable semiconductor, such as silicon, 

with a dielectric constant (εr) greater than 7. The metal forms a weak chemical bond with 

the semiconductor surface, without reacting to create a bulk compound. They resemble a 

"Bardeen barrier," assuming that surface states are spread over the space in the 

semiconductor, allowing for a potential drop across this region. The barrier height in 

decent contacts of this type is expected to exhibit a weak dependence on φm. 

Type III: In Type III interfaces, the highly polarizable semiconductor undergoes a 

chemical reaction with the metal, leading to the formation of one or more chemical 

compounds. They represent a scenario of strong chemical bonding between the metal and 

the semiconductor. The barrier height is expected to be influenced by factors related to 

chemical or metallurgical reactions occurring at the interface. 

Type IV: This type involves the formation of a thin film of native oxide during the surface 

preparation of a highly polarizable semiconductor. This film acts as an interfacial layer, 

hindering intimate contact between the metal and the semiconductor. This type of 

interface is frequently encountered in practical metal-semiconductor devices; this case 

involves a brief discussion in the subsequent section. 

2.5. Contacts with Surface States and an Insulating Interfacial 

Layer 

In the majority of metal-semiconductor contacts, the semiconductor surface, before metal 

deposition, undergoes chemical cleaning, resulting in the presence of a thin insulating 

oxide layer on its surface. The thickness of this interfacial layer is contingent upon the 

surface preparation method and, for optimal Schottky contacts, should be maintained 
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below approximately 20 Å. The energy band diagram illustrating a contact with an 

interfacial oxide layer is depicted in Fig. 2.8. 

 As previously elucidated, the Fermi level remains uniform throughout the system, 

 

Fig. 2.8: Energy band diagram of a metal-semiconductor contacts with surface states and interfacial layer. 

and the vacuum level exhibits continuity along the interface. The potential linearly drops 

across the interfacial oxide layer (Fig. 2.8), assuming it to be an ideal insulator with no 

charge. Furthermore, it is presumed that the lower edge of the CB in the insulator lies 

beneath the vacuum level. In instances where the interfacial layer is sufficiently narrow 

(i.e. <20 Å), the potential drop along it is insignificantly small in comparison to that in the 

semiconductor depletion region. This thin region is electron-transparent, allowing 

electrons to tunnel through it bi-directionally. Consequently, the φB and Vi remain largely 

unchanged by the presence of this thin interfacial layer. 

 Contacts featuring a thin insulating layer between the metal and semiconductor 

prove more amenable to theoretical understanding and analysis than their decent and 

strong counterparts. This is attributed to the insulating layer acting as a separator, 

enabling the treatment of the metal and semiconductor as distinct systems. Consequently, 

one can consider interface states as a characteristic of the specific semiconductor-

insulator combination, disregarding any alterations in the surface dipole contributions to 

the work functions of the metal and semiconductor. Such simplifications are not 

applicable when dealing with clean contacts. 
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2.6. Fabrication Process of Schottky Diodes 

Material Selection: In the fabrication of Schottky diodes, metal choice is crucial and is 

determined by the semiconductor type. Aluminium (Al) or platinum (Pt) is commonly 

preferred for n-type semiconductors to establish a rectifying contact. Despite silver's (Ag) 

excellent electrical conductivity, its susceptibility to oxidation limits its use in metal-

semiconductor junctions. In thin film applications, indium tin oxide (ITO) on a glass 

substrate is utilized for its resilience at elevated temperatures. Silicon wafers with 

specific orientation, thickness, and resistivity are selected for silicon-based Schottky 

diodes. 

Cleaning: To ensure an uncontaminated surface, ITO/wafers undergo meticulous 

cleaning with trichloroethylene, acetone, and methanol solvents. The final cleaning step 

involves using a 30-40% HF etching solution11. 

Rinsing: Wafers are rinsed in deionized (DI) water repeatedly before subsequent 

deposition procedures. 

Deposition of Semiconducting Materials: The materials to be used as the 

semiconducting layer are deposited onto the ITO glass substrate with the help of Spin 

coating units with a rotation of a certain rpm. Any other PVD methods, such as 

evaporation by electron beam can also be used to deposit the films of the semiconducting 

materials. 

Ohmic Contact Formation: Ohmic contacts on the back side of silicon wafers are 

established for efficient electrical connections to semiconductor regions. High-purity 

aluminium or the chosen metal is deposited using vacuum coating units, maintaining a 

constant low pressure for uniformity up to a few tens of nanometers. Annealing optimizes 

temperature, duration, and pressure, facilitating inter-diffusion and forming well-defined 

Ohmic contacts. 

Schottky Contacts: Before metal deposition, silicon wafers are cleaned and etched in a 

40% HF solution to remove the native oxide layer. A thin layer of the chosen metal is then 

applied to the semiconductor surface using deposition techniques such as sputtering or 

evaporation, with thickness controlled for desired electrical characteristics. A few 

optional steps are: 
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Photolithography: Photolithography defines the Schottky contact area by applying 

photoresist, exposing it to UV light through a mask, and developing the pattern through 

chemical processing. 

Etching: Precision etchants selectively remove metal in exposed regions, defining the 

final geometry of the Schottky diode. 

Passivation: Optionally, a passivation layer is deposited over the Schottky diode to 

enhance long-term stability and shield it from environmental factors. 

2.6.1. Aluminium in Device Fabrication 

Aluminium, the Earth's most abundant metal, stands out for its exceptional malleability, 

ductility, and lightweight characteristics. Compared to numerous other metals, it exhibits 

a relatively soft nature. Beyond its mechanical attributes, aluminium demonstrates 

commendable electrical and thermal conductivity while maintaining reasonable 

resistance to corrosion. Remarkably environmentally friendly, it can be recycled without 

compromising any of its intrinsic properties. In contrast, platinum, a more expensive and 

heavier metal, has a higher work function of 5.65 eV, in stark contrast to aluminium’s 

lower work function of 4.2 eV. 

2.6.2. Glass Substrate Coated with Indium Tin Oxide (ITO) 

Indium Tin Oxide (ITO) is a compound consisting of indium (In), tin (Sn), and oxygen (O), 

with a composition of 74% In, 18% Sn, and 8% O. Widely recognized for its combination 

of electrical conductivity, optical transparency, ease of deposition as a thin layer, and 

moisture resistance, ITO stands out as one of the most commonly employed transparent 

conducting oxides. Typically, thin films of indium tin oxide are deposited onto glass 

surfaces using physical vapour deposition techniques. These films exhibit an optical 

transmittance exceeding 80% for thin layers, accompanied by a low electrical resistivity 

of only 10-4 Ω-cm12. 

2.6.3. Metal Deposition  

The fabrication of metal-semiconductor junctions follows a vertical sandwich 

configuration, specifically Al/synthesized material/ITO, chosen for its simplicity in 

junction fabrication. Initial to this process is the meticulous cleaning of the ITO, 

necessitating a thorough cleaning procedure. The ITO-coated glass substrates undergo a 
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sequential cleaning process involving ultra-sonication with a mild basic water solution 

(containing a small amount of purified sodium hydroxide in distilled water), followed by 

rinsing with acetone, ethanol, and distilled water. Subsequently, the synthesized material 

is dispersed/dissolved in a suitable medium under ultra-sonication and is spin-coated on 

the pre-cleaned ITO substrate at a specified rpm for multiple cycles. The resulting films 

are then dried in a vacuum chamber for several hours.  

 The next step involves the deposition of aluminium metal on the thin film of the 

material through thermal evaporation. This process employs an electron gun within the 

vacuum coating unit, maintaining a low pressure, generally at 10-6 mbar. To define the 

metal-semiconductor interface precisely, a shadow mask is employed during metal 

deposition, ensuring an effective junctional area of 7.065 × 10-6 m². The schematic 

structure of the fabricated Schottky diode is provided in the following Fig. 2.9. 

 

Fig. 2.9: Schematic diagram of fabricated MS junction Schottky diode. 

2.7. Electrical Studies of Schottky Barrier Diodes 

There are different ways to measure the important Schottky diode parameters (e.g. 

ideality factor, barrier height and series resistance) and charge transport parameters (e.g. 

mobility and transit time). They are described shortly in the following section. 

2.7.1. Evaluation of Ideality Factor, Barrier Height and Series 

Resistance 

In Schottky barrier diodes constructed on high mobility semiconductors like Si and GaAs, 

the current is attributed to the thermionic emission of electrons across the barrier and 

its dependence on the applied bias V is expressed by the relationship: 
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where, 
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Here, η represents the diode ideality factor, and A* denotes the modified Richardson 

constant for the semiconductor. For forward bias values of V exceeding 3kT/q, the ln (I) 

vs. V plot yields a linear relationship. By extrapolating this line to V = 0, I0 can be 

determined. Utilizing I0, A*, the diode cross-sectional area Aeff, and the temperature T, the 

zero bias barrier height (φB) is computed, accounting for the image force barrier lowering 

distance (∆φB). 

 In situations where A* is unknown, the barrier height can still be deduced. 

Forward I-V characteristics of the diode are acquired at various temperatures, and I0 is 

determined for each temperature. The ln(I0/T2) versus 1/T plot results in a straight line, 

with the slope offering the barrier height φB, and the intercept on the I0/T2 axis providing 

the value of A*.  

𝑙𝑙𝑙𝑙 � 𝐼𝐼0
𝑇𝑇2
� = 𝑙𝑙𝑙𝑙�𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴∗� −

𝜙𝜙𝐵𝐵
𝑘𝑘𝑘𝑘

       (2.17) 

The method yields the barrier height at 0K, marginally higher than the room-temperature 

barrier height. Real devices often exhibit deviations from ideal behaviour, with the 

emergence of a significant series resistance Rs at higher currents, encompassing the 

series resistance of the semiconductor, metal, and contacts. Thus, 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑉𝑉 − 𝐼𝐼𝑅𝑅𝑆𝑆        (2.18) 

Now, equation (2.15) can be rearranged as, 

𝐼𝐼 = 𝐼𝐼0 �𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑞𝑞(𝑉𝑉−𝐼𝐼𝑅𝑅𝑠𝑠)

𝜂𝜂𝜂𝜂𝜂𝜂
� − 1�        (2.19) 

In forward bias, for V >kT/q and V >> IRS, it can be derived from the diode equation that: 

𝑑𝑑𝑑𝑑
𝑑𝑑(𝑙𝑙𝑙𝑙 𝐼𝐼)

= �𝜂𝜂𝜂𝜂𝜂𝜂
𝑞𝑞
� + 𝐼𝐼𝑅𝑅𝑆𝑆        (2.20) 

The value of η and Rs can be estimated from the intercept and the slope of the straight 

line of the dV/d(ln I) vs. I plot. 
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2.7.2. Estimation of Mobility and Transit Time 

The I-V characteristics can further be analysed by interpreting the charge carrier's 

mobility (μeff) and lifetime (τ) using the space-charge limited current (SCLC) theory to 

elucidate the charge transport mechanism for various photo-induced applications13. 

Plotting log (I) against log (V) for positive voltages reveals distinct linear regions 

indicative of different conduction mechanisms. In metal-semiconductor junctions, 

interfacial trap states significantly influence charge carrier conduction, thereby altering 

I-V characteristic curves. At low bias, Ohmic behaviour (I α V) with a slope near unity is 

observed, indicating predominant conduction by intrinsic charge carriers14. 

Subsequently, as the slope increases (typically reaching 2), injected carriers from the 

contacts begin to dominate over intrinsic carriers for intermediate potential values, 

establishing a spatially distributed charge field. Mobility primarily governs quadratic 

current (I α V2) in this region13,15. Eventually, at higher applied voltages, the device 

surpasses the trap-filled limit, resulting in conduction primarily through 'trap-free space-

charge limited current' characterized by power-law behaviour (I α Vn, where n > 2), 

corresponding to region III15. 

 The mobility of electrons is estimated from the slope of the I vs. V2 plot, according 

to the Mott-Gurney equation15: 

𝐼𝐼 = 9𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒𝜀𝜀0𝜀𝜀𝑟𝑟𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
8

�𝑉𝑉
2

𝑑𝑑3
�        (2.21) 

where, Aeff, ε0, εr and d stand for the effective diode area, the free space permittivity, the 

dielectric constant of materials and the thickness of the diode, respectively.  

Here, the dielectric constant (εr) of the synthesized materials could be estimated from the 

capacitance (C) vs. frequency (f) plot, obtained from the measurement by an impedance 

analyser. 

0

0
r

eff

C d
A

ε
ε

=          (2.22) 

where, C0 is the saturated capacitance16. 

Also, the lifetime or transient time (τ) of the charge carriers could be deduced by 

employing the following equation17: 



66 | Theoretical Analysis of structural… 

 
09
8

( )r effA V
d I

ε ε
τ =         (2.23) 

2.7.3. Capacitance-Voltage Measurement 

In the capacitance-voltage measurement approach, the diode capacitance is evaluated 

concerning the applied reverse bias. When subjecting a reverse-biased diode to a small 

AC voltage of a few millivolts, the depletion region capacitance C is defined by the 

equation: 

𝐶𝐶 = 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 �
𝜀𝜀𝑆𝑆𝑞𝑞𝑁𝑁𝑑𝑑

2�𝑉𝑉𝑖𝑖+𝑉𝑉𝑅𝑅−
𝑘𝑘𝑘𝑘
𝑞𝑞 �
�

1
2
       (2.24) 

where Aeff represents the cross-sectional area of the diode, εS the permittivity of the 

semiconducting material used, VR is the applied reverse voltage, and all other symbols 

maintain their conventional meanings. This formulation assumes the absence of a 

significant interfacial oxide layer in the diode and uniform donor concentration Nd in the 

n-type semiconductor. Notably, a plot of 1/C2 versus VR yields a linear relationship with 

a slope of (2/Aeff2εSqNd) and an intercept on the voltage axis V0=(Vi-kT/q). The slope 

enables the determination of the dopant concentration Nd, and as qVi = (φB -φn), the 

barrier height φB is derived as: 

𝜙𝜙𝐵𝐵 = 𝑞𝑞𝑉𝑉0 + 𝜙𝜙𝑛𝑛 + 𝑘𝑘𝑘𝑘         (2.25) 

Here, the kT factor accounts for the contribution of the majority carriers to the space 

charge, and eq. (2.17) excludes the image force barrier lowering. 

2.7.4. Photoelectric Measurement 

The photo-electric measurement stands out as the direct and most accurate approach for 

estimating the barrier height (φB). In this method, a monochromatic light is directed onto 

a metal in contact with a semiconductor. If the photon energy (hν) exceeds the barrier 

height (φB) but is less than the band gap of the semiconductor, the incident photons cause 

electron excitation from the metal over the barrier. The resulting photocurrent (Iph) for 

(hν-φB) ≫3kT is described by the Fowler theory as: 

       (2.26) 
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where B represents the proportionality constant. When Iph is plotted against hν, a straight 

line is generated and the intercept of the hν axis provides the value of φB. 

2.7.5. Application of Schottky Diodes 

Schottky diodes exhibit a superior current drive capability compared to typical p-n 

junctions and, contingent on the Schottky barrier height (SBH), manifest a larger 

saturation current. Consequently, in circuit applications necessitating high current and 

low voltage, Schottky diodes emerge as the favoured rectifying devices. Moreover, 

Schottky diodes avoid issues associated with minority carriers, as they do not face the 

limitations tied to minority carrier recombination time that are inherent in a p-n junction. 

This characteristic makes Schottky diodes notably faster, which makes them suitable for 

use in digital logic circuits as rapid switches. High-speed Schottky photodiodes find 

applications in optical measurements and communication technologies. Schottky 

junctions also serve as cost-effective photovoltaic cells. Additionally, metal-

semiconductor contacts play a pivotal role as gate electrodes in field-effect transistors, 

the drain and source contacts in MOSFETs, the electrodes for high-power IMPATT 

oscillators, and the third terminal in a transferred-electron device. 

2.8. Impedance Spectroscopy (IS) 

In the late nineteenth century, Oliver Heaviside introduced the non-destructive technique 

of Impedance Spectroscopy, which later evolved based on complex mathematical 

transforms. He contributed terminologies such as Impedance, Admittance, and 

Conductance. A. E. Kennelly and C. P. Steinmetz further developed this approach18, 

representing it through vector diagrams and complex illustrations. Impedance 

spectroscopy is a potent method for characterizing the electrical properties of materials 

and interfaces between materials and electrodes. It is applicable for analysing the 

dynamics of bound and mobile charges in the bulk and interfacial regions of various 

materials, including ionic, semiconducting, mixed electronic-ionic, and insulators 

(dielectrics). A significant benefit of impedance spectroscopy for studying the electrical 

and electrochemical properties of materials and systems is the direct correspondence 

often seen between the behaviour of a real system and that of an equivalent model circuit 

made up of distinct electrical components. Researchers often analyze or fit impedance 
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data to an equivalent circuit that represents the physical processes occurring in the 

material and at the interfaces. 

2.8.1. Associated Functions in Impedance Spectroscopy 

Impedance, a more comprehensive concept than resistance, incorporates phase 

variations, making it a fundamental idea in electrical engineering. Impedance 

spectroscopy is characterized by the measurement and analysis of the four impedance-

related functions: Z, Y, M, and ε. The visualization of these functions in the complex plane, 

as we will investigate, is very advantageous for interpreting the small signal AC response 

of the electrode material system being studied. The utilization of Z and Y in analysing the 

response of electrical circuits composed of lumped (ideal) components (R, L, and C) dates 

back to the early stages of electrical engineering. A significant achievement in the analysis 

of real systems, particularly those distributed in space, was made by Cole and Cole [1941] 

through the plotting of ε' and ε" for dielectric systems in the complex plane, now known 

as a Cole-Cole plot. Moreover, Z and/or Y have found extensive application in the 

theoretical treatment of semiconductor and ionic systems. Complex plane plots are 

sometimes referred to as Nyquist plots.  

 Impedance, defined as a complex quantity, is real when θ=0, representing purely 

resistive conductance, when ( ) ( )Z Zω ω′= . In this situation, the impedance remains 

constant regardless of frequency. However, when Z ′  is recognized as a frequency-

dependent characteristic, the Kronig-Kramers (Hilbert integral transform) and 

Macdonald, Brachman [1956] approach to integrate the real and imaginary components 

to ensure that Z ′′  cannot be zero across all frequencies but should vary with frequency.  

 Impedance is expressed as *( ) ( ) ( )Z Z jZω ω ω′ ′′= − ; where { }( ) cosZ Zω θ′ =  and 

{ }( ) sinZ Zω θ′′ = are real and imaginary parts of the total impedance. In impedance 

spectroscopy, various measured or derived quantities associated with impedance play 

pivotal roles. The admittance is represented as, 1Y Z Y jY− ′ ′′= = + . In the complex plane, 

we can express v=Zi or i=Yv, where v, i, and Z are treated as complex. It is additionally 

standard in impedance spectroscopy to denote Z and Y as far as resistive and capacitance 

parts as ( ) ( )S SZ R jXω ω= − and ( ) ( )P PY G jBω ω= + , where the expressions signify as 

reactance, { } 1( )S SX Cω ω −=  and the susceptance, { }( )P PB Cω ω= . Here the subscripts s 
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and p mean "Series" and "Parallel", respectively. The other two quantities are normally 

characterized as the modulus function 0M j C Z M jMω ′ ′′= = +  and the complex dielectric 

constant or dielectric permittivity is denoted as 1
0/ ( )M Y j C jε ω ε ε− ′ ′′= = = −  . In the 

above equations, 0 0 /C A lε=  C0 is the capacitance of the empty measuring cell, where A, 

l and ε0 denotes the electrode area, separation length and the dielectric permittivity of 

free space, respectively. The relations among the four impedance functions are presented 

in Table 2.1. 

Table. 2.1: Relation between the four Impedance functions18. 

 Z Y M ε 

Z(=Z′-jZ″) Z Y-1 M/jωC0 1/jωC0ε 

Y(=Y′+jY″) Z-1 Y jωC0/M jωC0ε 

M(=M′+jM″) jωC0Z jωC0/Y M ε-1 

ε (=ε′-jε″) 1/jωC0Z Y/jωC0 M-1 ε 

 

2.8.2. Nyquist and Bode plot: Conduction of Carriers 

 

Fig. 2.10: Schematic Nyquist plot 

The Nyquist diagram (Fig. 2.10), sheds light on the conduction mechanism of the 

materials and the material-electrode interface. It is the plot between the real and 
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imaginary parts of the impedance. In an ideal scenario, the Nyquist plot shows one or 

more perfect or depressed semicircles, which provide insight into the quantity and kind 

of relaxations occurring within the conduction mechanism. Occasionally, the 

instrument's limitations prevent the semicircles from being completed. The materials 

and experiment type affect the frequency range. In Nyquist plot, the frequency increases 

from right to left of Z′ axis. In Impedance Spectroscopy, the Bode plot is yet another 

crucial presentation. For the applied frequency (logarithm), it shows the fluctuation in 

phase angle and the logarithm of the impedance magnitude. The information about the 

change in impedance nature from low frequency to high frequency can be found in the 

Bode plot. Additionally, it offers a fundamental understanding of the time constant and 

corresponding resonance frequency for any material electrode system or device. 

2.8.3. Equivalent Circuit Model 

Impedance data, often represented in graphical plots showing impedance, dielectric 

properties, or modulus, is typically analyzed by fitting it to an equivalent electrical circuit 

model. Various basic electrical circuits, comprising combinations of ideal resistors and 

capacitors, are used to create representative impedance data plots. In practical settings, 

the impedance of an unknown system is first measured, generating impedance data plots. 

These plots are then compared with those of established equivalent circuits, leading to 

an initial selection of a circuit that best matches the experimentally obtained impedance 

data and offers a plausible explanation of the observed phenomenon. The choice of 

equivalent circuits should be guided by an intuitive understanding of the electrochemical 

system, relying on the chemical and physical properties of the system rather than 

randomly selected circuit elements19. Most circuit components in the model are 

fundamental electrical elements, such as resistors, capacitors, and inductors. It is 

essential to recognize that impedance analysis is an intricate endeavour, encompassing 

physical, chemical, electrical, and mechanical components translated into electrical 

terms. Impedance data is often fitted with an equivalent circuit that includes circuit 

elements corresponding to the physical processes occurring within the investigated 

device. While ideal circuit components like resistors and capacitors can often be applied, 

real systems may exhibit deviations from ideal behaviour. Generally, a combination of 

distributed circuit components, such as the constant phase element (CPE) and the 
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Warburg diffusion impedance, is required to adequately describe the impedance 

response of real systems, acknowledging their non-ideal nature (Table 2.2)18,20. 

Table. 2.2: The circuit components utilized in the Equivalent circuit (EC) model18. 

Components Units Equivalent Element Impedance 

Resistor Ohm R R 

Capacitor F or Ohm-1 S C 1
j Cω

 

Inductor H or Ohm S L j Lω  

Infinite Diffusion Ohm ZW 

( )
WR

jω
 

Finite Diffusion Ohm Z0 
2

0

0

2

0

tanh
j L

R
D

j L

D

ω

ω

 
 
 

 

Constant Phase 

Element 

Ohm-1 Sα Q 

( )
1

Q j αω
 

 

*** 
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3.1. Introduction 
Transition metal chalcogenides have garnered significant attention as electrode 

materials due to their exceptional chemical and physical properties. Notably, compounds 

such as CoS, MnS, NiS, and MoS2 have been explored for their application in 

supercapacitors1-4 and other electronic devices. Among these, copper sulfide (CuS), 

commonly known as ‘covellite’ stands out as a promising candidate owing to its low cost, 

abundance, and environmental friendliness5. CuS has demonstrated metal-like electronic 

conductivity and high theoretical capacity and finds utility in various optoelectronic 

devices and supercapacitors6. In recent years, copper sulfide (CuS) has emerged as an 

earth-abundant transition metal sulfide with several advantageous properties such as 

non-toxicity, high chemical stability, ease of regeneration, biocompatibility, and a unique 

optical property which encourages the preparation and study of CuS materials. CuS has a 

bandgap ranging from 1.3 eV to 2.4 eV7 and is commonly utilized as a semiconducting 

material that exhibits a broad variety of application possibilities, including solar cells8, 

gas sensors9, supercapacitors10, catalysts11, field-effect transistors12, memristors13, and 

biosensors14. 

Numerous studies, including the reflux method15, solvothermal16, sol-gel17, 

hydrothermal18, sonochemical method19, co-precipitation20, and microwave-assisted 

method21, have investigated the synthesis of this metal chalcogenide (CuS), and its 

applications in optoelectronic devices. For instance, Dutrizac et al. described a direct 

metal sulfurization technique involving the heating of copper and sulfur under vacuum 

at 450 °C22. Additionally, Y. Ni et al. utilized microwave irradiation to efficiently 

synthesize CuS nanoparticles (NPs) using CuCl2 and Na2S23. Armelao et al. introduced a 

novel method for CuS nanoparticle synthesis based on the fast nucleation of the sulfide 

by reacting thioacetic acid with water and copper carboxylates24. Other synthesis routes 

include thermolysis25, physical vapor deposition26, and template-assisted growth27. 

Despite the success of these methods in producing CuS materials with diverse 

morphologies, they often involve complex procedures and most of them are not energy-

efficient, requiring high temperatures, vacuum environments, multiple reactants, and 

specialized experimental setups.  

In this study, we explore two simpler methods: solvothermal and co-precipitation 

methods to synthesize CuS nanoparticles and investigate potential changes in their 

electrical properties by fabricating Metal-Semiconductor (MS) junction Schottky diodes. 
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The MS junction Schottky barrier diode (SBD) structures have been widely used in 

electrical and optoelectronic applications in recent days28. The development of this type 

of junction has a significant influence on the performance and quality of the devices29,30. 

MS junctions have numerous potential uses in the electrical as well as electronic 

industry31. The junctions also play a significant role in the characterization of 

semiconductor materials. At present, significant attempts have been made to improve the 

optical and electrical characteristics of CuS by modifying its synthesis method. To date, 

the synthesis process of the semiconducting sulfide has received significant attention 

from technological viewpoints, as the properties of synthesized materials can be affected 

by different synthesis processes. In our present work, we demonstrated the synthesis 

of CuS NPs with flake and hexagonal-like morphologies using co-precipitation and 

solvothermal methods. Our approach utilizes elemental sources directly in the reaction, 

offering a cost-effective synthesis route with minimal by-products. This single-step 

synthesis produces CuS in large quantities, suitable for various applications, and opens 

avenues for synthesizing other metal sulfides using similar strategies. The electrical 

properties of the materials were examined immediately following their synthesis by 

fabricating the SBDs with Al/CuS/ITO configuration. Furthermore, the electrical as well 

as charge transfer properties of the as-synthesized materials were investigated using the 

space charge limited current (SCLC) of thermionic emission theory, as discussed later. 

3.2. Experimental Section 
3.2.1. Synthesis of CuS nanoparticles 
The CuS NPs were synthesized via two different techniques: co-precipitation and 

solvothermal methods. For the synthesis of CuS nanoparticles by co-precipitation 

method, 0.9664 g (4 mmol) of Copper (II) nitrate trihydrate Cu(NO3)2.3H2O was mixed 

with 30 mL of ethylene glycol and stirred for 30 minutes (solution A). Then 0.9604 g (4 

mmol) of sodium sulphide Na2S.9H2O was dissolved in 20 mL of ethylene glycol solution 

with a magnetic stirrer for 30 minutes (solution B). Finally, solution B was slowly added 

dropwise into solution A, and the resulting mixture was stirred for 12 hours at 30 ℃. The 

precipitate was then centrifuged and rinsed multiple times with water and subsequently 

with ethanol. The final sample was collected and dried at 60 °C for 12 hours. 

For the synthesis of CuS NPs by solvothermal method, 0.9664 g (4 mmol) of Copper (II) 

nitrate trihydrate Cu(NO3)2.3H2O was mixed with 30 mL of ethylene glycol and stirred 
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for 30 minutes (solution A). Then 0.9604 g (4 mmol) of sodium sulphide Na2S.9H2O was 

mixed in 20 mL of ethylene glycol using a magnetic stirrer for 30 minutes (solution B). 

Finally, solution B was added dropwise into solution A. The resulting mixture was stirred 

for 2 hours at 30 ℃. Then the homogenous solution mixture was transferred to a teflon-

lined 100 mL autoclave. The autoclave was then placed in a vacuum oven maintaining a 

temperature of 150 ℃ for 12 hours. Next, the precipitate was centrifuged and rinsed 

several times with water and ethanol. Finally, the collected sample was dried at 60 ℃ for 

12 hours.  

3.2.2. Fabrication of Schottky Devices 
The proposed Schottky diode based on CuS NPs was fabricated using sandwich 

configurations of ITO/CuS(solv)/Al and ITO/CuS(co-pr)/Al. For this, two glass substrates 

with Indium Tin Oxide (ITO) coatings were consecutively cleaned with the help of 

ultrasonication using a soap solution, pure deionized water, alcohol and acetone for 10 

minutes each. CuS(solv) and CuS(co-pr) samples were dissolved into N, N-dimethyl 

methanamide (DMF) to make a well-dispersed solution and then these solutions were 

spread on the ITO-coated glasses using the spin coating unit at 800 rpm. The films were 

then dried at room temperature. The surface profiler estimated that the film thickness 

was nearly 1µm. Aluminum (Al) has been used as a metal electrode and deposited on the 

films. The shadow mask was used at the time of deposition on the films to fabricate a MS 

junction using the electron beam evaporation process. The effective area of the diodes 

was calculated as 7.065x10-6 m2. 

3.3. Materials Characterization Techniques 
The crystalline size and phase structure of the synthesized CuS NPs were investigated 

using a powder X-ray diffractometer (PXRD) of Bruker D8 advance, with Cu-Kα (λ = 

1.5418 Å) at 35 kV. A field emission scanning electron microscope (FESEM) of Inspect 

F50 with and a transmission electron microscope (TEM) of JEOL JEM-2010 were used for 

the morphological studies. The FTIR spectra of the materials were obtained to 

understand the bonding mechanisms in solids and on the surfaces using a Shimadzu FTIR 

Spectrophotometer (Model - 8400S). We used a thermo gravimetric analysis (TGA) of 

METTLER TOLEDO TGA/SDTA-851-e in the temperature range of 25 to 800 °C with an 

increment of heat rate of 10 °C/min in N2 environment to study the thermal stability of 
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the CuS nanoparticles (NPs). Using a Perkin Elmer lambda 365 UV-vis 

spectrophotometer, the absorption spectra of the synthesized CuS NPs were recorded. 

The Agilent Technologies Cary Eclipse Fluorescence Spectrometer was used to record the 

photoluminescence spectra. The surface roughness of the films was measured using a 

Bruker Multimode 8 atomic force microscope (AFM). The Keithley 2635B was used as a 

source meter for current-voltage (I-V) measurement with the use of a computer interface. 

Under AM 1.5 G radiation illumination, the photo response of the materials was measured 

by a solar simulator [Model 10500, Abet Technologies]. The 4294A, Agilent impedance 

analyzer was used to record the impedance spectroscopy measurement.  

3.4. Results and Discussion 
3.4.1. Structural Properties 
 XRD Analysis 

 

 

Fig. 3.1: (a) PXRD pattern of CuS synthesized by solvothermal and co-precipitation methods. Williamson 
Hall plot of (b) CuS(co-pr) and (c) CuS(solv). 
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PXRD analysis was used to verify the structural properties of the synthesized copper 

sulfide (CuS). CuS nanoparticles (NPs) synthesized using the co-precipitation and 

solvothermal methods are shown in Figure 3.1 (a) with their XRD spectra. The diffraction 

peaks of prepared CuS were observed at 2θ position ≈ 27.68˚, 29.27˚, 31.78˚, 32.85˚, 

47.94˚, 52.72˚ and 59.34˚, which were allocated to (101), (102), (103), (006), (110), (108) 

and (116) crystallographic planes of the copper sulfide structure without any phase 

impurity (JCPDS Card No: 06-0464, a= b = 6.792 Å and c =16.34 Å). The peak widths and 

intensities suggest that (Fig.3.1a) the temperature applied in the solvothermal treatment 

exhibits better crystalline growth which shows more prominent and sharp peaks in the 

diffraction patterns of CuS(solv) nanoparticles rather than CuS(co-pr). From the 

DIFFRAC.EVA software tool of Bruker, we also obtain information about the crystalline 

percentage of the two differently synthesized samples. The solvothermally synthesized 

sample showed better crystallinity than the sample prepared by the co-precipitation 

method [CuS(solv): crystallinity- 47.5%, amorphous- 52.5% and CuS(co-pr): 

crystallinity-34.4%, amorphous- 65.6%, obtained from DIFFRAC.EVA software by 

Bruker]. 

 
Fig. 3.2: (a, b) Profile fitting of differently synthesized CuS nanoparticles (using MAUD software). The 
black line with dotted symbol is the experimental data, the solid red line shows the calculated pattern, 

and the blue line is the difference between observed and calculated patterns. 

Figure 3.2 shows the plot generated by Rietveld refinement of the CuS nanoparticles 

prepared via co-precipitation and solvothermal synthesis with the help of the MAUD 

programme. To achieve a good fit, the background factor was corrected using the cosine 

Fourier series with eight refinable coefficients, and the Bragg reflection profile was 

characterized by the Thompson-Cox-Hastings pseudo-Voigt function. Parameters such as 
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width dimensions, unit cell dimensions, orientation, asymmetry, structure factor, and 

occupancy were refined. Impurities in the nanoparticles can be ruled out since no 

additional peaks were found in the refinement. The goodness of fit (χ2) is shown in the 

inset of Fig. 3.2. The full details of the CuS structure obtained by two different methods 

are provided below (Fig. 3.3 & Table 3.1). 

 

 

Fig. 3.3. (a) The asymmetric units of Cu-S nanocrystals prepared by two different techniques. (b) Cu 
adopts tetrahedral geometry by coordinating with 4 sulphur molecules in Cu-S nanocrystals. (Cu is 

represented by the orange and sulphur is represented by the yellow balls) (c) Some selected bond angles 
and bond lengths of copper tetrahedral geometry. (d) Sulphur adopted trigonal bipyramidal (TBP) by 

coordinating with five Cu molecules. 

 

The crystal belongs to the hexagonal P group. We have included the crystal parameters 

in tabular form (Table 3.1). Our analysis of the crystal structure revealed that, in the 

asymmetric unit, all the Cu centers exhibit a tetrahedral geometry with 4 coordination 

numbers with sulphur atoms. The equatorial Cu-S bond distance is approximately 2.345 

Å, while due to some distortion, the axial Cu-S bonds become slightly compressed, 

resulting in a bond distance of 2.318 Å. In the case of the Cu-S nanocrystal made by the 

(Co-precipitation) 

CuS(co-pr) 

(Solvothermal) 

CuS(solv) 

(a) 

111.26° 
111.26° 

107.16° 

2.318Å 

2.345Å 

(c) 90° 

90° 
120° 

2.318Å 

2.318Å 
2.186Å 

(d) (b) 
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solvothermal method, there are slight differences compared to the previous technique. 

The crystal volume is 204 Å3, slightly higher than the normal technique. The Cu-S axial 

bond in the tetrahedral coordination environment is also higher in the crystal obtained 

from the solvothermal technique. Due to the sp3 hybridization adopted by the Cu center, 

all the equatorial bond angles are around 107°, but the axial S-Cu-S bond angle is around 

111°. The sulphur moiety adopts the trigonal bipyramid coordination motive, with an 

equatorial bond angle of almost 120° and an axial bond angle of 180°. In that motif, the 

equatorial bond distance of Cu-S is the same, but the axial bonds are a little elongated. 

The two S-S bonds bind with two Cu centers, forming a six-member ring in its chair 

conformation. In the asymmetric unit, CuS nanocrystal S-S bond bridges by binding with 

Cu centers lead to the formation of the interconnected lattice, contributing to the stability 

of the crystal structure. 

Table 3.1: Crystal parameters of CuS synthesized by co-precipitation & solvothermal 

method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters CuS(co-pr) CuS(solv) 

Emp. formula Cu6 S6 Cu6 S6 

Cryst. system hexagonal hexagonal 

space group P 63/m m c P 63/m m c 

a/Å 3.78547 3.79640 

b/Å 3.78547 3.79640 

c/Å 16.27938 16.38558 

α/° 90 90 

β/° 90 90 

γ/° 120 120 

V/Å3 202.0262 204.5204 
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The Debye-Scherrer equation which is given below, is used to obtain the average 

crystallite sizes of the as-synthesized CuS NPs32. 

 

Br cos θ = Kλ
D

+ μ sin θ       (3.1) 

Here, 𝐵𝐵𝑟𝑟 represents the full-width at half maxima (FWHM), K is a constant (K's value was 

taken as 1)33, 𝜆𝜆 is the wavelength of Cu-Kα, 𝜇𝜇 is the microstrain and D stands for the 

crystallite size. The slope and intercept of the figure indicate the microstrain and 

crystallite size of the synthesized material. The crystallite sizes shown by CuS(solv) and 

CuS(co-pr) were 20 nm and 11 nm, respectively, as determined using the Debye-Scherrer 

equation. The size of the crystallites depends on the rate of crystalline nucleation and 

crystalline growth. When the nucleation rate is higher than the growth rate, smaller 

particles with low aggregation are formed. Conversely, when the growth rate is high, 

larger particles are formed. Therefore, it is expected that the long-time stirring during the 

co-precipitation method could affect the nucleation rate. As a result, CuS(co-pr) has 

smaller crystallites compared to CuS(solv). Additionally, the solvothermal method 

enhanced significant crystalline growth, resulting in larger crystallite sizes. CuS(solv) has 

reduced microstrain because it is inversely related to crystallite size34. The measured 

micro-strain values for the CuS(solv) and CuS(co-pr) nanostructures were 6.34x10-3 and 

7.57 x10-3, respectively. The equation used to calculate the dislocation density of the CuS 

nanostructure is as follows35,36: 

δ = 1
D2

          (3.2) 

here δ denotes the dislocation density and D represents crystallite size. The dislocation 

density of the CuS(solv) and CuS(co-pr) nanoparticles was determined to be 2.50x10-3 

lines/m2 and 8.26x10-3 lines/m2 respectively, which shows the CuS(solv) to have a lower 

defect than CuS(co-pr). 

 FESEM and EDX Analysis 

Here in Fig. 3.4(a, b), the FESEM images of the CuS(co-pr) and CuS(solv) nanoparticles 

are displayed. The morphology from the SEM images suggests that the CuS(co-pr) and 

CuS(solv) samples to exhibit almost hexagonal-shaped and flake-like nanostructure, 

respectively. CuS(solv) shows clearer morphology than CuS(co-pr). For both the CuS NPs, 

agglomerated or distorted patterns were seen in Fig. 3.4(a, d).  
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Fig. 3.4: The morphology of CuS nanoparticles is potrayed in: (a) CuS(co-pr) and (d) CuS(solv). The 
particle size distribution with Gaussian is shown in 3(b) CuS(co-pr) and 3(e) CuS(solv). The EDX spectra 

is represented in: (c) CuS(co-pr) and (f) CuS(solv). 

 

However, CuS(co-pr) NPs exhibited more aggregation in a pattern related to other CuS 

samples. From the Gaussian fitted particle distribution (Fig. 3.4b and 3.4e), it is shown 

that the average particle size of CuS(co-pr) and CuS(solv) is 18.70 nm and 28.49 nm, 

respectively. This demonstrates that the shape or the morphology of the synthesized CuS 

NPs is highly influenced by the synthesis method and proves that the solvothermal 

method modifies the particle size and its crystallinity. The solvothermal method is an 

approach where the mixed solution is poured into a sealed reactor. The utilization of the 

relatively high temperature in the reactor and the high-pressure growth environment 

promotes the dissolution and recrystallization of moderately soluble samples. During the 

solvothermal process, the crystal grows to its largest possible size under non-restricted 

conditions and its characteristics like various shapes, high degree of crystallinity, uniform 

distribution, lighter particle agglomeration, etc. The EDX spectra (Fig. 3.4c and 3.4f) 

clarifies that the constituent elements copper, sulphur and oxygen (Cu, S, and O) were 

noted precisely in the nanoparticles. The molar ratio of Cu to S was close to one, indicating 

the stoichiometric formation of CuS NPs. 
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 TEM Analysis 

To study the size and shape along with the phase structure of the synthesized samples, 

we have examined the TEM images. Fig. 3.5 (a) and (b) illustrate the TEM images of 

CuS(co-pr) and CuS(solv), respectively. It shows that the solvothermally synthesised 

particles are more crystalline than those synthesized via co-precipitation method and 

also the hexagonal shape of the particles is more prominent in the solvothermal synthesis 

than in the co-precipitation method.  

Fig. 3.5 (c) and (d) displayed the selected area electron diffraction (SAED) pattern of the 

CuS(co-pr) and CuS(solv), respectively. Due to the superimposition of the bright spot, 

Debye ring patterns are observed for both compounds. These patterns indicate the 

polycrystalline nature of the compounds. Among them, CuS(solv) demonstrates clearer 

ring patterns than CuS(co-pr). Therefore, the solvothermal technique, effectively 

modifies the size of the nanoparticles and improves their crystallinity. 

 
 

Fig. 3.5: TEM images of (a) CuS(co-pr) and (b) CuS(solv). SAED pattern of (c) CuS(co-pr) and (d) 
CuS(solv). 

 

3.4.2. Optical Properties 
 UV-vis absorbance study 

The optical characteristics of the CuS NPs were studied at room temperature using UV-

vis absorption spectroscopy. The absorption spectra of differently synthesized copper 

sulfide thin films were noted between the wavelengths of 350 and 800 nm. Fig. 3.6(a) 
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displays the UV-vis absorption spectra of CuS(solv) and CuS(co-pr). The obtained spectra 

shows that the absorption of CuS(solv) is higher than that of CuS(co-pr). The increase in 

grain size may be responsible for shifting of the optical absorption edge of CuS(solv) 

towards the longer wavelength side compared to CuS(co-pr)37. 

 
Fig. 3.6: (a) Absorbance spectra of CuS(co-pr) and CuS(solv) NPs. (b) Tauc’s plot to determine the band 

gap of both the CuS nanoparticles. 

 

 The Tauc’s plot for CuS(solv) and CuS(co-pr) is shown in Fig. 3.6(b). The optical 

bandgap (Eg) of the synthesized NPs was estimated using Tauc’s equation (See 

Supplementary Information). The calculated values of the bandgap for CuS(co-pr) and 

CuS(solv) were approximately 2.40 eV and 2.28 eV, respectively38. Therefore, when the 

particle size is reduced, there is an enhancement in the energy band gap between the 

valence and conduction bands. CuS(co-pr) has a greater optical band gap than CuS(solv), 

indicating that its particles are smaller than CuS(solv). The optical bandgap tends to 

shrink as the particle size increases due to the quantum confinement effect in 

semiconductors39. 

 FT-IR Analysis 

 FTIR spectra are a useful tool to get information about the chemical bonds and its nature 

present in nanoparticles. Fig. 3.7 shows the FTIR spectra of the prepared CuS(solv) and 

CuS(co-pr) in the wave number range between 500-3500 cm-1 at ambient temperature. 

The vibrational peaks at 520 cm-1, 608 cm-1, and 1038 cm-1 are assigned to S-S bonds, Cu-

S stretching, and C-O stretching alcohol, respectively. This indicates the presence of 

disulfide and metal-sulfide bonds40,41. 
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Fig. 3.7: FTIR spectra of CuS(solv) and CuS(co-pr) from wavenumber 500 cm-1 to 3500 cm-1. 

 

The peak around 1634 cm-1 is attributed to -OH bending vibration with Cu atoms42. The 

2365 cm-1 vibration is assigned to the O-H bending of water molecules. As the water 

evaporates from the surface of the nanoparticles, the O-H stretching band of CuS(solv) is 

weaker compared to its counterpart in CuS(co-pr)43. The vibration at 3000-3100 cm-1 is 

assigned to C-H stretching. 

3.4.3. Atomic Force Microscopy (AFM) Studies 
 

 

Fig. 3.8: AFM images of (a) CuS(co-pr) and (b) CuS(solv) nanoparticles-based films. 
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The roughness of the surfaces of as-synthesized CuS nanoparticles-based thin films was 

investigated using an atomic force microscope. Two separate dispersed solutions of 

CuS(co-pr) and CuS(solv) were dropped on two separate cleaned ITO-coated glasses at 

the same spinning speed. The films were dried at ambient temperature. Fig. 3.8 depicts 

the AFM images of the corresponding CuS(solv) and CuS(co-pr) based thin films. The 

roughness of the CuS(co-pr) films was found to be larger than that of the CuS(solv) films. 

CuS(solv) and CuS(co-pr) based thin films had r.m.s roughness values (Rq) of 1.39 nm and 

3.74 nm, respectively. Smoother surfaces, which means lesser surface roughness, have a 

possibility of fewer number of traps. This is preferable for smoother charge transfer 

which increases the quality of the MS junction and improves device performance based 

on CuS(solv) rather than CuS(co-pr). 

3.4.4. Thermal stability study 

 

Fig. 3.9: Thermal stability graph of the CuS(solv) and CuS(co-pr) nanoparticles. 

 

The thermal stability and weight losses of the synthesized CuS nanoparticles were 

investigated using thermo gravimetric analysis (TGA). Fig. 8 depicts the weight loss % of 

CuS(co-pr) and CuS(solv) while heated up to 800 °C at a temperature rise of 10 °C/min in 

an N2 environment. The differently prepared CuS NPs exhibit a different decomposition 

pattern. CuS(co-pr) NPs showed weight loss and almost 68% remained up to 800 °C 

whereas CuS(solv) NPs remained almost 75% up to the same temperature. The initial 

weight loss is shown between 100-300 °C which indicates solvent desorption and 

moisture absorption. In the second part, that is 300-400 ℃, the phase conversion of CuS 

occurs44. This result indicates that CuS(solv) is more stable than CuS(co-pr). TGA serves 
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a critical role in our investigation by evaluating the thermal stability of the synthesized 

particles. Understanding their ability to withstand heat is essential for their potential use 

in manufacturing optoelectronic devices. Our focus on light incidence and photo response 

makes it pertinent to examine how mass changes with thermal fluctuations. This analysis 

helps anticipate and comprehend mass variations due to thermal energy, providing a 

comprehensive understanding of the material's behavior under relevant operational 

conditions. 

3.4.5. Current-Voltage (I-V) characteristics 
CuS NPs' current-voltage characteristics are given in Fig. 3.10 (a, b) under both the 

absence and presence of light. The logarithmic I vs. V graph for each condition is provided 

in the inset. All electrical characterizations were carried out under ambient conditions. 

The Al/CuS(co-pr)/ITO, as well as the Al/CuS(solv)/ITO Schottky devices were fabricated 

to demonstrate the current-voltage behaviour, using the Keithley 2635B sourcemeter 

with a bias voltage range of -1V to +1V. The behavior of the curve observed to follow a 

Schottky diode, as clearly shown in Fig. 3.10 (a, b) with a non-linear and rectifying nature 

for both the I-V graphs. We have applied the thermionic emission theory, along with the 

diode equation, to derive various diode parameters such as on/off ratio, conductivity, 

ideality factor, series resistances etc. The related expressions are provided in the 

previous chapter (§ 2.7.1). 

 
Fig. 3.10: Current-Voltage characteristics graph and (log I) vs. V graph (in the inset) for (a) CuS(co-pr) 

and (b) CuS(solv) under dark and illumination conditions, (c) photo-current vs. time graph of 
ITO/CuS/Al-based devices. 

 

For CuS(co-pr) based devices, the measured on/off ratio was 83 and 98, whereas, for 

CuS(solv) based devices, it was 107 and 145 in the absence (dark) and presence of light, 

respectively. CuS(solv) has far better rectifying properties than the other one, as 
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demonstrated by an enhancement of the on/off ratio in CuS(solv)-based devices. It's 

interesting to note that the current measured in dark conditions for the Al/CuS(solv)/ITO 

device showed a significantly higher value than the Al/CuS(co-pr)/ITO device. The dc 

conductivity was calculated using the I vs. V curve. CuS(co-pr) has a measured dc 

conductivity of 6.49x10-6 Sm-1 and 1.12x10-5 Sm-1 in both dark and light conditions, but 

CuS(solv) had values of 3.60x10-4 Sm-1 and 6.99x10-4 Sm-1, respectively, indicating higher 

conductivity. To understand the temperature dependency of conductivity, I-V 

characteristics were also performed at various temperatures. The results show that the 

conductivity of our material increases with the experimental temperature, which is a 

characteristic of a semiconductor material. The conductivity values are depicted in Table 

3.2. 

Table 3.2: Temperature vs. Conductivity 
Temperature (K) Conductivity (sm-1) 

CuS(co-pr) 

Conductivity (sm-1) 

CuS(solv) 

300 6.49x10-6 3.60x10-4 

315 6.85x10-6 3.83x10-4 

330 7.28x10-6 4.16x10-4 

345 7.60x10-6 4.53x10-4 

 

 The increase in dc conductivity suggests that a CuS(solv)-based device has a 

higher electrical charge transfer capacity compared to a CuS(co-pr)-based device. Under 

an illumination of AM 1.5 G, Fig. 3.10 (c) depicts the time vs. photocurrent of the devices 

at a bias voltage of 1 volt. Here, dark current values were subtracted to compare the 

photo-response. The figure also demonstrates that CuS(solv) has a better photo response 

than the other candidate. Therefore, CuS(solv) may be a better material for use in 

electronic switching45. The following equation46 has been used to evaluate the 

photosensitivity (S) of the Al/CuS structure (Table 3.3): 

 

S = Ilight−Idark
Idark

         (3.3) 
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The photosensitivity of a CuS(co-pr)-based diode was determined to be 0.95. This value 

increased to 1.09 for the CuS(solv)-based diode, which was over 15% higher than the 

CuS(co-pr)-based diode. This increase in value can be attributed to the greater absorption 

of light by CuS(solv). The photo responsivity (R) of the SBD, which is defined as the ratio 

of the photo-induced current density to the incoming intensity of light, was estimated 

using the equation47,48: 

 

R = Ilight−Idark
Iλ .  A

         (3.4) 

 

Here, Ilight and Idark represent the currents at +1V in the light and dark conditions, 

respectively. Iλ represent the incident intensity of light falling on the device, and A is the 

device's effective area. The photoresponsivity values of CuS(co-pr) and CuS(solv) were 

6.30 AW-1 and 16.68 AW-1, respectively, and it was discovered that the photoresponsivity 

of CuS(solv) rose by 164% when compared to others. Furthermore, one of the crucial 

detector metrics is specific detectivity (D*), which may be represented as49: 

D∗ = R
�2qId

         (3.5) 

where q represents the electron charge, Id represents the current in dark conditions at 

+1V. CuS(co-pr) and CuS(solv) specific detectivities were measured to be 0.778 x 1010 

Jones and 1.72 x 1010 Jones, respectively. The CuS(solv)-based diode had a specific 

detectivity that is approximately 2.21 times greater than the CuS(co-pr)-based diode. 

These findings show that the CuS(solv)-based device is far better and has a significant 

possibility for usage in photodetectors. Table 3.3 displays all of the determined 

photosensitivity, photoresponsivity, and detectivity values. 
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 Table 3.3: Important parameter for Schottky diodes 

 

 
Fig. 3.11: dV/dlnI vs. I and H(I) vs. I plot of CuS(co-pr) (a, b) and CuS(solv) (c, d) for dark and light 

conditions, respectively to determine the diode parameters like series resistance, barrier height and 
ideality factors. 

The dV/dlnI vs. I curve, as well as the H (I) vs. I curve, of the Al/CuS(solv)/ITO and 

Al/CuS(co-pr)/ITO structures were shown in Fig. 3.11 under dark and the light 

conditions. Table 3.4 displays the series resistance (Rs) and ideality factor (η) of the 

devices. The ideality factor is a quantity that measures the deviation of its quality from 

ideal diode behavior. From both structures, it was observed that the ideality factor 

deviated from unity under the specified circumstances. The existence of interface states, 

the structure's current conduction mechanism, inhomogeneity of barrier height, and the 

SBD structure's series resistance, all contribute to the deviation of the ideality factor from 

unity50,51. The barrier height (Φb) based on the slope of the H(I)-I graph was 0.62 eV and 

Sample Name Photosensitivity(S) Photo 
responsivity(R) 

(A/W) 

Detectivity(D*) 
(Jones) 

CuS(solv) 1.09 16.68 1.720 x 1010 

CuS(co-pr) 0.95 6.30 0.778 x 1010 
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0.59 eV for CuS(co-pr)-based devices, and 0.57 eV and 0.55 eV for CuS(solv)-based 

devices in the absence and presence of light, respectively (Table 3.4). The barrier height 

of the Al/CuS(solv) junction is lower than that of the Al/CuS(co-pr) junction. The 

implementation of the Schottky diode greatly benefits from a lower barrier height, as it 

leads to higher on-currents and improved subthreshold behavior. The RS value obtained 

from the dV/dlnI versus I curve closely agrees with the resistance values obtained from 

the H(I) versus I plot for both diodes. The value of RS of the CuS(solv)-based device is 

lower than that of the CuS(co-pr)-based device and it is quite significant. 

Table 3.4: Electrical parameters for CuS(co-pr) and CuS(solv)-based Schottky barrier diode 

 

 
Fig. 3.12: Log I-Log V graph and I-V2graph of (a, c) CuS(co-pr) and (b, d) CuS(solv) -based device under 

dark and light conditions to determine charge transport parameters like mobility and transit time. 

Sample 
name 

Condition on/ 

off 

Conductivity 

(Sm-1) 

Ideality 

Factor(η) 

Rs (Ω) Φb 

(eV) dV/dlnI 

vs. I 

H(I) vs. I 

 

CuS(co-pr) 

Dark 83 6.49x10-6 1.42 512 579 0.62 

Light 98 1.12x10-5 1.29 437 449 0.59 

 

CuS(solv) 

Dark 107 3.60x10-4 1.21 314 288 0.57 

Light 145 6.99x10-4 1.14 169 152 0.55 
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SCLC theory was presented in the metal-semiconductor junction to clarify the charge 

transport features of these two NP materials. Figure 3.12 (a, b) depicts double logarithmic 

graphs of I-V characteristics for CuS(solv) and CuS(co-pr)-based devices in dark and light 

conditions. The diagram displays two unique sections of the current conduction process. 

The possibility of traps at the interface, as well as changes in the charge transport profile, 

affect the slope of the current-voltage characteristics52. The power law (I α Vr)53 governs 

the current conduction process, where r denotes the slope of the I-V curve. The I vs. V 

curves have an ohmic character at an extremely low bias (region I), where the free carrier 

concentration is larger than the injected carrier concentration under equilibrium. In 

regime I, charge carrier injection from electrode to semiconductor is lower due to the 

small bias voltage53. The space charge limited current (SCLC) zone exists in regime II, 

where the current correlates to the square of the voltage. Furthermore, the existence of 

traps in the CuS band gap governs the space charge limited current54, and 

the concentration of the free charge carrier is equivalent to the injected charge carrier 

concentration52,55. 

The Mott-Gurney equation was proposed for the SCLC regime56,57 to evaluate the effective 

carrier mobility of the charge carrier (µ𝑒𝑒𝑒𝑒𝑒𝑒). 

 

I = 9µeff  ε0εrA
8

�V
2

d3
�        (3.6) 

 

where (µ𝒆𝒆𝒆𝒆𝒆𝒆 ) is the effective carrier mobility, 𝜀𝜀0 is the free space permittivity, A denotes 

the effective area of the diode, d is the effective thickness of the film, and 𝜀𝜀𝑟𝑟 represents 

the dielectric constant of the synthesized materials. The 𝜀𝜀𝑟𝑟 values for both materials were 

calculated using the equation58: 

 

𝜀𝜀𝑟𝑟 = 1
𝜀𝜀0

. C.d
A

         (3.7) 

 

where C represents the capacitance value. The calculated values of 𝜀𝜀𝑟𝑟 for CuS(solv) and 

CuS(co-pr) were 4.38 and 2.90, respectively. The transition or transit time (τ) for charge 

carriers was calculated using the equation below59: 

 

τ = 9ε0εrA
8d

�V
I
�         (3.8) 
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The transition time of the charge carrier was estimated by using the slope of the I vs. V 

graph in the SCLC region. The diffusion length (LD) of the charge carrier was determined 

using the value of relaxation time (τ) by the following equation60: 

 

 LD = √2Dτ         (3.9) 

 

Here, to calculate the diffusion coefficient D, the Einstein-Smoluchowski formula was 

used61: 

 

µeff = qD
kT

         (3.10) 

 

where q is the magnitude of charge, k stands for the Boltzmann constant and T is the 

effective temperature. 

 

Fig. 3.13: Capacitance-frequency (C-f) plot of CuS(co-pr) and CuS(solv) films at zero bias. 
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Table 3.5: Charge transport parameters of Al/CuS(co-pr)/ITO and Al/CuS(solv)/ITO 

structure. 

 

Table 3.5 shows the calculated values for carrier mobility, transit time, diffusion 

coefficient and diffusion length. As shown in Table 3.5, the carrier mobility, an important 

device parameter, was higher for CuS(solv) than CuS(co-pr). The enhancement in 

mobility of the CuS(solv) based Schottky diode can be attributed to the particle size62. To 

explain size-dependent mobility, we have explored two possibilities: (a) hopping via the 

nearest neighbour, and (b) trapping and thermal releasing mechanism63. Based on the 

first consideration, the transport probability of a carrier during hopping, is directly 

correlated to the product of the tunnelling probabilities of that pathway. This suggests 

that mobility increases as particle size decreases, since larger particles require fewer 

hops to travel a specific distance64, which is also supported by the shorter transit time 

observed in the diode fabricated by CuS(solv).  The trapping and releasing of charge 

carriers are connected to the presence of localized traps within the energy gap, giving rise 

to a space charge-limited current mechanism. It is assumed that smaller-sized 

nanocrystalline materials have a greater number of grain boundaries, where charges 

could be trapped, whereas larger-sized materials have fewer traps per unit volume65. 

This leads to a higher density of free carriers resulting in space charge-limited currents. 

It was observed from the experiment that, in the dark, the mobility of the charge carriers 

for CuS(solv) increased by 66%, whereas in the light, it was increased by 83%. The carrier 

mobility of CuS(solv) was enhanced by 134% under light, but the mobility of CuS(co-pr) 

increased by 111% under light. In addition, CuS(solv) has a greater increase in diffusion 

length following light irradiation than CuS(co-pr). Therefore, after light irradiation, the 

improvement in charge transport properties of CuS(solv) was much greater than that of 

CuS(co-pr), explaining the increased photo responsivity in CuS(solv). Another significant 

characteristic, the charge carrier diffusion length (LD), was higher in CuS(solv), especially 

Sample Condition µeff x10-5 

(m2/V. S) 

τ (Sec) 

 

D 

(S.I) 

LDx10-9 

(m) 

 

CuS(co-pr) 

Dark 2.42 2.41 x10-8 6.26 x10-7 173 

Light 5.12 1.18 x10-8 1.32 x10-6 177 

 

CuS(solv) 

Dark 4.02 1.55 x10-8 1.04 x10-6 180 

Light 9.39 7.99 x10-9 2.43 x10-6 197 
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under light conditions, resulting in improved photo response. As a result, it is evident that 

the performance of the device of solvothermally synthesized CuS was better than its 

counterpart. This signifies that, the crystallinity and particle size affect the electrical 

conductivity of differently synthesized CuS samples66. 

3.4.6. Impedance spectroscopy analysis 

 
Fig. 3.14: Nyquist plot of CuS(solv) and CuS(co-pr) based films with equivalent circuit. 

 

The impedance spectroscopy (IS) method is a valuable tool for studying the kinetics of 

charge transport and the recombination mechanisms67 at the metal-semiconductor 

junction. IS was used to understand the kinetics of charge transfers at the metal-

semiconductor junction of Al/CuS/ITO devices in the absence of light at room 

temperature. Figure 3.14 displays the Nyquist plot of equivalent devices with a frequency 

range of 40 Hz to 10 MHz. The radius of the semicircular arc of the Nyquist plots for 

CuS(solv) was smaller than that of CuS(co-pr). However, in the intermediate-frequency 

regime, the impedance for the transfer of electrons in a MS junction that is represented 

by a semicircle is significantly smaller for Al/CuS(solv) than for Al/CuS(co-pr). The 

decreasing diameter of the semicircular arc suggests a lower electron transport barrier 

and a slower recombination process. As a result, because of its superior conductivity, 

CuS(solv) promotes improved charge transfer and minimizes charge carrier 

recombination68. 
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The semi-circular-like Nyquist plots can be designed using the equivalent circuit with RC 

networks. Therefore, we have designed an equivalent circuit model for analyzing of 

Nyquist spectra. This equivalent circuit model consists of two parallel RC network, with 

a series resistance (R1) and a parasitic inductance (L1). The R2C1 circuit can be attributed 

to the Schottky contact, while the other R3C2 circuit corresponds to the material/ITO 

interface. The values of R1, R2, R3, C1, C2 and L1 are presented in Table 3.6. The lower 

series resistance (R1) and the value of R2 for the CuS(solv)-based device indicate reduced 

blockage of charge carriers by the Schottky junction. Similar improvement also observed 

in the I-V characteristics. 

 Table 3.6: Fitted values of R1, R2, R3, C1, C2 and L1 for Al/CuS(co-pr)/ITO and 

Al/CuS(solv)/ITO structure using equivalent circuit model. 

 

3.5. Conclusion 
Using solvothermal and co-precipitation techniques, we successfully synthesized pure 

and uniform CuS nanoparticles. Structural characterization showed that CuS(solv) has a 

larger particle size and better crystallinity than CuS(co-pr). CuS(solv) nanoparticles also 

possess greater absorption and a lower bandgap energy compared to CuS(co-pr), 

enhancing electron transition. Furthermore, in comparison to CuS(co-pr)-based diodes, 

CuS(solv)-based Schottky diodes displayed better current rectification and 

photosensitivity, measuring almost 1.15 times higher. CuS(solv) based SBDs showed a 

146% improvement in photoresponsivity and a 121% improvement in photo-detectivity 

compared to CuS(co-pr) counterparts. Analysis of the charge transport mechanism using 

SCLC theory across the M-S junction revealed a 66% increase in charge carrier mobility 

under dark and an 83% increase under light illumination. CuS(solv) diodes also exhibited 

better charge transfer through the Al/CuS(solv)/ITO interface due to higher carrier 

mobility and less transit time, resulting in reduced interfacial resistance and improved 

charge kinetics compared to CuS(co-pr) diodes. EIS measurements further confirmed the 

Sample R1 (Ω) R2 (Ω) C1 (F) R3 (Ω) C2 (F) L1 (H) 

CuS(co-pr) 17.27 1976.80 1.19×10-10 2124.9 13.70×10-10 1.7776×10-7 

CuS(solv) 5.26 986.23 5.85×10-10 1185.3 1.18×10-10 3.5515×10-7 
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improved charge transfer and reduced carrier recombination of solvothermally 

synthesized CuS nanoparticles in Schottky diodes. Overall, our work demonstrates that 

the solvothermally synthesized nanoparticles have larger particle sizes and better 

crystallinity than the particles synthesized by the co-precipitation method. The 

crystalline size played a crucial factor in enhancing the charge transfer and electrical 

properties of CuS(solv) thin films than CuS(co-pr), making it a promising method for 

fabricating CuS-based Schottky devices with enhanced photo response. The 

solvothermally produced CuS nanoparticles hold potential for improving photovoltaic 

applications. Therefore, the superior charge transport mechanism of CuS(solv) was 

influenced by its larger particle size. To conclude, this literature highlights the charge 

transport of CuS-based photovoltaic devices and a better perception of the synthesis 

procedure-dependent conduction mechanism. 

*** 
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4.1. Introduction 
In recent years, the usage of compound semiconductors in electronic and optoelectronic 

devices has witnessed a notable increase, primarily propelled by the growing demand for 

solar energy solutions1 Copper metal chalcogenide semiconductors, exemplified by 

copper oxide (CuO), copper selenide (CuSe), and copper telluride (CuTe), have garnered 

attention owing to their favourable attributes, encompassing low environmental impact, 

cost-effectiveness, and widespread availability. Copper sulfide (CuS), exhibiting a 

distinctive black colour and a direct bandgap of approximately 2.29 eV, stands out due to 

its favourable features for optoelectronic applications2. These include facile processing, 

non-toxicity, efficient absorption of visible light and high physical and thermal stability3. 

These qualities position CuS as a desirable option for a variety of devices such as solar 

cells4, light-emitting diodes (LEDs)5, and sensors6,7. However, a significant drawback of 

CuS lies in its propensity for rapid electron-hole (e-h+) recombination, resulting in limited 

charge transfer, primarily in optoelectronic applications. To address this issue, the 

synthesis of carbon-based composites has emerged as a feasible strategy after a variety 

of approaches have been investigated8,9. Carbon nanotubes (CNT) are particularly 

appealing due to their cost-effectiveness, ease of processability, superior conductivity 

and high specific surface area10. According to the earlier report, in comparison to pure 

CuS, graphene or CNT-based nanocomposite has a few advantages, namely enhanced 

electron-hole pair (EHP) separation and extended visible light absorption11. CNT 

increases the migration rate of photo-generated electrons, thereby pushing electrons and 

holes away which prevents electron (e−)–hole (h+) recombination. Considering these 

factors, some investigation on the CNT-CuS composite has been done but, an in-depth 

analysis of the Schottky diode parameters and charge transport properties through a 

metal/CNT-CuS junction has received little attention. With the recent advancement in 

novel Schottky barrier-based nanoelectronics, a comprehensive understanding of this 

interface is needed. These led to our great interest in studying the CNT-CuS 

nanocomposite based Schottky diode and its transport mechanism, compared to the one 

fabricated with pure CuS.  

This investigation delves into the potential of CuS and CNT-CuS (T-CuS) in the fabrication 

of optoelectronic devices, utilizing an analysis of the equivalent circuit model of the 

interfaces and electrical charge transport parameters. The recent investigation is based 

on Schottky barrier diodes as a foundational assessment of the performance of the device 
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in terms of electronic conduction across metal-semiconductor interfaces. To be more 

precise, Al/CuS/ITO and Al/T-CuS/ITO Schottky barrier diodes are made by sandwiching 

thin layers of T-CuS and CuS between Al and ITO electrodes. Morphological properties of 

the CuS and T-CuS thin films are studied to optimize device performance. Furthermore, 

to understand various interfacial characteristics of the fabricated diodes, the research 

investigates frequency-dependent and bias-dependent impedance spectroscopy (IS). 

Measurements of current-voltage (I-V) are performed in both dark and illuminated 

conditions to scrutinize the photoresponsive properties and the charge transport 

mechanism within the Metal-Semiconductor (MS) junction of the Al/CuS and T-CuS/ITO 

Schottky devices. 

4.2. Materials and Methods 
4.2.1. Materials 
The chemicals used in this study were Copper (II) nitrate trihydrate [Cu(NO3)2.3H2O], 

deionized (DI) water, ethylene glycol (HOCH2CH2OH), hydrogen peroxide (H2O2) and 

absolute ethanol (C2H6O). These chemicals were purchased from Merck (Merck 

Specialities Private Limited). Sodium sulphide (Na2S.9H2O) was obtained from RANKEM 

Laboratory Reagent and multi-walled carbon nanotubes (MWCNT) were purchased from 

Sigma Aldrich. 

4.2.2. Synthesis of CuS 
The solvothermal method was used to synthesize CuS nanoparticles. Firstly, 0.9964 g of 

Cu(NO3)2.3H2O was mixed with 30 mL of ethylene glycol and placed on a magnetic stirrer 

for 30 minutes to obtain a homogeneous solution (solution 1). Then, 0.9604 g of 

Na2S.9H2O was mixed with 20 mL ethylene glycol and another homogeneous solution 

was prepared using magnetic stirring for 30 minutes (solution 2). Solution 2 was slowly 

added drop by drop into solution 1. The resulting mixture was stirred for 1 hour and then 

transferred to a Teflon-lined solvothermal autoclave. The autoclave was placed inside an 

oven and kept at a temperature of 160 ℃ for 16 hours. The precipitate was washed four 

times with DI water and ethanol before being collected using centrifugation techniques. 

Finally, the collected CuS nanoparticles were dried at 60 ℃ for 16 hours. 
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4.2.3. Synthesis of CNT-CuS 
At first, CNT was purified by acid treatment to remove the impurities. A certain amount 

of CNT is oxidized by a mixed solution of concentrated nitric acid and sulfuric acid, with 

a volume ratio of 1:3 and then sonicated for 12 hours at 40 ℃. After that the acidic CNT is 

filtered and washed with distilled water for several times. Finally, the CNT has been dried 

in a vacuum and collected12. After that, a similar solvothermal method was used to 

synthesise the CNT-CuS composites (T-CuS). In this process, a certain amount (3%) of 

carbon nanotubes (CNTs) were dispersed in Cu(NO3)2 precursor solution and stirred for 

30 minutes. Na2S solution was then slowly added dropwise into the mixer. This resulting 

solution was kept under magnetic stirring for 6 hours. Next, the solution was kept in a 

Teflon-lined autoclave and placed in a hot air oven at a fixed temperature of 160 ℃ for 16 

hours. The collected samples were washed multiple times with DI water and absolute 

ethanol and dried on a hot plate at 60 ͦ C for 12 hours. The entire synthesis process of the 

CNT-CuS (T-CuS) composite is collectively schemed out in Fig. 4.1. 

 

  
Fig. 4.1: Schematic diagram of the synthesis process of CNT-CuS nanocomposite. 

 

4.2.4. Fabrication of Schottky Devices 
In this report, the electrical characteristics were studied in CuS and T-CuS-based metal-

semiconductor (MS) junction Schottky devices. First, ITO-coated glass substrates were 

cleaned using acetone, followed by 2-propanol and distilled water. Then, on the top of the 

cleaned ITO-coated substrate, the thin film of CuS and T-CuS was deposited by the 

effusion cell coating unit (HindHivac Coating unit 3.0) under an atmospheric pressure of 

5.0 ×10-6 mbar.  Subsequently, the as-prepared films were dried in a vacuum oven for 1 

h. Next, as a metallic contact, Aluminium (Al) was deposited onto the coated film using a 

https://www.sciencedirect.com/topics/chemistry/nitric-acid
https://www.sciencedirect.com/topics/chemistry/sulfuric-acid
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vacuum coating unit (12A4D, HINDHIVAC) under an atmospheric pressure of 3.2 ×10-6 

Torr. In the deposition method, a typical quad-punch-hole shadow mask was used to 

control the effective contact area of the Schottky devices as 7.065×10-6 m-2. The schematic 

diagram of the Schottky device structure is portrayed in Fig. 4.2. 

 

Fig. 4.2: Schematic diagram of the fabricated Schottky devices. 

 

4.3. Material Characterizations Techniques 
The constituent phases and crystal structure were analyzed by X-ray diffraction (XRD) by 

a Bruker D8 apparatus, having Cu-Kα radiation (λ = 1.5418 Å). The surface morphology 

was examined through the images of vacuum-deposited CuS and T-CuS thin films, 

captured by field emission scanning electron microscopy (FESEM) obtained from FEI 

Inspect F50. The surface topography of the fabricated Schottky diodes was evaluated 

using atomic force microscopy (AFM) images. Using an Agilent 4294A impedance 

analyzer, impedance spectroscopy (IS) of the MS junction diodes was carried out. A semi-

automated source measurement equipment (Keithley 2635B) was used to measure the 

current-voltage (I-V) of CuS and T-CuS-based devices and the photo-responsive 

behaviour of the materials was measured by a solar simulator [Model 10500, Abet 

Technologies].  

4.4. Results and Discussion 
4.4.1. Structural Properties 
The PXRD pattern of CuS and T-CuS nanocomposites is shown in Fig. 4.3. The diffraction 

peaks of the synthesised CuS were observed at specific angles, at 2θ ≈ 27.12˚, 27.68˚, 
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29.28˚, 31.78˚, 32.85˚, 38.83˚, 47.94˚, 52.71˚, 59.34˚, 73.99˚, and 79.07˚. These peaks were 

assigned to the crystallographic planes (100), (101), (102), (103), (006), (105), (110), 

(108), (116), (208), and (213) of the hexagonal copper sulphide structure. The 

corresponding values of lattice parameters, as determined by the JCPDS Card No. 06-

0464, (a = 6.792 Å and c = 16.34 Å). The narrow and sharp peaks show the crystallinity 

of bare CuS. The major diffraction peaks of the T-CuS composite were identical to those 

of bare CuS, as seen by the XRD pattern. This indicates that the CNT attachment had no 

effect on the preferred orientations of CuS and resulted in the formation of a new 

crystallographic phase. The composite showed no distinct CNT diffraction peaks. It might 

have happened because of the lower loading and comparatively weak diffraction peaks 

of CNT13. 

 

Fig. 4.3: PXRD spectra of as-synthesized CuS and T-CuS nanocomposite 

 

4.4.2. Morphological Studies 
Fig. 4.4 depicts the images of FESEM for the synthesized CuS and T-CuS nanocomposites. 

According to the microstructural and morphological information obtained from SEM 

images, the CuS and T-CuS composites are almost hexagon-shaped nanostructures (~ 50 

- 60 nm) and have some aggregation in the pattern. Fig. 4.4(b) clearly shows a 

good attachment of CuS nanocomposites to the CNT during the solvothermal synthesis. 

The CNT network structure creates a certain space which assists the diffusion process 

and helps to aggregate the CuS materials onto the CNT with efficient suppression. 
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Therefore, it is expected that the electron transfer between CuS and CNT could be 

enhanced. 

 

 

Fig. 4.4: FESEM micrographs of (a) CuS and (b) T-CuS thin films 

 

 

Fig.4.5: AFM images of the (a) CuS/Al and (b) T-CuS/Al Schottky contacts 

 

AFM pictures (Fig. 4.5) provide important information on the interfacial structures and 

topography of the fabricated Schottky diodes. In figure 4.5a, a uniform distribution of CuS 

particles over the surface of indium tin oxide (ITO) is evident14. The AFM images, as 

shown in Fig. 4.5a reveal hexagonal-shaped CuS particles with sizes ranging from 50 to 

60 nm, consistent with the SEM images discussed earlier. This homogenous dispersion is 

beneficial for producing good-quality Al/CuS Schottky contacts. For the Schottky devices 

based on T-CuS, the CuS particles exhibit a random scattering over the carbon nanotubes 

(CNTs), exposing a greater surface area to the Al contacts and promoting effective charge 

transfer.  
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While the CNTs may not be distinctly visible in the AFM micrographs compared to SEM 

images, their presence is acknowledged. In Fig. 4.5b, a few CNTs are discerned, 

surrounded by CuS particles, providing an increased surface area to the Schottky junction 

and facilitating smooth charge transfer. The surface roughness of both the layers on the 

ITO surface was measured, resulting in the root mean square (RMS) values of surface 

roughness as 1.39 nm and 0.81 nm for CuS and T-CuS-based devices, respectively. It is 

expected that fewer traps are created in the T-CuS composite due to its lesser surface 

roughness. In addition, lower surface roughness is preferred for the charge transfer from 

the electrode to the semiconducting materials. Since, during deposition, the metal 

penetrates less into the film layer having lower surface roughness15. The reduced 

roughness observed in CNT-CuS-based Schottky diodes signifies the formation of well-

defined interfacial contacts, enhancing the capabilities of charge transfer16. 

4.4.3. Impedance Spectroscopy Analysis 
Impedance spectroscopy is a useful technique for exploring the frequency-dependent 

characteristics of Schottky devices including MS junction. In this investigation, we 

scrutinized the characteristics of Al/CuS and Al/T-CuS MS junction Schottky diodes (SDs) 

by conducting bias-dependent impedance spectra measurements across a voltage range 

from -1.0 Volt to +1.0 Volt. The frequency varied from 40 Hz to 10 MHz while maintaining 

a consistent oscillating voltage of 100 mV. The Nyquist plots illustrated in Fig. 4.6 display 

distinct semicircular arcs, with the arc diameter increasing when the negative bias value 

decreases and decreasing with the increment of positive biases. These results 

demonstrate how applied voltages have a substantial impact on the impedance of the MS 

junction17. 

 Upon application of a negative voltage to the circuit, the Fermi energy (EF) of the 

semiconductor decreases relative to that of the metal, leading to an elevation in the 

semiconductor’s potential. As a result, the depletion region is broader and at the 

interface, the electronic charge field is greater than the previous field. Consequently, 

under reverse bias voltages, a barrier arises that prevents electron movement at the 

metal-semiconductor (MS) contact. In contrast, under forward bias conditions, the 

semiconductor's Fermi energy level rises above that of the metal, reducing the potential 

across the semiconductor and disrupting the drift current-diffusion relationship18. 
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Consequently, under forward bias voltages, the barrier is decreased, allowing more 

electrons to diffuse towards the metal instead of drifting into the semiconductor. 

 
Fig. 4.6: Experimental as well as the Nyquist fitted plots for (a, b) CuS and (c, d) T-CuS-based SD under 

reverse and forward bias voltages 

 

 
Fig. 4.7: Equivalent circuit model of the Al/CuS and Al/T-CuS based MS junction diode 

 

 An equivalent circuit made up of capacitances (C), resistances (R) and inductors 

(L) was employed to precisely characterize the impedance spectra recorded at different 

bias voltages.  Fig. 4.7 depicts the equivalent circuit utilized for CuS and T-CuS-based 

Schottky diode (SD), featuring a series of resistances connected to two meshes of 

resistance and a parasitic inductance (L). 
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 The Nyquist curves obtained for CuS and T-CuS-based Schottky diodes were fitted 

and presented in Fig. 4.6b and 4.6d, respectively; demonstrating a close agreement 

between the experimental and fitted data. Table 3.1 and Table 3.2 summarize the fitted 

parameters for CuS and T-CuS-based Schottky devices, respectively. Notably, the shunt 

resistance (R1) remains constant across the entire DC bias range, while the other series 

resistances, R2 and R3, exhibit significant changes as the voltage shifts from reverse bias 

to forward bias. Specifically, R2 assumes considerably higher values than R3 under 

reverse bias voltages, indicating that the R2C1 component in the equivalent circuit 

correlates to the Schottky barrier forming at the Al/CuS or Al/T-CuS interface, restricting 

charge flow through the junction. On the other hand, under forward bias, R2 sharply 

decreases as bias voltages increase, allowing a greater current flow due to the barrier 

being decreased19. The relatively small variations observed in R3 across the entire DC 

bias range can be attributed to the ITO-CuS or ITO/T-CuS interface, where slight 

fluctuations may arise due to the presence of defects20. 

Table 4.1: Parameters of CuS-based SD obtained from the fitted impedance spectra. 

 

Voltage (V) R1 (Ω) R2 (Ω) C1 (F) R3 (Ω) C2 (F) L1 (H) 

+1 36.144 1694 1.16 ×10-10 855.26 1.21 ×10-10 1.75 ×10-7 

+0.8 37.798 2044.4 1.07 ×10-10 797.35 1.39 ×10-10 1.20 ×10-7 

+0.6 37.841 2502.7 1.47 ×10-9 776.64 9.00 ×10-11 1.89 ×10-7 

+0.4 37.883 2833.8 1.54 ×10-10 886.21 9.66 ×10-11 1.12 ×10-7 

+0.2 38.354 3133.8 1.25 ×10-10 880.23 1.06 ×10-10 1.37 ×10-7 

0 39.826 4211.5 2.18 ×10-9 1236.9 9.78 ×10-10 8.43 ×10-8 

-0.2 38.577 3471 1.78 ×10-10 945.28 9.01 ×10-11 8.72 ×10-8 

-0.4 37.063 3012.2 1.82 ×10-10 902.73 8.80 ×10-11 1.35 ×10-7 

-0.6 37.705 2677.7 1.76 ×10-10 812.77 9.29 ×10-11 8.45 ×10-7 

-0.8 37.447 2110 1.69 ×10-10 842.73 9.26 ×10-11 1.95 ×10-7 

-1 36.537 1709.9 1.15 ×10-10 981.66 1.24 ×10-10 1.35 ×10-7 
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Table 4.2: Parameters of T-CuS-based SD obtained from the fitted impedance spectra. 

 

4.4.4. Current-Voltage (I-V) Measurement 
We investigated the electrical properties of CuS and T-CuS-based MS junction thin-film 

devices in more detail by impedance spectroscopy analysis. Subsequently, the current-

voltage (I-V) properties of CuS and T-CuS-based Schottky devices were analyzed in the 

dark and light conditions both, within a bias voltage of ±1 V. The I-V characteristics of the 

Al/CuS/ITO and Al/T-CuS/ITO configurations show the rectifying nonlinear behaviour of 

a Schottky diode (SD) as displayed in Fig. 4.821. The CuS-based SD’s on/off ratio was 

calculated and the results showed that it was 15.69 in the dark and 21.80 in the light 

condition. In contrast, the T-CuS-based SDs showed values of 16.27 and 25.10 in the dark 

and light, respectively. The significantly greater current seen in the presence of light 

suggests that the device is photoresponsive. Additionally, the conductivities of the CuS 

and T-CuS-based SDs were measured in dark and light conditions and the conductivities 

of both types of SDs significantly increased after photo-irradiation shown in Table 4.3. 

Voltage (V) R1 (Ω) R2 (Ω) C1 (F) R3 (Ω) C2 (F) L1 (H) 

+1 22.873 141.34 5.08 ×10-9 125.314 3.07 ×10-10 1.61 ×10-7 

+0.8 25.316 168.3 4.29 ×10-9 130.413 2.62 ×10-10 2.11 ×10-7 

+0.6 25.839 199.86 7.70 ×10-9 136.691 2.52 ×10-10 2.10 ×10-7 

+0.4 26.77 227.36 5.79 ×10-9 141.879 2.61 ×10-10 1.99 ×10-7 

+0.2 26.974 339.1 2.59 ×10-9 146.12 2.85 ×10-10 1.77 ×10-7 

0 27.881 390.29 1.56 ×10-9 180.13 3.64 ×10-10 1.43 ×10-7 

-0.2 27.088 369.62 2.38 ×10-9 151.29 2.61 ×10-10 1.93 ×10-7 

-0.4 26.647 245.82 5.35 ×10-9 142.279 2.41 ×10-10 2.15 ×10-7 

-0.6 25.944 211.93 7.26 ×10-9 139.485 2.38 ×10-10 2.23 ×10-7 

-0.8 25.565 176.48 4.09 ×10-9 136.086 2.51 ×10-10 2.21 ×10-7 

-1 23.366 148.41 4.84 ×10-9 130.779 2.92 ×10-10 1.69 ×10-7 
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This indicates a notable improvement in the carbon nanotube composites' conductivity 

over the pure CuS-based devices22,23. 

 
Fig. 4.8: I-V characteristics curve for the (a) CuS and T-CuS-based Schottky devices (b) log scale current-

voltage curve (inset) and (c) Transient photocurrent response of CuS and T-CuS composite. 

 

The current-voltage (I-V) characteristics of the CuS and T-CuS-based Schottky diodes 

(SDs) were further investigated with the thermionic emission (TE) theory discussed in 

the preceding chapter (§ 2.7.1)24,25. Cheung equations were used to obtain different diode 

parameters26,27. For a quantitative analysis of the I-V curves, the following standard 

equations were taken into consideration: 

𝐼𝐼 = 𝐼𝐼0 �𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑞𝑞𝑞𝑞
𝜂𝜂𝜂𝜂𝜂𝜂

� − 1�        (4.1) 

where I0 represent the saturation current and is given by:  

𝐼𝐼0 = 𝐴𝐴𝐴𝐴∗𝑇𝑇2 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑞𝑞𝜙𝜙𝐵𝐵
𝑘𝑘𝑘𝑘

�       (4.2) 

Here, the symbols represent as follows: 

q – charge of the electron, k - Boltzmann constant, T – temperature value in Kelvin scale, 

VD - voltage across the diode, Aeff – effective area of diode, η - ideality factor, ϕB - barrier 

height and A* - Richardson constant, correspondingly. Eq. 1 can also be represented with 

the series resistance taken into consideration as: 

𝐼𝐼 = 𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑞𝑞(𝑉𝑉−𝐼𝐼𝑅𝑅𝑠𝑠)

𝜂𝜂𝜂𝜂𝜂𝜂
�        (4.3)  
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In this equation, the voltage drops across the series resistance are represented by the IRS 

term. The ideality factor and series resistance have a relationship that may be described 

as follows by using the Cheung and Cheung analysis26, which can be expressed as: 

𝑑𝑑𝑑𝑑
𝑑𝑑(𝑙𝑙𝑙𝑙 𝐼𝐼)

= �𝜂𝜂𝜂𝜂𝜂𝜂
𝑞𝑞
� + 𝐼𝐼𝑅𝑅𝑆𝑆                                         (4.4) 

Moreover, the following equation can be used to calculate the effective barrier height of 

the SBD as follows: 

𝐻𝐻(𝐼𝐼) = 𝑉𝑉 − �𝜂𝜂𝜂𝜂𝜂𝜂
𝑞𝑞
� 𝑙𝑙𝑙𝑙 � 𝐼𝐼

𝐴𝐴𝐴𝐴∗𝑇𝑇2
�       (4.5) 

Eq. 4.5 can be expressed as: 

𝐻𝐻(𝐼𝐼) = 𝐼𝐼𝑅𝑅𝑆𝑆 + 𝜂𝜂𝜙𝜙𝐵𝐵         (4.6) 

A graphical representation of dV/d(lnI) vs. I and H vs. I for the samples in both the dark 

and the light is shown in Figure 4.9. Important parameters like ideality factor (η) and 

series resistance (RS), were found by analyzing the linear plot of dV/dlnI vs. I and its 

intercept and slope, respectively. In addition, the intercept of the H vs. I plot was used to 

determine the barrier height (BH). The results, represented in Table 4.4, show that the 

devices' ideality factor deviated from ideal behaviour mainly because of the existence of 

interfacial states and the inhomogeneity of Schottky contacts28. 

 
Fig. 4.9: (a) dV/dlnI vs. I and H (V) vs. I plot of CuS[(a) dark and (b) light] and T-CuS[(c)dark and (d)light] 

based Schottky devices. 

On the other hand, light exposure produced an improved ideality factor (IF) that was 

approaching 1, suggesting a more ideal device. This improvement is explained by 
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decreased carrier recombination and increased homogeneity of Schottky connections 

under photo irradiance conditions. Moreover, the calculated barrier height (BH) values 

indicate a somewhat reduced turn-on voltage when lighted. The decreased barrier height 

may be responsible for the greater rectification ratio that was seen under light 

irradiance29. Interestingly, in the presence of light, the series resistance of CuS and T-CuS 

significantly decreased, which resulted in a large rise in the photocurrent. The devices' 

enhanced performance after being exposed to light is highlighted by the summarized 

values of IF, BH, and series resistance in Table 4.4. 

  Transient photo-response spectra were performed to investigate the 

optoelectronic response of the fabricated devices and are shown in Figure 4.8c. The 

photocurrent intensity of the T-CuS composite was found to be significantly higher 

(Figure 4.8c) than that of the pure CuS, as expected. This result suggests that 

incorporating CNT into the CuS nanoparticles could facilitate the separation of photo-

generated electrons and holes and their swift transfer through the complex network. 

These results demonstrate CuS and T-CuS's enormous potential in a variety of 

optoelectronic devices, highlighting their importance in the field. 

Table 4.3: Charge transport parameters. 

 

Table 4.4: Schottky diode parameters. 

Sample Conductivity (σ) 

(S.m-1) 

Photo- 

sensitivity 

Rectification 

Ratio 

 Dark Light - Dark Light 

CuS 3.42 ×10-4 6.71 ×10-4 1.01 15.69 21.80 

T-CuS 9.57 ×10-4 2.48 ×10-3 2.05 16.27 25.10 

Sample Ideality factor (η) Barrier height (ϕB) 

(eV) 

Series Resistance (RS) 

(Ω) 

 Dark Light Dark Light Dark Light 

CuS 1.40 1.25 0.63 0.62 361 139 

T-CuS 1.19 1.12 0.60 0.58 116.5 32.5 



118 | Investigation of Charge Transfer… 
 

4.5. Conclusions 
This study included a thorough examination of CuS and T-CuS-based Schottky diodes 

(SDs) by using DC current-voltage measurements and AC impedance spectroscopy 

analysis. The ac impedance spectroscopy investigation shed light on the interfacial 

characteristics of the CuS and T-CuS-based metal-semiconductor (MS) junction SDs at 

different DC bias voltages. In addition, an AC equivalent circuit model was built to expand 

our understanding of the circuit components regulating the interfaces inside the 

fabricated SDs. Through the utilization of AC impedance spectroscopy, a comprehensive 

examination of different interfaces and their electrical charge transport characteristics 

was accomplished. This approach allowed us to analyze these features at a level depth 

that cannot be achieved just via dc analysis. The CNT-CuS-based SDs with their enhanced 

photosensitivity and greater rectification ratio showed great promise for use in the 

application of opto-electronic devices and rectification processes. 

***
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5.1. Introduction 
Organic dyes and pigments discharged into water sources, mostly by the paint and textile 

industries, are causing serious environmental issues and harming the ecosystem in other 

ways1. Over the last few decades, various biological and physicochemical experiments 

based on physical as well as chemical adsorption approaches have been conducted to 

decompose these industrial pollutants. However, these processes often produce 

secondary pollutants and are not cost-effective from the economic viewpoint2. The 

photocatalytic approach based on semiconductor materials has demonstrated significant 

efficiency in wastewater purification among all advanced oxidation techniques known to 

exist3. There are some well-known semiconducting photocatalysts, namely TiO2 and ZnO, 

which have been widely used to decompose organic pollutants, but their use is hindered 

due to their wide range bandgaps, which are 3.2 eV and 3.37 eV for TiO2 and ZnO, 

respectively, limiting their light absorption mainly in the ultraviolet (UV) region of the 

solar spectrum4,5. This reduces the redox reactions with the impurities and significantly 

affects the rate of degradation6.  

On the other hand, copper (II) sulfide (CuS) has a narrow direct bandgap of 2.29 eV, due 

to which it can efficiently capture visible light from the solar spectrum, making it 

practically function as a ‘visible-light-driven photocatalyst’. It also has excellent optical 

and electronic properties which show great potential in many fields like solar cells7, 

energy storage8, gas sensors9, biosensors10 and photocatalysis11. Copper sulfide has some 

excellent features, such as its environmentally friendly and non-toxic nature, low cost, 

biocompatibility, higher physical and chemical stability and ease of recyclability which 

enhances its effectiveness as a prospective photocatalyst. On the other hand, CuS 

nanomaterials also have an intrinsic drawback of having poor photocatalytic 

performance, especially when exposed to visible light, due to the quick electron (e−)–hole 

(h+) recombination. There have been several attempts to enhance the electron transfer 

during the photocatalytic process by reducing the electron–hole recombination in these 

materials. Carbon nanomaterials are eco-friendly, cost-effective and good electron 

acceptors, so they can suppress electron–hole recombination effectively12. Among them, 

carbon nanotubes (CNTs) are unique in terms of their morphological, structural, and 

electrical characteristics, such as their organised structure with a high surface to volume 

ratio, light weight, and high electrical conductivity. CNT increases the migration rate of 

photogenerated electrons, thereby pushing electrons and holes away which prohibits 
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electron (e−)–hole (h+) recombination. Absorption of light also induces electrons into the 

CNTs and enhances the participation of electrons in the photocatalytic reaction13,14. For 

higher photocatalytic performances, the electrons are expected to swiftly transfer and 

their subsequent recombination should be as slow as possible15. Further, the fast electron 

transfer depends on the mobility of the carriers. To enhance the mobility and the 

associated charge carrier transport properties, CNT is incorporated with bare CuS in this 

work. This enhanced mobility of the charge carriers in the T-CuS composite reflects in 

better photocatalytic performances than for bare CuS. This report describes the synthesis 

of a carbon nanotubes–copper sulfide (T-CuS) composite and demonstrates its capability 

to decompose the organic dye Rhodamine B in the presence of visible light. 

5.2. Materials and Methods 
The synthesis procedure of the CuS and CNT-CuS nanocomposites and the fabrication of 

the Schottky diodes were discussed in detail in the previous chapter (§ 4.2.3). 

5.3. Material Characterization Techniques 
The crystallographic structure and phase purity of the synthesized materials (CuS and T-

CuS) were analysed using a powder X-ray diffractometer (Bruker D8 Advance) having Cu-

Kα (λ = 1.5418 Å) radiation, operated at a scan rate of 0.02 ° s−1. The surface morphology 

was studied with the help of a scanning electron microscope (FEI Inspect F50) and the 

elemental combination was determined using an EDX (Energy Dispersive X-ray) analyser. 

Information regarding the microstructure of the synthesised materials was analysed with 

the help of a transmission electron microscope (JEOL JEM 2100 F). XPS (X-ray 

Photoelectron Spectroscopy; Omicron Nanotechnology) with Al- Kα radiation (E = 1486.7 

eV) was utilised to examine the electronic states of the elements present on the surface 

of the samples. The absorption spectra and the photocatalytic behaviour of the 

synthesized materials were recorded using a UV-Vis (PerkinElmer, Lambda 365) 

spectrophotometer and a solar simulator [Model 10500, Abet Technologies], 

respectively. The photoluminescence (PL) spectra were collected using a spectro- 

fluorimeter (Cary Eclipse fluorescence spectrometer, Agilent Technologies). The thermal 

stability of both of the materials was investigated using a thermogravimetric analyser 

(DTG-60H, Shimadzu) within the temperature range from 30 °C to 800 °C in a N2 

atmosphere. The estimation of the Brunauer–Emmett–Teller (BET) surface area of the 
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synthesised materials by N2 adsorption–desorption was done using an Autosorb iQ2 

(Quantachrome, USA) at 77 K. The measurements of current–voltage (I–V) characteristics 

were performed with a source measurement unit (Keithley 2635B). 

5.4. Results and Discussion 
5.4.1. Structural Properties 
 XRD Analysis 

Fig. 5.1 displays the PXRD pattern of CuS and T-CuS nanocomposites. The diffraction 

peaks of prepared CuS were observed at 2θ ≈ 27.12˚, 27.68˚, 29.28˚, 31.78˚, 32.85˚, 38.83˚, 

47.94˚, 52.71˚, 59.34˚, 73.99˚ and 79.07˚ were assigned to (100), (101), (102), (103), 

(006), (105), (110), (108), (116), (208) and (213) crystallographic planes of the 

hexagonal copper sulfide structure (JCPDS Card No. 06-00464, a = 6.792 Å and c=16.34 

Å). The narrow, sharp peaks indicate the crystallinity of the bare CuS. The peaks at 25.89° 

and 43.56° were assigned to (002) and (101) planes of the CNTs respectively16. This XRD 

pattern showed that the major diffraction peaks of the T-CuS composite were similar to 

those of bare CuS, which explains that the attachment of CNT did not affect the preferred 

orientations of CuS and result in to grow a new crystallographic phase. Also, very small 

diffraction peaks of CNT were observed in the composite. It might have occurred due to 

the less amount of loading and relatively weak diffraction peaks of CNT17. 

 

Fig. 5.1: XRD pattern of synthesized CuS and T-CuS nanocomposite. 
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 FESEM Study 

The FESEM images of synthesized CuS and T-CuS nanocomposite were displayed in Fig. 

5.2. The microstructural and morphological information from SEM images suggests that 

the CuS and T-CuS composite consists of nearly hexagonal-shaped nanostructures, which 

contains some agglomeration in the pattern. It is clear in Fig. 5.2(b) that CuS 

nanocomposites were properly attached to the CNT during the hydrothermal synthesis. 

From the EDAX spectra (Fig. 5.2c), the appearance of constituting elements (C, O, Cu and 

S) in the composite was precisely noted. Further, the quantitative interpretation of the 

EDAX exhibited that in the synthesized material, the molar ratio of Cu to S was close to 

one, indicating the stoichiometric formation of CuS NPs. 

 

 

Fig. 5.2: (a) FE-SEM image of (a) CuS and (b) T-CuS and (c) EDAX spectra of the T-CuS nanocomposite. 

 TEM Study 

The TEM images (Fig. 5.3a and 5.3b) further revealed that the hexagonal-like CuS NPs 

were uniformly attached to the carbon nanotubes, suggesting the formation of a strong 

interface with nominal aggregation of particles. The finer attachment between the CuS 
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NPs and CNT (Fig. 5.3b) by this familiar bonding could assist the transfer of charge 

carriers; and thus, suppress e--h+ recombination- which is advantageous for better 

photocatalytic response that will be discussed in the following paragraph. Fig. 5.3d shows 

the SAED pattern of T-CuS NPs with various concentric diffraction rings, suggesting the 

polycrystalline nature of the materials. 

 

Fig. 5.3: (a) TEM image of (a) CuS and (b) T-CuS composite (c) HRTEM and (d) The SAED pattern of CuS 

NPs attached with CNT. 

 XPS Study 

X-ray Photoelectron Spectroscopy (XPS) of T-CuS nanostructures was measured to 

examine the elemental composition and identify the chemical bond type as well as the 

oxidation states. The existence of the C, Cu, S, and O in the T-CuS composite was verified 

by the XPS survey spectrum scan (0-1200 eV) (Fig. 5.4a) confirming the presence of 

elemental Cu and S in the nanocomposite. The core level XPS spectrum of C-1s, Cu-2p and 

S-2p are shown in Fig. 5.4(b-d) subsequently. XPS peak for C-1s of the composite was 

deconvoluted into four distinct peaks centred at the corresponding binding energies 

(B.E.) of 284.40, 285.10, 287.60 and 290 eV, that could be ascribed to C=C, C-C, C=O and 

π-π* shake-up features respectively (Fig. 5.4b)18. This suggests the probable existence of 
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graphitic layers which prefer fast electron transfer and the O2-containing group 

establishes strong interaction in between the aqueous solution and the nanocomposite at 

the time of photocatalytic decomposition, which will be discussed in the following. 

 

Fig. 5.4: XPS Analysis (a) full scan spectrum of T-CuS (b) spectrum C 1s for T-CuS composite. Narrow scan 

of (c) Cu-2p and (d) S-2p states. 

The higher resolution XPS of Cu-2p which is represented in Fig. 5.4c displays two distinct 

peaks at 932.4 eV and 952.3 eV. The difference between these states is 19.9 eV, which is 

consistent with the previously reported data for Cu 2p3/2 and Cu 2p1/2 states19.These 

peaks can be assigned to the Cu2+ state in CuS nanostructures. The higher resolution XPS 

spectrum of S-2p (Fig. 5.4d) represents the existence of two peaks at B.E. values of 161.9 

eV and 163.3 eV, which could suggest to S 2p3/2 and S 2p1/2 states, sequentially20. S2- 

species are responsible for the detection of these two peaks. 

5.4.2. Optical Properties 
 UV-visible Spectroscopy 

UV-vis absorbance spectra of the synthesized CuS and T-CuS nano-composite were 

recorded in the 300-750 nm wavelength range (Fig. 6a) to study their optical properties. 
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The optical band gaps (Eg) of the catalysts were deduced followed by Tauc’s equation Eq. 

5.121 . According to Tauc’s equation: 

(αhν)𝑛𝑛=A�hν-E𝑔𝑔�        (5.1) 

where α is the absorption coefficient, Eg is the bandgap, h is Planck’s constant, ν is 

frequency, A is a constant, and n=2 and ½ is corresponding to the allowed direct and 

indirect optical transition respectively. 

 

Fig. 5.5: (a) Absorption (optical) graph of bare CuS and T-CuS composite (b) Tauc’s plot to obtain direct 

band gap of CuS and T-CuS. 

The estimated value of the bandgaps of the synthesised CuS and T-CuS from Tauc’s plot 

(Fig. 5.5b) was 2.29 eV and 2.19 eV respectively, close to the previously reported value22. 

The broadness of the absorption band and the reduced bandgap of the CNT-attached 

material compared to bare NPs suggests the improvement in photon absorption and 

more e--h+ pair generation for the photocatalytic experiment. The more generated e--h+ 

pairs participating in the degradation process should enhance the deterioration rate for 

T-CuS than bare CuS. 
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Fig. 5.6: Photoluminescence spectra of CuS and T-CuS nanocomposite. 

 Photoluminescence (PL) Spectroscopy  

PL was used to study the interaction among the holes and electrons, originating 

from the excitation of photons in synthesized catalysts. Fig. 5.6 represents the PL 

spectra of CuS and T-CuS composite at 370 nm excitation. The bare CuS exhibit an 

eminent emission centred at 425 nm, which was sufficiently weakened after 

loading CNT23,24. This is because, there exists an effective interfacial linkage in the 

composite materials, so that, electrons and holes acquire a dedicated pathway to 

interact between CuS and CNT layers. The high electrical conductivity and sp2 

hybridization of carbon atoms show high mobility of photo-induced holes and 

electrons. The electrons could easily transfer from the excited CuS to the carbon 

nanotube through the π-conjugated carbon network and the ‘quenching’ of 

fluorescence occurs. The CNT composites are efficient to suppress the 

recombination rate of electrons and holes by fast electron transfer. This kind of 

extended separation of photo-induced charge carriers and their immediate 

processes is advantageous for catalytic degradation, which will be discussed in the 

following24,25. 

5.4.3. Thermal Stability Study  
Thermal stability of the as-synthesized CuS and T-CuS composite was examined by the 

thermo-gravimetric analysis (TGA), executed with a gradual increase in temperature (10 

℃ /min) ranging from 25 ℃ to 800 ℃ in N2 atmosphere. Fig. 5.7 represents the TGA graph 
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of the T-CuS composite, showing two definite stages of weight loss where 78% of weight 

remained up to 800 ℃ temperature. 

 

Fig. 5.7: TGA curves of bare CuS and T-CuS composite. 

The initial weight loss (7.35%) for bare CuS was observed between 100-300 ℃ which 

indicates the solvent desorption and moisture absorption. Additionally, the bare CuS 

undertook a rapid weight loss (38.28%) around 300-650 ℃ due to the decomposition of 

CuS into Cu2S and phase transition of sulfur elements, leaving 67 % residue26.The first 

weight loss (11.35%) of T-CuS around 100-300 ℃ is observed due to removal of solvent 

and the residual organic molecular absorbed on the samples.  In the second stage (300-

450 ℃), the weight loss (13.65%) for T-CuS was observed due to the oxidation of CNT 

and phase conversion of CuS. This result indicates that the CNT composite (T-CuS) is 

thermally more stable than bare CuS. 
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5.4.4. BET Surface Area Studies 

 

Fig. 5.8: N2 adsorption/desorption isotherm of (a) CuS and (b) T-CuS composites. 

N2 adsorption/desorption isotherms (Fig. 5.8) were also performed at 77 K to collect 

more information about Brunauer-Emmett-Teller (BET) specific surfaces for the bare 

CuS and T-CuS nano-composite27. According to the BET analysis, the bare CuS and T-CuS 

composite displayed specific surface areas of 50.67 m2g-1 and 86.83 m2g-1, respectively, 

showing that the CNT-based composite had a greater surface area as expected28. The rate 

of photo-absorption and effective molecular diffusion will increase with larger surface 

area. Generally, a greater absorbance cross-section is preferred in photocatalytic 

processes, and it is expected that the CNT-based composite will meet these requirements 

as shown in the later part. The larger surface area of CNT provides adequate interfacial 

contact with CuS nanoparticles which suppresses the recombination of e--h+ and 

enhances the charge transport facility for T-CuS than CuS. 

5.4.5. Electrical Properties 
 Current-Voltage (I-V) Measurements 

To understand electronic charge, transfer characteristics of the above-discussed 

materials, current-voltage (I–V) measurements of the Schottky diodes fabricated as- 

(Al/CuS/ITO) & (Al/T-CuS/ITO) structure in the previous Chapter (§ 4.2.4), were 

investigated using a bias voltage range of ±1 Volt in dark and light (~ 1000 W/m2) 

conditions at 300K temperature. The measurement of charge flow, known as dc 

conductivity (σ), was evaluated from the ohmic (linear) region of the characteristic 

curves (Fig. 5.9a) of both devices under dark and illumination/light conditions (Table 

5.1). A notable increment of current in illumination conditions reflects the 

photosensitivity of the synthesized materials. The definition of photosensitivity (S), like, 
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dS I Iν= , (here v l dI I I= −  is denoted as light-induced current, on the other hand, dI  

denotes the current in dark conditions) was derived for two different devices29. The CNT-

based device with greater absorption capacity has better sensitivity than bare CuS (Table 

5.1). In addition, the higher conductivity of the composite material means efficient charge 

transport with excellent mobility. For any semiconductor material, carrier mobility 

determines how fast a carrier, i.e., e- or h+, can move through its complex network and 

reach active sites before recombination. Since CNT provides higher electronic mobility 

(~ 105 cm2/Vs at 300 K), it is expected the enhancement of electron transport and e--h+ 

pair separation through its high-quality complex network30. 

To observe the overall effect of CNT in the photo-degradation process and to 

better understand the charge transfer mechanism, the current-voltage (I-V) mechanism 

was further analyzed by introducing the transit time (τ) and carrier mobility (μeff). For 

this purpose, log I vs. log V graphs are plotted for the positive voltages as shown in Fig. 

5.9b, which represents two distinct linear regions, suggesting different conduction 

mechanisms. 

 

Fig. 5.9: (a) current-voltage (I-V) plots (b) Log Scale I vs. V curve and (c) Log I-Log V plot of the bare CuS 

and T-CuS composite-based Schottky diodes under dark and illumination conditions. 

Interfacial trap states at the metal-semiconductor junction modify the conduction 

mechanism of charge carriers which revised the I-V characteristics. In small bias (Region-

I), current shows ohmic (I α V) behaviour with the slope value approximately to one. At 

this region, the current is guided by the intrinsic charge carriers of the material31. The 

carriers injected from the junction spread over the space at the intermediate potential 

difference (Region II) and create a spatially distributed field of charge. This field 
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dominates the charge carriers and their "mobility" becomes a key factor for the quadratic 

current (I α V2)32,33. 

 Estimation of the Charge Transport Parameters 
To obtain a better understanding of the charge transport mechanism, the I-V 

characteristics were further analysed by deciphering the effective carrier's mobility (μeff) 

and lifetime (τ) from region II [Fig. 5.9b] based on the space-charge limited current 

(SCLC) theory. The electron mobility was evaluated from the slope of the I-V2 plot (Fig. 

5.10a and 5.10b). The dielectric constant of the synthesized materials (εr), the mobility 

(μeff), and the lifetime or transient time (τ) of the charge carriers were estimated 

employing the following equations34: 

𝜺𝜺𝒓𝒓 = 𝑪𝑪𝟎𝟎𝒅𝒅
𝜺𝜺𝟎𝟎𝑨𝑨𝒆𝒆𝒆𝒆𝒆𝒆

         (5.2) 

𝐼𝐼 = 9𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒𝜀𝜀0𝜀𝜀𝑟𝑟𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
8

�𝑉𝑉
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�        (5.3) 

𝜏𝜏 = 9𝜀𝜀0𝜀𝜀𝑟𝑟𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
8𝑑𝑑

(𝑉𝑉
𝐼𝐼
)        (5.4) 

The detailed elucidation of all the symbols used in the above-mentioned equations was 

provided in Chapter 2 (§ 2.7.2). Also, the plot illustrating the capacitance (C) vs. frequency 

(f) characteristics for both CuS and T-CuS films is presented in Fig. 5.11. 

 

Fig. 5.10: The I vs. V2 plot for the SCLC region of (a) CuS and (b) T-CuS nanocomposite. 

 

 The calculated values of μeff and τ are given below in Table-5.1. Our results 

reflected higher mobility for the carbon nanotube and its effective contribution to the 
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transfer of charge carriers smoothly. The CNT-based composite showed greater mobility 

& transit time than the bare CuS NPs. The result shows compatibility with previously 

reported data of a carbon-based (rGO) composite35,36. Both in dark and in the 

illumination, the mobility of carriers increased remarkably up to 4-5 times. The 

enrichment of mobility & transition time can increase the efficiency of charge transfer 

and thus the photocatalytic activity.  

 

Fig. 5.11: Capacitance vs. frequency plot for the CuS and CNT-CuS thin film. 

Table 5.1: Charge transport parameters. 

 

 Transient Photocurrent Measurements and Nyquist Plots 

Transient photo-response spectra and electrochemical impedance spectroscopy (EIS) 

were performed to investigate the photo-electrochemical characteristics of the as-

prepared catalysts, and are shown in Fig. 5.12a and 5.12b respectively. The photocurrent 

intensity of the T-CuS composite was found to be significantly higher (Fig. 5.12a) than 

that of the pure CuS, as expected. This result suggests that incorporating CNT into the CuS 

nanoparticles could facilitate the separation of photo-generated electrons and holes and 

their swift transfer through the complex network. Furthermore, the EIS Nyquist spectra, 

which is an effective tool for investigating the conductance and charge transfer facility, 

Sample Photo-
sensitivity 

(S) 

Conductivity (σ) 
(Sm-1) 

Mobility (μeff) 
(m2V-1s-1) 

Transition time (τ) 
(s) 

Condition  Dark Light Dark Light Dark Light 

CuS 1.01 3.42 ×10-4 6.71 ×10-4 2.32 ×10-5 5.39 ×10-5 1.54 ×10-8 8.32 ×10-9 

T-CuS 2.05 9.57 ×10-4 2.48 ×10-3 7.98 ×10-5 2.67 ×10-4 7.92 ×10-9 3.20 ×10-9 
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revealed that the diameter of the semi-circular arc for the T-CuS composite was 

significantly smaller than for the pure CuS (Fig. 5.12b). This finding affirms that the 

addition of CNT significantly reduced the charge transfer resistance in the composite 

material, allowing electrons and holes to migrate to active sites during the degradation 

process, as discussed further below. 

 

Fig. 5.12: (a) Transient photocurrent response and (b) EIS Nyquist plot of    CuS and T-CuS composite. 

 Charge Transfer Characteristics of CNT 

 

Figure 5.13: Nyquist Plot for CuS, CNT and T-CuS Composite. 

The EIS Nyquist plot is an effective tool to investigate the conductance and charge 

transfer characteristics of the materials. Fig. 5.13 revealed that the diameter of the semi-

circular arc for the T-CuS composite was significantly smaller than for the pure CuS and 

the diameter of the semi-circular arc for pure CNT is lies between pure CuS and the T-CuS 

composite. So, it can be concluded that the charge transfer for CNT is higher than pure 

CuS but lower than T-CuS composite. 
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5.4.6. Photocatalytic Activity 
 Photo-degradation Process 

The photocatalytic performance of the as-prepared samples was evaluated by 

photocatalytic degradation of Rh B under UV light irradiation. In the experiment, 30 mg 

of the samples and 1 mL H2O2 were dispersed in 100 mL of Rh B aqueous solution (100 

ppm). The mixed suspensions were magnetically stirred for 30 mins in the dark to attain 

an adsorption-desorption equilibrium. Under ambient conditions and stirring, the mixed 

suspensions were exposed to visible light produced by a solar simulator (Abet 

Technologies, Model 10500). At regular time intervals, 3 mL of the examined suspensions 

were extracted and centrifuged to remove the suspended impurities. The absorption of 

Rh B in the filtrate centred at 553.5 nm was then examined using a UV-Vis spectrometer 

and the degradation process was analysed. 

 For the recyclability test, the catalyst was extracted after the degradation cycle by 

centrifugation and washed with isopropyl alcohol followed by Millipore water and reused 

in the next cycle. In this study, all the experiments have been repeated three times and 

displayed almost similar activity. 
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Fig. 5.14: Absorbance spectra of aqueous Rh. B solution at different intervals of time in the presence of 

(a) CuS and (b) T-CuS nanocomposite under solar irradiations. (c) Photocatalytic degradation behaviour 

of Rh. B solution (d) ln (C0/C) vs. Time plot for RhB solution in presence of CuS and T-CuS catalysts. 

 Photo-degradation Behaviour and Performances 

Photocatalytic decomposition of RhB under a solar simulator is used to investigate the 

photocatalytic behaviour of bare CuS and T-CuS nanocomposites. The degradation 

procedure was recorded by monitoring the major absorption peaks of aqueous RhB 

solution centred at 553.5 nm using a UV-Vis spectrometer (Fig. 5.14a and 5.14b) and the 

decomposition process was determined by the following Equation: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �𝐶𝐶0−𝐶𝐶𝑡𝑡
𝐶𝐶0

× 100�  %      (5.5) 

where C0 and Ct represent the RhB concentration at the time t=0 & t= time after its initial 

condition, respectively37. The linear behaviour of ln(C0/C) vs. exposure time (min) graph 

of both bare CuS and T-CuS composites (Fig. 5.14d) indicates the presence of pseudo-

first-order decomposition kinetics38. No significant change in RhB concentration was 

observed in the catalyst-free suspension after exposed to solar-simulated light for 60 

minutes. It was found that the addition of bare CuS catalyst bleached the RhB solution to 

58% from its initial concentration. Furthermore, the T-CuS nanocomposites enhanced the 

degradation by up to 94% due to the synergistic effect of CuS-NPs and CNTs (Fig. 5.14c). 
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Recycling test in Fig 5.15 demonstrated that the decomposition efficiency of T-CuS 

catalyst did not change significantly after repeated use of three cycles. 

 

Fig. 5.15: Recycle performance of CuS and T-CuS catalyst for Rh. B decomposition. 

 Adsorption of RhB by the Photocatalysts 

The adsorption of RhB on the photocatalysts were measured since the pre-adsorption of 

the dyes aids the migration of the charge carriers. The adsorption experiments were 

performed by continuous stirring 100 mL of aqueous RhB solution with 30 mg of each 

catalyst (CuS and T-CuS) for 30 min in the dark condition. Figure 5.16 displays the 

adsorption profiles of aqueous RhB solution as a function of time in the dark on the pure 

CuS and the T-CuS composite, respectively. The pure CuS demonstrated no adsorption in 

the dark, as the concentration of the RhB solution remained almost unchanged. In 

addition, the T-CuS composite also showed negligible adsorption behaviour to RhB, 

which was less than 1% for 30 min of stirring. These results indicate that the adsorption 

experiments did not show a significant effect on RhB removal and, the pre-adsorption 

was displayed in the following. 
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Fig. 5.16: The adsorption profiles of aqueous RhB solution on pure CuS and the T-CuS composite, as a 

function of time in the dark. 

 Identifications of Reactive Species 

The reactive species trapping experiments were carried out to determine the active 

species in the 3% T-CuS photocatalytic system. First, 0.1 mmol of methyl alcohol (MeOH), 

a scavenger of photogenerated h+, 0.1 mmol of iso-propyl alcohol (IPA), a scavenger of 

hydroxyl •OH and 0.1 mmol of benzoquinone (BQ), a scavenger of superoxide •O2− were 

separately added in the photodegradation system. Then, the photodegradation 

experiment was performed under the same procedure without adding scavengers. The 

absorption plots of degraded RhB by T-CuS in presence of different scavengers are shown 

in Fig. 5.17.  Figure 5.18 shows the effect of the scavengers on the degradation percentage 

of RhB with 60 min irradiation time. 
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Fig. 5.17: Absorbance spectra of degraded RhB aqueous solution by T-CuS in presence of (a) methyl 

alcohol (b) benzoquinone (c) iso-propyl alcohol and (d) No scavengers. 

 As seen in figure 5.18, the RhB solution degraded up to 86% of its initial 

concentration which demonstrates that the decomposition of RhB was slightly 

suppressed in the presence of IPA, as compared to 94% in the absence of scavengers. This 

finding indicates that •OH has a minor impact on degradation of RhB using T-CuS catalyst. 

In case of MeOH, the value of (C/C0) was not reduced below 42%, indicating that holes 

(h+) play a significant role in RhB degradation. However, when BQ was present during the 

reaction, the concentration of (C/C0) was somewhat reduced by up to 68%. This suggests 

that •O2− radical is also markedly responsible for photocatalytic degradation of RhB. 

Here, RhB degradation was observed to be obviously inhibited on the addition of BQ and 

MeOH; in contrast, IPA had a very small effect on the dye degradation. This implies that 

the photogenerated holes (h+) and •O2− radicals plays the main role in removal process 

of the dye, whereas •OH plays a minor role in the dye degradation. 
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Fig. 5.18: Photocatalytic degradation of RhB aqueous solution by T-CuS in presence of IPA, BQ, MeOH and 

no scavengers. 

 Optimization of the composite material with different CNT content 

To determine the optimum composite photocatalyst for achieving the highest 

photocatalytic activity, the T-CuS composites with different CNT content were prepared 

and they were labelled as “T (x%)-CuS”, where x stands for the weight % of the CNT (0%, 

2%, 3% and 4%). Fig. 5.19 shows the variation of RhB concentration (C/C0) with time in 

the presence of different catalysts under visible-light irradiation for 60 min irradiation. 

It was seen that no considerable change in the RhB concentration was observed for 

catalyst-free suspensions. After adding the pristine CuS catalyst, the RhB solution was 

found to be bleached up to 58% of its initial concentration. On the other hand, the RhB 

solution was degraded up to 82%, 94% and 89% with the T (2%)-CuS, T (3%)-CuS, T 

(4%)-CuS, respectively. The result demonstrates that the photocatalytic activity of T-CuS 

composites was first enhanced and then diminished with the increasing amount of CNT. 

Among the prepared samples, the composite with 3% CNT content showed the highest 

photocatalytic activity (94%). 
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Fig. 5.19: (a) Changes in concentration vs. time and (b) ln (C0/C) vs. time plot in the presence of different 

catalysts under visible-light irradiation. 

 Weight (%) test of CNT 

Here we have tested the CNT (wt.%) content with the help of EDX analysis in three 

different spots and take an average value and also, we have performed EDX Mapping (Fig. 

5.20) of the composite. Here from the different spot, we get an average wt. % of CNT in 

the composite is around 2.80% which is close to 3%. 

 

 

Fig. 5.20: EDX Mapping of the sample T-CuS (3%) 

Table 5.2: Weight (%) of CNT in the T-CuS nanocomposite 
Spot No Cu (Wt.%) C (Wt.%) S (Wt.%) 

Spot 1 51.31 2.72 45.97 

Spot 2 51.78 2.87 45.35 

Spot 3 51.96 2.81 45.23 

Average 51.68 2.80 45.52 
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 Photocatalytic activity of a non-azo dye 

 

Fig. 5.21: Changes in concentration vs. time (a) CuS (b) T-CuS and (c) ln (C0/C) vs. time plot in the 

presence of different catalysts under visible-light irradiation. 

Here, we conducted the catalytic experiment with the bare CuS (Fig. 5.21a) and CuS-CNT 

(3%) (Fig. 5.21b) to degrade the Brilliant Green (BG) dye, which belongs to the non-azo 

groups, and we observed the almost similar results as we obtained in the case of RhB. It 

was found that the addition of bare CuS catalyst bleached the BG solution to 47% from its 

initial concentration. Furthermore, the T-CuS nanocomposites enhanced the degradation 

by up to 93%. 

 Photo-degradation Mechanism 

To explain the synergistic effect of CNTs and CuS in the composite, we analysed the 

photocatalytic degradation process. In presence of visible light illumination, excitons of 

interfaces are generated on the surface of CuS NPs and segregated into free holes in the 

valence band & free electrons in the conduction band. Though, this photogenerated h+ 

and e- tending recombination before the appearance of the active site resulting in a poor 

photocatalytic response. When the CuS NPs bind with CNTs, the photo-induced e- in the 

conduction band of CuS can be separated effectively at the carbon nanotube interfaces, 

leaving h+ in the valence band of CuS due to its favourable energy level (Fig. 5.22)39,40. 

Therefore, photo-generated electrons in CuS can reach effortlessly to the active site 

through the CNT network and reduce the dissolved O2 present in the aqueous medium, 

into the hugely reactive superoxide anion (O2-) and react further with H2O to form 

hydroxyl (OH*) radicals41. Furthermore, photo-induced h+ can react also with H2O or OH- 

to oxidize them to OH• 42. The O2•−, OH• and the photo-generated h+ are jointly involved 
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in the decomposition process of RhB solutions43,44. Fig. 5.22 shows a pictorial view of the 

photocatalytic activity of the T-CuS photo-catalyst. 

 

Fig. 5.22: Pictorial representation of photocatalytic degradation of RhB in the presence of T-CuS 

nanocatalyst under solar simulator. 

5.5. Conclusion 
The CuS NPs were synthesized successfully and the CNT incorporation with CuS was 

assisted by PXRD, FESEM, FEG-TEM, XPS, UV-Vis and PL data. The importance of charge 

transport kinetics and higher charge carrier mobility of the photo-catalysts for RhB 

decomposition was reported. It was seen that in presence of visible light, the T-CuS 

exhibited higher photocatalytic activity than the bare CuS. The higher mobility of the 

composites helped the photo-induced charges to quickly transfer between the active site 

and the target molecules at the time of the degradation process. Strong interfacial 

contacts, higher absorption of visible light and reduced recombination of e--h+ pairs are 

the additional crucial key factors for enhancing the photocatalytic performance of the 

composites. Overall, addressing the challenge of visible light-induced photocatalysis, the 

superiority of CNT composites over as-synthesized bare CuS catalysts was demonstrated 

in this study. Finally, our results shed light on design of carbon-based semiconductor (T-

CuS) composites and established them as promising photo-catalysts for various potential 

applications in wastewater treatment. 

*** 
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6.1. Introduction 
The fabrication of Schottky barrier diodes (SBDs) at metal-semiconductor (MS) junctions 

and the analysis of charge transport have recently received considerable attention in 

modern electronics1. The performance of a SBD depends on some factors, like mobility of 

charge carriers, recombination rate, and interface quality. CuSe (CS) is a material that has 

several features such as non-toxicity, tunable microstructure, tunable bandgap in the 

semiconducting range, and low cost but CS has a high electron-hole recombination rate, 

which impacts device performance. However, graphene, a carbon-based material has 

gained attention due to its excellent conductivity, high carrier mobility, electron-hole-

suppressing ability and emerged as a promising material for electronic devices2. Thus, 

combining graphene with CS holds promise to enhance charge transport kinetics, 

specifically by inhibiting recombination in CS. Producing pure graphene is difficult so 

reduced graphene oxide (rGO) has been synthesized. In this study, we have synthesized 

rGO-CuSe (RCS) composites with different weight ratios of rGO (0% (CS), 1% (RCS1), 3% 

(RCS3), 5% (RCS5) and 7% (RCS7)). Subsequently, SBDs were fabricated and the charge 

transport performances were analyzed by space charge limited current (SCLC) theory. 

We estimated some charge transport parameters and investigated the effect of rGO on 

the charge transport of CS. 

6.2. Materials and Methods 
6.2.1. Materials 
The chemicals used in this study were Copper dichloride dihydrate (CuCl2.2H2O), tartaric 

acid (C4H6O6), deionized (DI) water, hydrazine hydrate (H4N2. H2O), aqueous ammonia 

(NH4OH), sodium selenite (Na2S2O3). All the chemicals were procured from Sigma-

Aldrich (India) and used as received without requiring any further purification steps. 

6.2.2. Synthesis of CuSe 
CuSe (CS) was synthesized using hydrothermal method. 0.2 M Copper dichloride 

dihydrate (CuCl2.2H2O) and 0.5g of tartaric acid were dissolved in 25 mL of distilled 

water while stirring. 3 mL hydrazine hydrate and 3 mL aqueous ammonia were added. A 

separate aqueous solution of 0.2 M sodium selenite (Na2S2O3) was prepared and added 

to the first mixture. After 15 minutes of stirring, the mixture was transferred to a Teflon-
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lined stainless-steel autoclave and placed in an oven set at 180 °C for 12 hrs. The collected 

black material was washed with distilled water and ethanol and dried at 60 °C for 4 hrs. 

6.2.3. Synthesis of GO 
Graphene oxide (GO) was synthesized via improved Hummer's method, initially 

proposed by Marcano et al.3,4. In this procedure, a 100 mL solution of H2SO4/H3PO4 with 

a molar ratio of 9:1 was prepared. Next, 0.75 g of graphite flakes was dispersed in the 

solution through intense sonication. Following this, 4.5 g of potassium permanganate 

(KMnO4) was gradually added to the acidic suspension, which was stirred for 12 hours at 

50 °C. After the reaction, the mixture was allowed to cool to room temperature and then 

transferred to 100 mL of ice water. To this homogeneous mixture, 0.75 mL of a 30% 

aqueous hydrogen peroxide (H2O2) solution was slowly added, resulting in the formation 

of a golden-brown GO suspension. The suspension was then filtered and subjected to 

centrifugation at 6000 rpm for 1 hour. The resulting GO was washed multiple times with 

deionized (DI) water, dilute hydrochloric acid (HCl), and ethanol. Finally, the product was 

dried overnight at 100 °C. 

   
Fig. 6.1: Schematic illustration of the synthesis of the rGO-CuSe nanocomposite. 

 

6.2.4. Synthesis of rGO-CuSe 
The composite material rGO-CuSe (RCS) was synthesized using a similar alkaline 

hydrothermal reaction as described for CuSe synthesis. The synthesis procedure involved 

several steps. Firstly, 10 mg of graphene oxide (GO) was reduced to obtain 10 mg of 

reduced GO through hydrazine treatment, following the method described by Das et.al.5. 

Next, 5 mg of the reduced GO was dispersed in 30 mL of DI water through ultrasonication 
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for 1 hour, resulting in a well-dispersed and homogeneous solution. Subsequently, the 

synthesized CuSe nanoparticles were slowly added to the rGO suspension while 

maintaining stirring. The mixture was further stirred for 1 hour to ensure uniform 

dispersion and then transferred into a hydrothermal autoclave to synthesize the RCS 

nanocomposite. To produce the rGO-CuSe (RCS) composite, rGO was added to the CS in 

different weight ratios as rGO weight ratios of 0% (CS), 1% (RCS1), 3% (RCS3), 5% 

(RCS5), and 7% (RCS7) and stirred for 8 hrs. Then, a similar hydrothermal process was 

carried out and RCS was obtained by washing several times with deionized water and 

ethanol and drying at 60 °C for 4 hrs. The entire synthesis process of the rGO-CuSe 

composite is collectively schemed out in Fig. 6.1. 

6.2.5. Fabrication of Schottky Devices 
To fabricate SBDs, fluorine-doped tin oxide (FTO) coated glass was cleaned using a 

sequence of soap solution, acetone, ethanol, and distilled water in an ultrasonic bath. The 

materials were then spin-coated onto the FTO-coated glass and left to dry, resulting in 

thin films. The film thickness was approximately 1 μm, as determined by a surface 

profiler. Metal contacts of aluminium were made to the film by depositing through the 

thermal evaporation technique. The diode's effective area (A) was maintained at 

7.065×10-6 m2 using a shadow mask6. 

 

Fig. 6.2: Schematic diagram of the fabricated Schottky devices. 

 

6.3. Material Characterizations Techniques 
The morphology of the sample was assessed using a field emission scanning electron 

microscope (FESEM), by the FEI Inspect F50 model and the elemental combination was 

determined using an energy-dispersive X-ray (EDX) analyzer. To analyze the crystalline 
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phase, a powder X-ray diffraction (PXRD) experiment was performed using a Bruker D8 

advance X-ray diffractometer, with Cu-Kα radiation (λ=1.5418 Å). Current-voltage (I-V) 

measurements were performed using a Keithley 2635B sourcemeter. 

6.4. Results and Discussion 
6.4.1. Structural Properties 
The PXRD patterns of the samples are shown in Fig. 6.3. The peak (002) of rGO appeared 

at approximately 2θ=24°-25°. Peaks were observed at 2θ = 26.62°, 28.11°, 31.08°, 41.03°, 

45.36°, 46.04°, 50.0°, 56.60° and 70.32° corresponding to the (101), (102), (006), (106), 

(107), (110), (108), (116) and (208) diffraction planes, respectively. This is confirmed by 

JCPDS card no. 34-0171 and the phase of CuSe is verified. The spectrum for RCS was 

similar to that of bare CS. The intensity of the rGO peak was low due to the presence of 

small amount of rGO in the composite. 

 

Fig. 6.3: XRD spectra of pristine CS and RCS nanocomposite and rGO. 

 

6.4.2. Morphological and Elemental Studies 
The FESEM images of the samples are shown below. Figure 6.4(a) displays hexagonal CS 

particles, which are approximately 200-250 nm in size. The nice decoration of CS 

nanoparticles on the rGO sheets is shown in Fig. 6.4(b). Figure 6.4(c) represents the EDX 

spectra of RCS, satisfying the presence of elements (Cu, Se, C) in the composite indicating 

the successful synthesis of the composite. 
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6.4.3. Current-Voltage (I-V) Measurement 
The I-V characteristics of the devices were measured within a bias voltage range of ±1 V 

and shown in Fig. 6.5(a). The devices exhibited excellent rectifying behaviour, indicating 

Schottky nature. The RCS5-based device demonstrated the highest current. Furthermore, 

all the RCS7, RCS5, RCS3, and RCS1 devices had higher on/off current ratio, indicating 

greater rectification compared to CS. The enhanced current in the RCS-based diodes can 

be attributed to the high conductivity of graphene. The diodes were analyzed by the 

thermionic emission theory and the I-V dependence can be represented by the equation 

I = I0exp � qV
ηkT

� �1 − exp �− qV
ηkT

��                                  (6.1) 

 

 

Fig. 6.5: (a) I-V plot of CS and RCS-based SBDs. (b) log I-log V plot and (c) I-V2 plot for the SCLC region. 

To gain a deeper understanding of charge transport, we examined the forward 

current region using the SCLC theory7. In Fig. 6.5(b), we present the log I vs log V graph, 

divided into two different regions. The SCLC region (Region-II), where the current follows 

the relation I α V2, is depicted in Fig. 6.5(b). From the I vs V2 graph Fig. 6.5(c), we 

estimated the effective carrier mobility using the Mott-Gurney equation8. 

Fig. 6.4: FESEM image of (a) CS and (b) RCS (c) EDX spectra of RCS composite. 
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I = 9µeff  ε0εrA
8

�V
2

d3
�                  (6.2) 

where ε0 - permittivity of vacuum, ε r - dielectric const. of material, µeff - electron mobility, 

and d - thickness of film. The transit time (τ) was determined from the I vs V graph using 

equation (3), and the diffusion lengths (LD) of the charge carriers were extracted using 

equation (4). 

τ = 9ε0εrA
8d

�V
I
�                                                                  (6.3) 

 LD = √2Dτ                                                                  (6.4) 

where, D is denoted the diffusion coefficient, calculated from the Einstein-Smoluchowski 

equation9: 

    µeff = qD
kT

                          (6.5) 

Table 6.1: Charge transport parameters 

Sample On/Off µeff (m2V−1s−1) τ (ns) LD (nm) 

CS 20 2.26×10-6 329 199 

RCS1 26 2.86×10-5 29.9 210 

RCS3 38 3.60×10-5 26.0 220 

RCS5 52 8.60×10-5 15.2 260 

RCS7 44 6.34×10-5 18.5 246 

 

The above tabulated data shows that there is a continuous improvement in charge 

transport kinetics after incorporating rGO. The mobility of the charge carriers increases 

with increase in rGO amount and decreases after a certain amount of rGO loading. In 

comparison to the bare CS, RCS5 showed the best result with highest carrier mobility of 

8.60×10-5 m2V-1s-1, a huge 38-fold increase in value. The transit time obtained was 15.2 

ns that was improved by 22 times and the diffusion length as calculated was 260 nm 

where it was also increased by 30%. This study shows that, the rGO incorporated CuSe 

can be beneficial for several device applications. 
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6.5. Conclusions 
In conclusion, CS and RCS nanocomposites with incorporation of different amounts of 

rGO have been synthesized by hydrothermal method and SBDs have been fabricated with 

the samples. The I-V characteristics indicated that mobility of the charge carriers greatly 

depends on the rGO content present in the samples. All rGO-based devices performed 

better than the CS-based SBDs, where the best performance was observed in 

Al/RCS5/ITO SBD. This device exhibited a significant 38 times increase in carrier mobility 

compared to CS. The transit time was improved and diffusion length of the carriers also 

increased substantially. Therefore, the result suggests a better understanding and further 

improvement in charge transport of MS devices. 

 

*** 
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7.1. Introduction 
Dye wastewater released into water bodies, predominantly by textile industries, has 

emerged as a significant environmental concern, resulting in various ecological issues1. 

Over the past few decades, numerous physicochemical and biological strategies, 

employing chemical and physical adsorption techniques, have been developed to degrade 

these industrial effluents; however, these methods often lack cost-effectiveness and can 

produce secondary pollutants2. Among the advanced oxidation processes currently 

available, the photocatalytic approach utilizing semiconducting materials has 

demonstrated considerable efficacy in wastewater decontamination3. A substantial 

number of compound semiconductors have been explored for the decomposition of 

organic dyes, owing to their superior absorbance cross-section and enhanced 

environmental stability4,5. Despite the promising potential of semiconductor materials 

for the decolorization of organic dyes, they are hindered by limitations such as wide 

bandgaps and relatively short exciton lifespans, which restrict their practical 

applications6. For instance, titanium dioxide (TiO2), recognized as one of the most 

effective materials for the degradation of various organic pollutants, is responsive 

primarily within the ultraviolet region of the electromagnetic spectrum, a limitation 

attributed to its wide bandgap 3.2 eV7,8. This characteristic results in fewer redox 

reactions with pollutants, adversely affecting its degradation efficiency9. 

 On the other hand, copper selenide (CuSe), an important copper chalcogenide 

semiconductor with a direct bandgap of approximately 2.60 eV, has demonstrated 

significant potential across a wide range of applications, including solar cells10, light-

emitting diodes (LEDs)11, optoelectronic devices12, carbon dioxide reduction13, and 

wastewater treatment14,15. Solution-processed CuSe nanostructures exhibit several 

advantageous characteristics, including low production costs, large surface area, good 

environmental stability, excellent reusability, and notable visible-light absorption, which 

position them as promising photocatalysts. However, a significant limitation of these 

materials is the rapid recombination of photo-generated electron-hole pairs (e- and h+) 

in CuSe nanomaterials, which adversely affects their photocatalytic performance, 

particularly under visible light irradiation. Numerous strategies have been explored to 

mitigate electron-hole recombination and thereby enhance electron transfer during the 

photocatalytic process. Among these strategies, the synthesis of graphene-based 

composites has emerged as one of the most effective approaches16,17. In this context, 
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easily processed, cost-effective graphene oxide (GO) and/or reduced graphene oxide 

(rGO) exhibit a high specific surface area and demonstrate superior electrical 

conductivity18,19. The presence of various functional groups facilitates the easy exfoliation 

of GO sheets in water, leading to the formation of stable dispersions. These exfoliated GO 

sheets, characterized by their large surface area, also provide substantial interfacial 

contact with nanoparticles, which in turn suppresses the recombination of photo-

generated electron-hole pairs and enhances charge transfer efficiency20. The present 

study details the synthesis of a reduced graphene oxide-copper selenide (rGO-CuSe) 

nanocomposite and assesses its efficacy in the degradation of organic dye (Methylene 

Blue) under visible-light irradiation. The associated improvements in the transport 

properties of charge carriers and the implications of their mobility in dye degradation are 

discussed in detail in this report. 

7.2. Materials and Methods 
The synthesis procedure of the CuSe and rGO-CuSe nanocomposites and the fabrication 

of the Schottky diodes were discussed in detail in the previous chapter (§ 6.2). 

7.3. Material Characterization Techniques 
The material characterization techniques employed in the preceding chapter (§ 6.3) have 

been consistently applied in this chapter. Additional techniques include: 

 The surface morphology and elemental composition were examined using the FEI 

Inspect F50 field emission scanning electron microscope (FESEM) in conjunction with an 

integrated energy dispersive X-ray (EDX) analyzer. Microstructural information 

regarding the nanocomposite was analyzed utilizing the JEOL JEM 2100F field emission 

gun (FEG) transmission electron microscope (TEM). The X-ray photoelectron 

spectroscopy (XPS) technique (Omicron Nanotechnology), employing Al-Kα radiation (E 

= 1486.7 eV), was applied to investigate the surface electronic states of the constituent 

elements and the reduction state of graphene oxide (GO). The absorption spectra of the 

synthesized materials and their photocatalytic behavior were assessed using a UV-Vis 

spectrophotometer (Perkin Elmer, Lambda 365) and a low-cost solar simulator (Abet 

Technologies, Model 10500), respectively. Photoluminescence spectra of the samples 

were obtained with a spectrofluorimeter (PerkinElmer LS55). To interpret the Brunauer-

Emmett-Teller (BET) specific surface area of the nanomaterials, nitrogen adsorption-
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desorption measurements were conducted at 77K using an Autosorb iQ2 (Quantachrome 

Instruments, USA). 

7.4. Results and Discussion 
7.4.1. Structural Properties 
 XRD Analysis 

The PXRD patterns of the samples are presented in Fig. 7.1. The peaks were identified at 

2θ = 26.62°, 28.11°, 31.08°, 41.03°, 45.36°, 46.04°, 50.0°, 56.60°, and 70.32°, 

corresponding to the (101), (102), (006), (106), (107), (110), (108), (116), and (208) 

diffraction planes, respectively. This observation is corroborated by JCPDS card no. 34-

0171, thereby confirming the presence of the CuSe phase. 

 

Fig. 7.1: XRD spectra of as-synthesized CS and RCS nanocomposite. 
 A further observation from Fig. 7.1 is that the addition of rGO did not affect the 

relative intensities and positions of the Bragg reflections in CS and RCS which could result 

in the growth of new crystallographic phases. Also, no characteristic diffraction peaks for 

rGO were noticed in the composite, which is attributed to the low level of loading and 

comparatively weaker diffraction peaks of GO21. Moreover, the X-ray diffraction was 

performed for the synthesized Graphene oxide (GO) and reduced graphene oxide (rGO). 

The signature peak of the graphene oxide was found at 10.9° in the XRD pattern in Fig. 

7.2(a). This authenticates the successful formation of GO from the graphite powder. After 

hydrazine treatment, the peak at 10.9° was almost diminished and a new and wide peak 

at 24.7° is observed in Fig. 7.2(b), indicating the reduction of GO22. 
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Fig. 7.2: XRD spectra of (a) GO and (b) rGO. 

 

 FESEM Study 

The morphology and microstructural characteristics of the synthesized materials were 

corroborated through electron microscopy studies. Firstly, the field emission scanning 

electron microscopy (FESEM) image presented in Fig. 7.3(a) illustrates hexagonal copper 

selenide (CS) nanoparticles. Figure 7.3(b) depicts the distribution of CS nanoparticles 

across the graphene layers within the reduced graphene oxide-copper selenide (RCS) 

composite. Additionally, some random agglomeration of CS nanoparticles is observed, 

which may result from the aggregation tendency of the graphene layers due to van der 

Waals interactions22. The accompanying energy dispersive X-ray (EDX) spectra provided 

in Fig. 7.3(c) confirm the presence of the constituent elements (Cu, Se, and C) in the 

nanocomposite. Moreover, the quantitative analysis of the EDX data indicates that the 

molar ratio of Cu to Se in the synthesized material is approximately unity, thereby 

suggesting the formation of stoichiometric CS nanoparticles. 

 

Fig. 7.3: FESEM image of (a) CS and (b) RCS nanocomposite (c) EDX spectra of the RCS nanocomposite. 
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 TEM Study 

The transmission electron microscopy (TEM) microstructures illustrated in Fig. 7.4(a) 

elucidate the distribution of CS nanoparticles. Fig. 7.4(b) indicates that the nearly 

hexagonal morphology of the CS nanometric particles is uniformly dispersed across the 

wrinkled two-dimensional reduced graphene oxide (rGO) layers23. This configuration 

facilitates the establishment of a close interface characterized by minimal particle 

aggregation, resulting in the formation of an intimate bond between the CS nanoparticles 

and the rGO layers24. The formation of this intimate bonding is anticipated to enhance the 

transfer of charge carriers, thereby mitigating their recombination. The high-resolution 

transmission electron microscopy (HRTEM) image presented in Fig. 7.4(c) corresponds 

to the interplanar spacing of the hexagonal CS lattice. Furthermore, Fig. 7.4(d) displays 

the selected area electron diffraction (SAED) pattern of the CS nanoparticles, with 

concentric diffraction rings, indicating the polycrystalline nature of the specimen. 

 

Fig.7.4: TEM images of (a) CS and (b) RCS nanocomposite. (c) High-resolution TEM and (d) SAED pattern 
of CS nanoparticles over rGO layers. 
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 XPS Study 

An X-ray Photoelectron Spectroscopy (XPS) investigation of the RCS nanostructures was 

conducted to analyze the surface chemical composition and the oxidation states of the 

metallic ions present. The presence of copper (Cu), selenium (Se), carbon (C), and oxygen 

(O) in the RCS nanocomposite was confirmed by the survey spectrum within the energy 

range of 0-1200 eV, as illustrated in Fig. 7.5(a). The XPS peak corresponding to C 1s for 

the RCS composite was deconvoluted into four constituent Gaussian peaks, as shown in 

Fig. 7.5(b), with binding energies centered around 283.86 eV, 285.17 eV, 287.26 eV, and 

290.03 eV. These peaks are attributed to the C=C, C-OH, C=O, and O-C=O bonds, 

respectively25. The observation of relatively low-intensity oxygenated functional groups 

suggests their partial elimination, alongside the presence of restored graphitic segments 

within the composite material22. This phenomenon has significant implications; on one 

hand, the restored graphitic layers facilitate electron transfer, while on the other hand, 

the presence of O2- containing functional groups is likely to promote strong interactions 

between the nanocomposite and the aqueous solution during photocatalytic 

degradation26,27. 

 

Fig. 7.5: (a) XPS survey and (b) C 1s spectrum of the RCS nanocomposite. The HR-XPS spectrum of (c) Cu-
2p and (d) Se-3d states. 

The high-resolution X-ray photoelectron spectroscopy (XPS) data for the Cu 2p 

region, as illustrated in Fig. 7.5c, reveals two distinct peaks at 932.5 eV and 952.4 eV. The 
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energy difference between these states is 19.9 eV, which aligns with previously reported 

values for the Cu 2p3/2 and Cu 2p1/2 states28. These peaks can be attributed to the Cu2+ 

state present in CuSe nanostructures. 

Lastly, Figure 7.5(d) presents a detailed scan of the Se 3d core level, which has 

been deconvoluted into two doublets resulting from spin-orbit coupling (j = 3/2, 5/2) 

with a splitting of 0.86 eV, observed at binding energies of 54.86 eV and 54 eV, 

respectively. These results are consistent with the existing literature, thereby confirming 

the 2- oxidation state of selenium in CuSe29,30. 

Thus, X-ray photoelectron spectroscopy (XPS) analysis supports the sample's 

chemical purity, while the electronic states of the component elements validate the 

development of an RCS nanocomposite. Furthermore, the XPS analysis provides 

information about the surface chemical states of copper (Cu), selenium (Se), and carbon 

(C), which together form our heterostructure photocatalyst. This photocatalyst has the 

ability to serve as an electron capture and transfer medium during the photocatalytic 

degradation process, which will be discussed in the subsequent section. 

7.4.2. Optical Properties 
 UV-visible Spectroscopy 

The UV-visible absorbance spectra of as-synthesized CS and RCS nanocomposite 

presented in Fig. 7.6(a) were recorded in the wavelength range 250-800 nm to study their 

optical properties. The optical band gap (Eg) of the nano-catalysts was derived employing 

Tauc’s equation (Eq. 7.1) in the fundamental absorption edge of the UV-visible absorption 

spectroscopy. According to Tauc’s equation31: 

( ) ( )n
gαhν =A hν-E        (7.1) 

where α is the absorption coefficient, Eg is the bandgap, h is Planck’s constant, ν is 

frequency, A is a constant, and n = 2 and ½ corresponds to the allowed direct and indirect 

optical transition, respectively. 

 By analyzing Tauc's plot (Fig. 7.6b), the estimated values of the bandgap for the CS 

and RCS were found to be 2.60 eV and 2.21 eV, respectively, which were close to the 

reported values32. The broader absorption band and the reduced bandgap of the rGO 

attached material, compared to pristine CS, indicate an enhancement in photon 
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absorption and an increase in the generation of electron-hole pairs for the photocatalytic 

experiment. 

 

Fig. 7.6: (a) Optical absorption spectra of pure CS and RCS composite. (b) Tauc’s plot for the optical band 
gap of pure CS and RCS nanocomposite. 

 

7.4.3. BET Surface Area Studies 

 

Fig. 7.7: N2 adsorption-desorption isotherms for (a) CS and (b) RCS nanocomposite. 

 

The N2 adsorption-desorption isotherms (Fig. 7.7) at 77 K (-196 °C) were also measured 

to determine the Brunauer-Emmett-Teller (BET) specific surface of pure CS and RCS 

nanocomposite33. The BET study estimated the specific surface area of virgin CS and RCS 

composites to be 28.33 m2g-1 and 46.57 m2g-1, respectively, demonstrating a larger 

surface area in the graphene-based composite34,35. In photocatalytic applications, a 

higher absorbance cross-section is always preferred since the larger the surface area, the 

greater the photo-absorption and, as a result, the diffusion of molecules. Figure 7.7 shows 
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that the graphene composite is expected to satisfy those requirements, as demonstrated 

in the following. 

7.4.4. Electrical Properties 
 Current-Voltage (I-V) Measurements 

To interpret the electronic charge transport properties of the synthesized materials, the 

current-voltage (I-V) characteristics of the fabricated Schottky devices (Al/CS/ITO and 

Al/RCS/ITO), as presented in the preceding chapter (§ 6.3.4), were analyzed by applying 

a direct current (dc) bias voltage of ±1 V at room temperature under both dark and 

illuminated (~1000 W/m²) conditions. The dc conductivity (σ), which serves as an 

indicator of charge flow, was derived from the linear region of the diode characteristic 

curves (Fig. 7.8(a)) for both devices examined under various conditions (Table 7.1). The 

notable increase in current density following light irradiation underscores the photo-

responsive characteristics of the materials. The photosensitivity (S), defined as dS I Iν=  

(where v l dI I I= −  is the photo-induced current and dI  is the current under dark), was 

further calculated for both devices36. The graphene-based device, which exhibits superior 

absorption capabilities, demonstrated higher sensitivity compared to its counterpart 

composed of pristine CS (Table 7.1). Moreover, the elevated conductivity of the composite 

material indicated in Table 7.1 suggests an enhancement in charge transport as well as 

improved mobility. Carrier mobility is a critical factor for any semiconducting material, 

as it determines the rate at which charge carriers, namely electrons and/or holes, 

traverse the intricate network before reaching the active sites where they ultimately 

recombine. Given that reduced graphene oxide (rGO) provides increased electron 

mobility (approximately 104 cm²/Vs at 300 K), it is anticipated to facilitate the movement 

of charge carriers and the separation of electron-hole pairs through its high-quality two-

dimensional network37. 

 To elucidate the inclusive influence of reduced graphene oxide (rGO) in the charge 

transport mechanism and photodegradation process, the current-voltage (I-V) 

characteristics were further analyzed by interpreting the effective carrier mobility (μeff) 

and lifetime (τ) based on semiconductor theory. For this purpose, the logarithm of 

current (log I) was plotted against the logarithm of voltage (log V) for positive voltages, 

as depicted in Fig. 7.8(b). In this plot, two distinct linear regions can be identified, 

suggesting the presence of different conduction mechanisms. 
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Fig. 7.8: (a) Current-voltage (I-V) characteristic curves of CS and RCS (b) I-V curve of CS (inset) and (c) I-
V plot in logarithmic scale for the pure CS and RCS composite-based Schottky diodes under the dark and 

light conditions. 
 

 In a metal-semiconductor junction, interfacial trap states significantly influence 

the conduction behavior of charge carriers, thereby modifying the current-voltage (I-V) 

characteristic curves. In the low bias regime (Region I), Ohmic behavior (I ∝ V) is 

observed, characterized by a slope of approximately unity. In this region, the current 

primarily results from the charge carriers that are intrinsic to the material under 

investigation38. Progressing to Region II, as illustrated in Fig. 7.8(b), the injected carriers 

from the contacts interact with the intrinsic carriers at intermediate potential difference 

values, resulting in the formation of a spatially distributed charge field. In this context, 

the motion of charge carriers is predominantly influenced by this field, and their mobility 

principally dictates the quadratic current (I ∝ V²) observed in this region39,40. 

 Estimation of the Charge Transport Parameters 
To obtain a comprehensive understanding of the charge transport mechanism, the 

current-voltage (I-V) characteristics were further analyzed by determining the effective 

carrier mobility (μeff) and lifetime (τ) from region II [Fig. 7.8(b)], based on the space-

charge limited current (SCLC) theory39. Figures 7.9(a) and 7.9(b) illustrate the current (I) 

versus voltage squared (V²) plots for the SCLC region for the CS and RCS composites, 

respectively. The dielectric constant of the synthesized materials, the mobility (μeff), and 

the lifetime or transient time (τ) of the charge carriers were estimated using the following 

equations: 
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𝜀𝜀𝑟𝑟 = 𝐶𝐶0𝑑𝑑
𝜀𝜀0𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒

         (7.2) 
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)        (7.4) 

The comprehensive explanation of all symbols utilized in the previously mentioned 

equations can be found in Chapter 2 (§ 2.7.2). Additionally, Figure 7.10 presents the plot 

depicting the capacitance (C) versus frequency (f) characteristics for both CuSe and rGO-

CuSe films. 

 

Fig. 7.9: The current (I) vs. voltage2 (V2) plot for the SCLC region for (a) CS and (b) RCS composite. 

  

The estimated values of μeff and τ are presented in Table 7.1. The enhanced 

mobility of graphene and its significant contribution to the efficient transfer of charge 

carriers is demonstrated in our findings. The graphene-based composite exhibited 

superior carrier mobility and lifetime compared to the as-synthesized CS nanoparticles. 

These results are consistent with previously reported data for the reduced graphene 

oxide (rGO)-based inorganic composite41,42. Under both dark and light conditions, the 

carrier mobility was significantly increased by nearly 15 to 20 times (Table 7.1). This 

enhancement in mobility, as well as in lifetime, could lead to improved charge transfer 

efficiency and consequently, enhanced photocatalytic activity. 
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Fig. 7.10: Capacitance (C) vs. frequency (f) plot for (a) CuSe and (b) rGO-CuSe thin film. 

 

Table 7.1: Charge transport parameters 
Sample Photo-

sensitivity 

Conductivity (σ) 

(Sm-1) 

Mobility (μeff) 

(m2V-1s-1) 

Lifetime (τ) 

(s) 

Condition - Dark Light Dark Light Dark Light 

CS 0.70 1.24 ×10-5 1.47 ×10-5 1.74 ×10-6 2.72 ×10-6 4.15 ×10-7 2.67 ×10-7 

RCS 1.04 6.45 ×10-4 1.72 ×10-3 6.43 ×10-5 9.78 ×10-5 1.11 ×10-8 7.36 ×10-9 

 

 Transient Photocurrent Measurements and Nyquist Plots 

To investigate the photo-electrochemical properties of the synthesized catalysts, 

transient photo-response spectra and electrochemical impedance spectroscopy (EIS), 

Nyquist plots were obtained and are presented in Fig. 7.11(a) and Fig. 7.11(b), 

respectively43. As anticipated, the photocurrent intensity of the reduced graphene oxide 

(rGO) composite (RCS) was significantly higher than that of the pristine CS. This finding 

indicates that the incorporation of rGO into the CS nanoparticles enhances the separation 

of the photo-generated electrons and holes and promotes their rapid transport through 

the two-dimensional graphene channels44. Additionally, the EIS Nyquist spectra, a robust 

method for assessing conductance and charge transfer capabilities, exhibited a 

substantially smaller diameter of the semi-circular arc for the RCS composite compared 

to the pristine CS [Fig. 7.11(b)]. This observation corroborates the assertion that the 

addition of rGO markedly reduces the charge transfer resistance within the composite 
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material, thereby facilitating the migration of electrons and holes to the active sites 

during the degradation process, as discussed further below. 

 

Fig. 7.11: (a) Transient photocurrent response and (b) EIS Nyquist plots of pristine CS (inset) and RCS 
composite. 

 

7.4.5. Photocatalytic Activity 
 Photo-degradation Process 

The photocatalytic performance of the synthesized samples was evaluated through the 

photocatalytic degradation of Methylene Blue (MB) under solar-simulated visible light 

irradiation. In a typical experimental setup, 30 mg of the samples and 1 mL of hydrogen 

peroxide (H2O2) were dispersed in 100 mL of a 100 ppm MB aqueous solution. The 

resultant mixed suspensions were magnetically stirred for 30 minutes in the absence of 

light to achieve adsorption-desorption equilibrium. Following this, the mixed 

suspensions were subjected to visible light irradiation produced by a solar simulator 

(Abet Technologies, Model 10500) while maintaining ambient conditions and continuous 

stirring. At regular time intervals, 3 mL aliquots of the suspensions were extracted and 

centrifuged to remove suspended impurities. The absorption of MB in the filtrate was 

subsequently analyzed using a UV-Vis spectrometer, and the degradation process was 

assessed. 

 For the recyclability test, the catalyst was extracted following the degradation 

cycle through centrifugation and subsequently washed with isopropyl alcohol, followed 

by millipore water, before being reused in the subsequent cycle. In this study, all 

experiments were conducted in triplicate to assess their catalytic activity. 
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Fig. 7.12: Absorbance spectra of aqueous MB solution at different intervals of time in the presence of (a) 
CS and (b) RCS nanocomposite under solar irradiations. (c) Photocatalytic degradation behaviour of MB 
solution (d) ln (C0/C) vs. Time plot for MB solution in presence of CS and RCS catalysts. 

 Photo-degradation Behaviour and Performances 

The photocatalytic degradation of Methylene Blue (MB) under simulated solar light 

irradiation was employed to investigate the photocatalytic behavior of pristine CS and 

RCS nanocomposite. The degradation process was monitored by observing the principal 

absorption peak of the MB aqueous solution, which is centered at 663.5 nm, utilizing a 

UV-Vis spectrometer [Fig. 7.12(a)]. The analysis of the degradation process was 

conducted using the equation: 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �𝐶𝐶0−𝐶𝐶𝑡𝑡
𝐶𝐶0

× 100�  %      (7.5) 

represent the concentrations of Methylene Blue (MB) at time zero and at time t, 

respectively45. The linear relationship between ln(C0/C) and illumination time (in 

minutes) [Fig. 7.12(c)] for both pure CS and RCS composite materials indicates the 

presence of pseudo-first-order degradation kinetics46. Under solar light irradiation for a 

duration of 50 minutes, no significant change in the MB concentrations was observed for 
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catalyst-free suspensions. Following the introduction of the pure CS catalyst, the MB 

solution exhibited a reduction of up to 68% from its initial concentration. In contrast, the 

RCS nanocomposite demonstrated a notable degradation of 95%, attributable to the 

synergistic effects of CS nanoparticles and reduced graphene oxide (rGO) [Fig. 7.12(b)]. 

Moreover, the recycling test [Fig. 7.12(d)] indicated that the degradation efficiency of the 

RCS catalyst remains relatively stable even after three consecutive cycles of use. 

 Adsorption of MB by the Photocatalysts 

The adsorption of Methylene Blue (MB) onto the photocatalysts was assessed prior to the 

degradation experiments, as the pre-adsorption of dyes facilitates the migration of charge 

carriers. The adsorption experiments were conducted by continuously stirring 100 mL of 

an aqueous MB solution with 30 mg of each catalyst (CS and RCS) for a duration of 30 

minutes under dark conditions47. Figure 7.13 illustrates the adsorption profiles of the 

aqueous MB solution as a function of time in the dark for both the pristine CS and the RCS 

composite. The pristine CS exhibited no adsorption in the dark, as evidenced by the 

concentration of the MB solution remaining virtually unchanged. Furthermore, the RCS 

composite likewise demonstrated negligible adsorption behavior towards MB, recording 

less than 1% adsorption after 30 minutes of stirring. These findings suggest that the 

adsorption of MB by the catalysts would not significantly influence the photo-induced 

degradation process, which will be discussed in the subsequent sections. 

 

Fig. 7.13: The adsorption profiles of aqueous MB solution on the pristine CS and the RCS composite, as a 
function of time in the dark. 
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 Optimization of the rGO Content in the Composites 

To identify the optimal composite photocatalyst for maximizing photocatalytic activity, 

RCS composites with varying amounts of reduced graphene oxide (rGO) were 

synthesized and labelled as “RCS(x%)”, where x denotes the weight percentage of rGO 

(0%, 1%, 3%, 5%, and 7%). Figure 7.14 shows the change in Methylene Blue (MB) 

concentration (C/C0) over a 50-minute period under visible-light irradiation with 

different catalysts. It was noted that there was no significant change in MB concentration 

in catalyst-free suspensions. When the pristine CS catalyst was introduced, the MB 

solution's concentration reduced by up to 68%. In contrast, the degradation of the MB 

solution reached 78%, 86%, 95%, and 91% with RCS composites containing 1%, 3%, 5%, 

and 7% rGO, respectively. These findings indicate that the photocatalytic activity of the 

RCS composites increased initially, then decreased with higher rGO content. Among the 

samples tested, the composite with 5% rGO exhibited the highest photocatalytic activity, 

achieving a degradation rate of 95%. 

 

Fig. 7.14: (a) Changes in concentration vs. time and (b) ln (C0/C) vs. time plot in the presence of different 
catalysts under visible-light irradiation. 

 

 Photo-degradation Mechanism 

To elucidate the synergy between reduced graphene oxide (rGO) and CuSe (CS) in the 

composite material, the photocatalytic decomposition process was systematically 

analyzed. Under visible light irradiation, interfacial excitons are generated at the surface 

of CS nanoparticles, subsequently separating into free electrons in the conduction band 

(CB) and holes in the valence band (VB). However, the rapid recombination of these 

photogenerated electrons and holes prior to their arrival at the active sites results in 
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suboptimal photocatalytic activity. The attachment of CS nanoparticles to rGO facilitates 

the efficient separation of the photoinduced electron in the CB of CS at the graphene 

interface, leaving behind a hole in the VB of CS, attributed to their favourable energy 

levels (Fig. 7.15)48. Consequently, the photogenerated electrons in CS can traverse the 

rGO platform to readily reach the active sites, where they reduce dissolved O2 in the 

aqueous medium to produce the highly reactive superoxide radical anion (O2•−), which 

can further interact with H2O to form hydroxyl radicals (OH•)49. Concurrently, the 

photoinduced holes may also engage with H2O or OH−, oxidizing them to generate OH• 50. 

These O2•−, OH•, and the photogenerated holes collaboratively contribute to the 

decomposition process of the MB solution51,52. A schematic representation of the 

photocatalytic mechanism of the rGO-CS photocatalysts is illustrated in Fig. 7.15. 

 

Fig. 7.15: A plausible mechanism of the photocatalytic degradation process of MB containing RCS catalyst 
under solar light irradiation. 

 

7.5. Conclusion 
The CS nanoparticles were successfully synthesized, and the incorporation of the reduced 

graphene oxide (rGO) sheet with CS was corroborated by X-ray diffraction (XRD), 

transmission electron microscopy (TEM), field emission scanning electron microscopy 

(FESEM), X-ray photoelectron spectroscopy (XPS), photoluminescence (PL), and 

ultraviolet-visible (UV-Vis) spectroscopic data. The charge transport dynamics and the 

significance of the enhanced carrier mobility of the photocatalysts in the degradation of 

Methylene Blue (MB) were investigated. The graphene composite demonstrated 
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significantly higher photocatalytic activity compared to the bare CS under visible-light 

irradiation. The increased mobility of the graphene-based composite material facilitated 

the rapid transfer of photoinduced charges between active sites and target molecules 

during the degradation process. The strong interfacial contact, coupled with enhanced 

visible light absorption and reduced electron-hole pair recombination, primarily 

contributed to the improved photocatalytic performance of the composite materials. In 

conclusion, our findings illuminate the design and charge transfer mechanisms of the 

graphene-semiconductor-based RCS composite material, which presents a promising 

photocatalyst with potential applications in wastewater treatment. 

*** 
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8.1. Summary 
In the culmination of this thesis, which consists of seven comprehensive chapters, we 

have meticulously explored various facets of materials science, with a particular focus on 

charge transport kinetics and photocatalytic degradation—areas that remain relatively 

underexplored. Despite the extensive scope of materials science, our endeavour aimed to 

effectively communicate our experimental findings and the underlying rationale for these 

results through a systematic examination presented across the seven chapters. 

 The significance of carbon nanomaterials like graphene and carbon nanotube as 

versatile materials with multifaceted applications has been widely acknowledged within 

the contemporary scientific community. Over the past decade, extensive research has 

elucidated its considerable potential; however, numerous aspects remain to be explored. 

Consequently, a thorough understanding of carbon materials properties is essential for 

their effective application across various domains, including solar cells, supercapacitors, 

and photocatalysis. In this endeavour, we sought to achieve a comprehensive 

understanding of reduced graphene oxide (rGO) and carbon nanotube (CNT), 

encompassing the production methods of graphene, reduction techniques of graphene 

oxide, and the integration of CNT and rGO with other semiconductor compounds. 

 Our investigation was motivated by a significant gap in the literature regarding 

the direct interpretation of the conductivity and mobility of carbon nanomaterials (GO, 

rGO and CNT). Although numerous studies have examined carbon composites for various 

photo-induced applications, the underlying reasons for the unique characteristics of 

graphene oxide and CNT remain unaddressed. By elucidating these fundamental aspects, 

we aimed to provide researchers with a scientific and strategic framework for the 

application of carbon nanocomposites across diverse fields. 

Central to our research was the exploration of the applicability of carbon 

nanomaterials in composite materials and their potential benefits. Prior to application, 

we aimed to extract charge transport parameters, particularly the mobility (μ) of charge 

carriers. This required the fabrication of metal-semiconductor junction-based Schottky 

diodes utilizing the synthesized materials. By analyzing current-voltage (I-V) 

characteristics and applying thermionic emission (TE) theory, we estimated the mobility 

and lifetime or transit times (τ) of charge carriers. These parameters were critical in 

assessing the efficacy of integrating carbon nanomaterials into various photo-induced 

applications, particularly in the decolorization of dye wastewater. Our investigation 
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further encompassed the degradation of wastewater utilizing two distinct carbon 

nanomaterials in conjunction with two different copper-based nanocomposites: the 

synthesis of carbon nanotube-copper sulfide composites (CNT-CuS) and reduced 

graphene oxide-copper selenide composites (rGO-CuSe). However, prior to the 

application of these materials, a foundational understanding of carbon and its derivatives, 

as well as copper nanomaterials and their composites, was essential. Therefore, in 

Chapter 1, we provided an extensive overview of these materials, thereby establishing 

the groundwork for our subsequent analyses. 

In Chapter 2, we present a theoretical overview of various characterization 

techniques. Furthermore, we conducted a comprehensive exploration of Schottky barrier 

diodes (SBDs), encompassing their theoretical principles, fabrication techniques, and 

insights into electrical properties, as well as impedance spectroscopy. This chapter offers 

a thorough understanding of SBDs, ranging from their theoretical foundations to practical 

applications, thereby establishing a framework for further analysis. 

In Chapter 3, we synthesized copper-based chalcogenide, specifically Copper 

Sulfide (CuS), utilizing two distinct methods. The structural, optical, and electrical 

properties of the materials were thoroughly analyzed. Schottky barrier diodes were 

fabricated, and the charge transport properties were examined through current-voltage 

measurements and impedance spectroscopy. We estimated the mobility (μ) and transit 

times (τ) of the charge carriers. The particle size and crystallinity resulting from the 

different synthesis methods significantly enhance device performance and charge 

transport. This highlights the charge transport characteristics of CuS-based photovoltaic 

devices and provides a deeper understanding of the synthesis procedure-dependent 

conduction mechanisms. In this chapter, we demonstrate that the solvothermally 

synthesized nanomaterial exhibited superior charge transport properties compared to 

the co-precipitation synthesis method. 

 Continuing our exploration, Chapter 4 concentrated on the investigation of carbon 

nanotube-copper sulfide (CNT-CuS) nanocomposites, with the objective of enhancing 

charge transfer in optoelectronic devices. Employing an equivalent circuit model, we 

analyzed the metal-semiconductor interfaces, illuminating the complex interplay 

between materials and charge transfer mechanisms. 
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 In Chapter 5, we explored the influence of elevated carrier mobility in carbon 

nanotube-copper sulfide (CNT-CuS) nanocomposites on efficient charge transfer and the 

photodecomposition of Rhodamine B (RhB). Through a comprehensive analysis of the 

structural, optical, and electrical properties, we elucidated the underlying mechanisms 

that govern charge transport and photocatalytic activity within these nanocomposites. 

We examined the dynamics of charge transport and emphasized the significance of 

enhanced carrier mobility in the photocatalytic degradation of RhB. Our findings 

indicated that the CNT composite demonstrated superior photocatalytic activity 

compared to bare CuS under visible-light irradiation. This improved performance was 

attributed to the elevated mobility of the carbon nanotube-based composite, which 

facilitates the rapid movement of photoinduced charges between active sites and target 

molecules during the degradation process. 

 Chapter 6 presented an analysis of the charge transport properties of reduced 

graphene oxide-copper selenide (rGO-CuSe) based Schottky diodes, achieved by varying 

the rGO content on bare CuSe substrates. The performance of the fabricated diodes was 

evaluated through the incorporation of different weight percentages of rGO. Space charge 

limited current theory was employed to ascertain various charge transport properties, 

including carrier mobility, transit time, and diffusion length, thereby offering valuable 

insights for the advancement of electronic device applications. 

 In Chapter 7, we examined the influence of elevated carrier mobility in reduced 

graphene oxide-copper selenide (rGO-CuSe) nanocomposites on rapid charge transfer 

and the visible-light-driven degradation of Methylene Blue dye. Through the application 

of various material characterization techniques, we acquired a comprehensive 

understanding of the structural, optical, and electrical properties of these 

heterostructures, thereby elucidating their potential applications in wastewater 

treatment. We explored the dynamics of charge transport and emphasized the 

significance of enhanced carrier mobility in the photocatalytic degradation of Methylene 

Blue. Our findings demonstrated that the graphene composite exhibited superior 

photocatalytic activity in comparison to bare copper selenide under visible-light 

irradiation. Key microscopic parameters, such as charge carrier mobility and transit time, 

were identified as critical determinants influencing catalytic activity. This improved 

performance was attributed to the superior mobility of the graphene-based composite, 
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which facilitated the rapid transport of photoinduced charges between active sites and 

target molecules during the degradation process. 

 In conclusion, this thesis seeks to advance the dynamic field of materials science 

by elucidating the complexities of carbon composites and copper-based semiconducting 

nanomaterials. Employing a multidisciplinary approach that integrates theoretical 

insights, experimental investigations, and advanced characterization techniques, this 

work aspires to facilitate the development of novel materials with improved 

functionalities and applications across a range of disciplines. 

8.2. Future Outlook 
We intend to expand our research to delve deeper into the various conduction 

mechanisms of Schottky contacts, emphasizing the critical importance of precise 

understanding regarding the Schottky interface. Charge transport properties is 

influenced by the shape and the size of the materials. In the other case the heterostructure 

of two materials can improve the charge transfer kinetics. As the charge transport 

parameters affect the photo catalytic degradation process our further investigation will 

about the shape dependent and heterostructure based photo catalytic degradation of 

some azo and non azo dyes for wastewater treatments. 

 Shape dependent photocatalytic activity of copper-based chalcogenides    

The physical and chemical properties of micro- and nano-materials are significantly 

influenced by their geometrical shapes and crystallographic planes. In recent years, 

extensive efforts have been dedicated to developing effective strategies for the synthesis 

of various morphologies of copper-based nano crystals, including cubic, octahedral, and 

rhombic dodecahedral forms. The atomic arrangement on the surface of these inorganic 

compounds plays a crucial role in determining their crystal shapes, which, in turn, 

significantly influences the photocatalytic activity. Different shape like spherical, cubic, 

rod like, nanowire have different specific surface area. These shape-dependent particles 

have different charge transport parameters like carrier mobility and transit time; the 

impact of these parameters upon the degradation process should be investigated further. 
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 Metal oxide-rare earth materials heterostructure for photocatalytic degradation 

Metal oxides are extensively employed as electrode materials for the detection of various 

substances. Zirconium oxide (ZrO2), a type of metal oxide characterized by a fluorite 

structure, can be functionalized with phosphonic acid groups and utilized as an electron 

transport layer. Additionally, it exhibits remarkable chemical stability and high 

mechanical strength, rendering it suitable for applications in machinery, electronics, 

biomedicine, and chemistry. Lanthanum-doped ZrO2 is a significant material with various 

applications, including use in electronic devices, thermal barrier coatings, 

photoluminescence, and electrochemical detection. When the doped cations possess a 

larger ionic size and high ionic character, they typically serve as stabilizers. Lanthanum 

oxide (La2O3), a prominent member of the rare earth oxide family. The ionic radius of 

La3+ is larger than that of Zr4+, making lanthanum oxide (La2O3) an effective stabilizer for 

ZrO2. Doping allows trivalent rare earth ions to occupy cation positions within zirconium 

oxide. This process generates specific oxygen vacancies, which subsequently enhance 

conductivity. The enhancement in conductivity is dependent on various charge transport 

parameters which have a pivotal role in the photo catalytic degradation process. So, La 

doped ZrO2 should be a better candidate for the photocatalytic degradation. 

 The primary objectives of this research endeavour are to enhance the 

understanding of charge transport mechanisms in shape-dependent copper 

chalcogenides and oxides, as well as in rare earth material-doped metal oxide-based 

Schottky diode devices. This will be achieved through advanced characterization 

techniques, with the ultimate aim of optimizing device performance for a range of 

electronic and optoelectronic applications. 

*** 
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Investigation of charge transfer in optoelectronic 
devices: a study of carbon nanotube-copper sulfide 
nanocomposites using equivalent circuit models 
for metal–semiconductor interfaces
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Development of hierarchical copper sulfide–
carbon nanotube (CuS–CNT) composites and
utilization of their superior carrier mobility in
efficient charge transport towards
photodegradation of Rhodamine B under visible
light†

Mainak Das,a Dhananjoy Das,a Sayantan Silb and Partha Pratim Ray *a

In this work, the synthesis of visible light sensitive copper sulfide (CuS) nanoparticles and their composites

with carbon nanotubes (T-CuS) via a solvothermal technique is reported. The synthesized nanoparticles

(NPs) and their composites were significantly characterized by powder X-ray diffraction (PXRD), scanning

electron microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, UV-vis

spectroscopy, photoluminescence (PL) spectroscopy and thermogravimetric analysis (TGA). The effect of

carbon nanotubes (CNTs) on the crystallinity, microstructures, photo-absorption, photo-excitation,

thermal stability and surface area of CuS was investigated. The current–voltage (I vs. V) characteristics of

both CuS and T-CuS based Schottky diodes were measured to determine the charge transport

parameters like photosensitivity, conductivity, mobility of charge carriers, and transit time. The

photocatalytic performance of bare CuS and T-CuS in the decomposition of Rhodamine B dye was

studied using a solar simulator. The T-CuS composite showed higher photocatalytic activity (94%)

compared to bare CuS (58%). The significance of charge carrier mobility in transferring photo-induced

charges (holes and electrons) through complex networks of composites and facilitating the

photodegradation process is explained. Finally, the reactive species responsible for the Rhodamine B

degradation were also identified.

Introduction

Organic dyes and pigments discharged into water sources,
mostly by the paint and textile industries, are causing serious
environmental issues and harming the ecosystem in other
ways.1 Over the last few decades, various biological and physi-
cochemical experiments based on physical as well as chemical
adsorption approaches have been conducted to decompose
these industrial pollutants. However, these processes oen
produce secondary pollutants and are not cost-effective from

the economic viewpoint.2 The photocatalytic approach based on
semiconductor materials has demonstrated signicant effi-
ciency in wastewater purication among all advanced oxidation
techniques known to exist.3 There are some well-known semi-
conducting photocatalysts, namely TiO2 and ZnO, which have
been widely used to decompose organic pollutants, but their
use is hindered due to their wide range bandgaps, which are
3.2 eV and 3.37 eV for TiO2 and ZnO, respectively, limiting their
light absorption mainly in the ultraviolet (UV) region of the
solar spectrum.4,5 This reduces the redox reactions with the
impurities and signicantly affects the rate of degradation.6

On the other hand, copper(II) sulde (CuS) has a narrow
direct bandgap of 2.29 eV, due to which it can efficiently capture
visible light from the solar spectrum, making it practically
function as a ‘visible-light-driven photocatalyst’. It also has
excellent optical and electronic properties which show great
potential in many elds like solar cells,7 energy storage,8 gas
sensors,9 biosensors10 and photocatalysis.11 Copper sulde has
some excellent features, such as its environmentally friendly
and non-toxic nature, low cost, biocompatibility, higher phys-
ical and chemical stability and ease of recyclability which

aDepartment of Physics, Jadavpur University, Kolkata 700032, India. E-mail:

parthapray@yahoo.com
bDepartment of Physics, University of Engineering and Management, University Area,

Action Area III, B/5, Newtown, Kolkata 700160, India

† Electronic supplementary information (ESI) available: Device fabrication
method, calculation of bandgap and dielectric constant, weight (%) test of CNT,
charge transfer characteristics of CNT, adsorption of RhB by the catalysts,
photodegradation process, function of H2O2 in the degradation process,
optimization of the composite material with different CNT content,
identication of reactive species, recycling test, photocatalytic activity of
a non-azo dye, Fig. S1–S9, and eqn (S1) and (S2). See DOI:
https://doi.org/10.1039/d3na00204g
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Effect of Higher Carrier Mobility of the Reduced Graphene
Oxide−Zinc Telluride Nanocomposite on Efficient Charge Transfer
Facility and the Photodecomposition of Rhodamine B

Dhananjoy Das,§ Mainak Das,§ Sayantan Sil,§ Puspendu Sahu,§ and Partha Pratim Ray*,§

Cite This: ACS Omega 2022, 7, 26483−26494 Read Online

*sı

ABSTRACT: The synthesis of solar-light-responsive zinc telluride
(ZnTe) nanoparticles and their composite with reduced graphene
oxide (rGO−ZnTe) via a simple hydrothermal reaction is reported.
The synthesized nanostructures were comprehensively character-
ized by a combination of X-ray diffraction and photoelectron
spectroscopy, electron microscopy, UV−vis spectroscopy, photo-
luminescence spectroscopy and thermogravimetric analysis. The
effects of graphene oxide on the crystallinity, microstructure,
photo-excitation, light absorption, surface area and thermal stability
of ZnTe were studied. The current−voltage (I−V) characteristics
for both as-synthesized ZnTe and rGO−ZnTe composite-based
Schottky devices were measured to estimate the charge transport
parameters such as dc conductivity, photosensitivity, carrier’s mobility and lifetime. The photocatalytic performance of both the
materials in the degradation of an azo dye (Rhodamine B) was subsequently investigated using simulated solar light. The rGO−
ZnTe composite exhibited a higher photocatalytic activity (66%) as compared to the as-synthesized ZnTe (23%), essentially due to
the synergy between rGO sheets and ZnTe nanoparticles. The role of the carrier’s mobility in the transportation of photo-induced
charges (electrons and holes) through the complex network of the composite materials and thus facilitating the photo-degradation
process is explained. In the end, the responsible reactive species for the decomposition of Rhodamine B was also interpreted.

■ INTRODUCTION

Dye wastewater released into water bodies mainly by textile
industries is becoming a major environmental concern, causing
several ecological problems.1 In the past few decades, different
physicochemical and biological attempts based on chemical
and physical adsorption techniques have been made to degrade
these industrial effluents, but they are not cost-effective from
an economical point of view and often produce secondary
pollutants.2 Among all advanced oxidation methods known to
date, the photocatalytic route based on semiconducting
materials has shown considerable efficiency in wastewater
decontamination processes.3 Thus far, a large number of
compound semiconductors have been investigated for organic
dye decomposition since they possess an excellent larger
absorbance cross-section and higher environmental stability.4

Although the semiconductor materials have excellent potential
in the area of organic dye decolorization, they suffer from the
shortcomings of having wide band gaps and a comparatively
shorter life span of excitons, limiting the usage of these
semiconductors in practical applications.5 As an example,
TiO2, which is one of the most promising materials for the
decomposition of many organic pollutants, responds only in
the UV region of the electromagnetic spectrum, attributed to
its wide band gap (∼3.2 eV).6 This causes fewer redox

reactions with the pollutants and detrimentally affects its
degradation efficiency.7
On the other hand, zinc telluride (ZnTe), which is an

important group II−VI compound semiconductor having a
direct band gap of ∼2.26 eV, has shown immense potential in a
wide range of applications in solar cells,8 light-emitting diodes,9
optoelectronic devices,10 CO2 reductions,

11 and in wastewater
treatment.12 The solution-processed ZnTe nanostructures
demonstrate a few excellent features, namely, low production
cost, large surface area, good environmental stability, excellent
reusability and prominent visible-light absorption, which make
them a prospective photocatalyst. However, they also have an
inherent shortcoming that the fast electron (e−)−hole (h+)
recombination in ZnTe nanomaterials is responsible for their
weak photocatalytic performance, particularly under visible
light irradiation. Several attempts were made to decrease the
electron−hole recombination in these materials and thus
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Exploring reduced graphene oxide-zinc telluride

nanocomposites for enhanced charge transfer

in optoelectronic devices: a study of the metal–

semiconductor interfaces via equivalent circuit model

Dhananjoy Das1, Mainak Das1, Animesh Biswas1,2, Puspendu Sahu1, and Partha Pratim Ray1,*

1Department of Physics, Jadavpur University, Kolkata 700032, India
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ABSTRACT

This study presents the synthesis of zinc telluride (ZnTe) nanoflakes and their

composite with reduced graphene oxide (RGO-ZnTe) through a simple

hydrothermal reaction. The crystal structure of the synthesized materials was

characterized using X-ray Diffraction techniques. Subsequently, the Metal-

Semiconductor (MS) based Schottky devices were fabricated by depositing the

ZnTe and RGO-ZnTe thin films and Aluminium electrodes via vacuum coating

methods. The surface morphology and topography of the deposited films were

investigated using field emission scanning electron microscopy (FESEM) and

atomic force microscopy (AFM) techniques, respectively, to study the formation

of MS junctions. The interfacial properties of the MS junctions in the Al/ZnTe/

ITO and Al/RGO-ZnTe/ITO configurations were analyzed using ac impedance

spectroscopy over a frequency range of 50 Hz–10 MHz. Thereafter, the bias-

dependent impedance spectrometry was also conducted within a voltage range

of ± 0.6 V to establish the equivalent circuits for the fabricated MS junction

Schottky diodes (SDs). The diode parameters, including on/off ratio, ideality

factor, barrier height and series resistance were determined by measuring the

current–voltage (I–V) characteristics of the fabricated SDs. Further, the charge

transport parameters, such as dc conductivity and photosensitivity, were also

estimated. The findings indicate that the Schottky devices based on the RGO-

ZnTe composites exhibit enhanced device performance compared to those

based on pristine ZnTe, attributed to the synergistic effects between the RGO

sheets and ZnTe nanoflakes.

Address correspondence to E-mail: parthapray@yahoo.com
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Magnetic and Electric Properties of Pyrazole-Based Metal−Organic
Frameworks Grafted With a Sulfonic Moiety

Published as part of a Crystal Growth and Design virtual special issue on Molecular Magnets and Switchable
Magnetic Materials
Sayan Saha, Mainak Das, Krishna Sundar Das, Raktim Datta, Sukhen Bala, Jun-Liang Liu,
Partha Pratim Ray,* and Raju Mondal*

Cite This: Cryst. Growth Des. 2023, 23, 1104−1118 Read Online

*sı

ABSTRACT: We report herein two multifunctional metal−
organic frameworks (MOFs) that exhibit excellent mutually
inclusive electrical and magnetic properties. Accordingly, two
cobalt and nickel based MOFs (Co-MOF, Ni-MOF) were
generated using a flexible bispyrazole based ligand and 2-sulphono
terephthalic acid. The idea is to generate paramagnetic metal ion
based magnetic MOFs, which can also be used to fabricate
electrical devices by utilizing the immobilized free sulfonic groups
and encapsulated H-bonded water clusters for active charge species
generation and transportation. Further support comes from the
intriguing structural features of the MOFs that include extensive H-
bonded water clusters, free sulfonic acid moiety, or syn-anti bridged
carboxylates, which make them highly suitable candidates for
generating electrical and magnetic materials. Further complemen-
tary support for their candidature comes from the high thermal, chemical, and physical stability of the MOFs. The impedance
spectroscopy data and I−V results unequivocally support the suitability of the MOFs for electronic device fabrication showing a
befitting conductivity value of 1.80 × 10−4 S/m with an ideality factor of 1.06 for Ni-MOF. Interestingly, the Co-MOF shows a light-
dependent behavior with conductivity values of 9.09 × 10−5 S/m (dark) and 6.31 × 10−4 S/m (light) and ideality factors of 0.78
(dark) and 0.92 (light). The MOFs, fitted with a free sulfonic acid moiety and extensive H-bonded water clusters, show high
potential for proton exchange membrane fuel cells (PEMFCs) development with corroborating proton conductivity values of 1.95×
10−3 S/cm and 5.80 × 10−4 S/cm for Ni-MOF and Co-MOF, respectively, at 95% relative humidity and 85 °C. Moreover, the
interesting structural aspects like syn-anti bridged carboxylates prompt us to explore the magnetic behavior of the MOFs. The Ni-
MOF shows some interesting antiferromagnetic behavior. The Co-MOF reveals intriguing single molecule magnet behavior with a
Ueff value of 34 K and moderate relaxation time of 3.5× 10−8 s.

■ INTRODUCTION

Notwithstanding their unprecedented fanfare as the next big
thing in the field of alternative energy, metal−organic
frameworks (MOFs) remain a highly interesting class of
multifunctional inorganic polymeric materials.1 The unique
blend of mutually inclusive features of inorganic chemistry,
polymer science, and porous materials makes a paradigm shift
for MOFs, in terms of exploiting the same benefits of precise
and meticulous synthetic fundamentals but diversifying the
outlook of commercial or industrial interests with a widening
range of applications encompassing catalysis, magnetism,
sensing, electrical device fabrications, biomedical utilities.2−4

In the early years, the researchers, in pursuit of porous
absorbent materials, were more interested in optimizing and
improving the physical features of MOFs like pore size, surface

area, dimensionality, or topology.5 Subsequently, the inves-
tigations were more focused on the resultant empty space or
the surface features of the network and less on what these
networks were actually made of, viz., the organic functional
groups of the linker and nodal metal ions.6 Ironically, the fates
of traditional inorganic compounds mostly depend on the
characteristic features of the comprising metal ions and organic
functional groups and their mutual interactions.7 Coincidently,

Received: October 31, 2022
Revised: December 22, 2022
Published: January 17, 2023
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Application of a distinctly bent, trinuclear, end-to-
end azide bridged, mixed valence cobalt(III/II/III)
complex in the fabrication of photosensitive
Schottky barrier diodes†

Sudip Bhunia, a Mainak Das, b Snehasis Banerjee, c Michael. G. B. Drew,d

Partha Pratim Ray *b and Shouvik Chattopadhyay *a

A mixed-valence trinuclear cobalt(III)-cobalt(II)-cobalt(III) complex, [(m-1,3-N3)Co3L(N3)3]$MeOH has been

synthesized using a tetradentate N2O2 donor ‘reduced Schiff base’ ligand, H2L {1,3-bis(2-

hydroxybenzylamino)2,2-dimethylpropane} and azide as anionic co-ligand. The complex has been

characterised by elemental analysis, IR, UV-vis spectroscopy and single-crystal X-ray diffraction studies

etc. The cobalt(III)-cobalt(II)-cobalt(III) skeleton in the complex is non-linear and non-centrosymmetric.

The redox behavior of the complex was studied by using Cyclic Voltammetry (CV). The complex is found

to be a semiconductor material as confirmed by determining the band gap of this complex by

experimental as well as theoretical studies. The band gap in the solid state has been determined

experimentally. The conductivity of the synthesized complex based device improves considerably in

illumination conditions from the non-illuminated conditions. The complex has also been used to

fabricate Schottky barrier diodes.

Introduction

Many di- and poly-nuclear complexes of transition and non-
transition metals have interesting photochemical and photo-
physical properties, with potential applications in light-
emitting diodes, luminescent probes, photovoltaic devices,
solar cells, memory devices, eld effect transistors etc.1–8 If
a compound of a transition or a non-transition metal shows
good semiconducting properties, along with a rectifying nature
in a metal–semiconductor junction, it may be used to fabricate
a Schottky diode, which is a well-known opto-electronic device.
In the last few years, our group has synthesized and character-
ized a lot of compounds of transition and non-transition metals

showing notable semiconducting properties.9–21 These semi-
conducting materials have been utilized for the fabrication of
different opto-electronic devices.9–21 Different N,O-donor Schiff
bases and their reduced analogues have been used as ligands
for the synthesis of these compounds.

Focusing on cobalt, carboxylate-bridged trinuclear mixed
valence complexes are very common.22–38 In these complexes,
the central cobalt is in the +2 state and is present in the O6

donor environment, whereas terminal cobalt centers are in the
+3 state and are present in N3O3 or N2O4 donor environments.
The Co(III)–Co(II)–Co(III) angle is not less than 150° (if not more)
in most of the cases and the complexes may be considered as
linear trinuclear Co(III)–Co(II)–Co(III) complexes.22–38 The
bridging carboxylates are trans to one another in most of the
cases,17,28–32,36–38 although cis orientations are also found in
some cases.23,24,28,39 Few such complexes were also used to
fabricate opto-electronic devices.13,14,40,41 In the present work, we
have synthesized a distinctly bent trinuclear mixed valence
cobalt complex, where the terminal cobalt centers are bridged
by an end-to-end azide group. The structure of the complex has
been conrmed by single crystal X-ray diffraction analysis. The
band gap of the synthesized material in the solid state has been
determined by experimental measurements and compared with
the theoretical value obtained from DFT calculations. The band
gap indicates that the complex belongs to the semiconductor
family. The conductivities of such complexes have not been
explored widely. We therefore concentrated on the electric

aDepartment of Chemistry, Inorganic Section, Jadavpur University, Kolkata 700032,

India. E-mail: shouvik.chattopadhyay@jadavpuruniversity.in; shouvik.chem@gmail.

com; Tel: +91 3324572941
bDepartment of Physics, Jadavpur University, Kolkata 700032, India. E-mail: parthap.

ray@jadavpuruniversity.in; Fax: +91 3324138917
cDepartment of Higher Education, (University Branch) Government of West Bengal,

Bikash Bhavan, Salt Lake, Kolkata-91, India
dSchool of Chemistry, The University of Reading, P. O. Box 224, Whiteknights, Reading

RG6 6AD, UK

† Electronic supplementary information (ESI) available: Physical measurement,
X-ray crystallography, Hirshfeld surface analysis, noncovalent interactions, band
gap measurement from CV, device fabrication, electrical characterization, BVS
calculation, Fig. S1–S7 and Tables S1–S3. CCDC 2305257. For ESI and
crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4ra01406e
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Development of a novel Cd(II) metal complex
for solvent-sensitive detection of Zn(II) and Mg(II)
with the formation of Cd(II)–Zn(II)/Cd(II)–Mg(II)
complexes and their application in effective
Schottky devices†

Dibyendu Sathapat,a Mainak Das,b Manik Das,a Uttam Kumar Das,c Arijit Bag, d

Soumik Laha,e Partha Pratim Ray, b Bidhan Chandra Samantaf and Tithi Maity *a

The novel mononuclear Cd(II) metalloreceptor Cd[LH2I2] (complex 1), derived by the reaction of the

Schiff base ligand 6,60-(1E,10E)(ethane-1,2 diylbis(azaneylidene))bis(methaneylylidene)bis(2-ethoxyphenol)

(H2L) and CdI2, was successfully used to detect Zn(II) and Mg(II) in semi-aqueous and aqueous media,

respectively, among several competitive cations. The single crystal data analysis revealed that the

asymmetric unit of complex 1 consists of one ligand, H2L, and two I-ions, compensating the +2

oxidation state of Cd. The optically monitored sensing of Zn(II) and Mg(II) by complex 1 was further

assessed by utilizing UV and fluorescence spectroscopic techniques. The remarkable enhancement of

the fluorescence intensity of complex 1-Zn(II) and complex 1-Mg(II) in the presence of CH3COO� and

SO4
= indicated that a heteronuclear bridging complex could be obtained if two separate reactions of

complex 1 with (CH3COO)2Zn and MgSO4 could be carried out. Interestingly, two different single

crystals of Cd–Zn (complex 2) and Cd–Mg (complex 3) were obtained after conducting two separate

reactions of complex 1 with Zn(II) and Mg(II). Single crystal data analysis showed that complex 2 is an

octanuclear Zn(II)/Cd(II) complex with the presence of acetate and an hydroxy group, and both metal

centers are in the +2 oxidation state. The IR and NMR spectra results confirmed the formation of

complexes 2 and 3. The SPX and EDX studies confirmed the presence of Zn(II) and Mg(II) in complex 2

and complex 3, respectively. The limit of detection for sensing of both was measured in the nanomolar

range. Although it is well-known that mononuclear Cd complexes are effective Schottky devices, there

have been few reports of investigation of heteronuclear Cd(II) complexes as candidates for effective

Schottky devices, or determination of the values of device performance, conductivity, and device

parameters with heteronuclear Cd complexes 2 and 3. Surprisingly, all the results indicated that a

potential Schottky device could be produced due to the efficacy of complex 2 with respect to complex

3. The effectiveness of the device would be satisfactory because of the lower band gap value and the

presence of weak intramolecular p–p stacking interactions in complex 2.

Introduction

The novel design and development of chemosensors for selec-
tive and sensitive detection of metal cations is important
because this selection process plays a vital role in medicine,
living systems, and environmental processes.1–5 Several organic
ligands with N and O donor centers have been successfully
utilized as chemosensors for metal cation detection because
this recognition phenomenon leads to high sensitivity, easy
visualization, and a short response time.6–11

Great importance is given to the synthesis of metalloligands
in organic chemosensor development because they possess the

a Department of Chemistry, Prabhat Kumar College, Contai, Purba Medinipur,

West Bengal, India. E-mail: titlipkc2008@gmail.com
b Department of Physics, Jadavpur University, Kolkata, India
c Department of Chemistry, School of Physical Science, Mahatma Gandhi Central

University, Bihar, India
d School of Natural and Applied Sciences, Maulana Abul Kalam Azad University of

Technology, West Bengal, India
e IICB, Kolkata, West Bengal, India
f Mugberia Gangadhar Mahavidyalaya, Purbamedinipur, West Bengal, India

† Electronic supplementary information (ESI) available. CCDC 2246285 and
2246286. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d3nj04660e
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Combined experimental and theoretical studies of
conformationally diverse (thio)semicarbazone-
based semiconducting materials†

Anangamohan Panja, *ab Mainak Das,c Narayan Ch. Jana, b Paula Brandão, d

Rosa M. Gomila, e Joaquín Ortega-Castro, e

Antonio Frontera *e and Partha Pratim Ray*c

This study reports the synthesis and characterization of two closely related semicarbazone/

thiosemicarbazone-based organic compounds: N-(2-hydroxy-3-methoxy-5-methylbenzylidene)

semicarbazide (1) and N-(2-hydroxy-3-methoxy-5-methylbenzylidene)thiosemicarbazide (2). Structural

studies revealed the conformational diversity in these systems as compound 1 crystallized as only one

conformer, while compound 2 crystallized as a mixture of two conformers. DFT calculations in

combination with the quantum theory of atoms in molecules (QTAIM) and natural bond orbital (NBO)

analyses revealed that the energy difference between the two conformers was larger in compound 1, while

the difference between both conformers was very small in the thiosemicarbazide derivative (2), in line with

the X-ray crystallographic characterizations. The synthesized compounds were tested for their electrical

conductivity behaviour via current density–voltage measurements, as well as impedance spectroscopy,

which revealed that both compounds were semiconducting in nature, arising from the charge transport

through space via π⋯π contacts, and could be useful for the fabrication of electrical devices, particularly 1,

in which the conductivity fell by a higher order of magnitude than observed in similar organic

semiconductors tested earlier. Moreover, the combined experimental and theoretical studies showed the

importance of the non-covalent interactions on the stability of the different conformers, thereby guiding

the possible isolations of different polymorphic forms of such conformationally diverse semicarbazone/

thiosemicarbazone systems through the selective stabilization of a particular conformer by varying the

reaction conditions.

Introduction

Conformational versatility owing to various spatial
dispositions of the constituent subunits has a tremendous

impact on the possible isolation of different solid-state
structures and in turn the properties of the organic solid.1,2

This has been best demonstrated in the field of crystal
engineering in the search for active polymorphic forms of
pharmaceutical drugs/ingredients, in which different
polymorphs derived from the same molecule may exhibit
diverse physical and chemical properties.3–5 Therefore, it is
necessary to understand the factors that affect the
conformational flexibility of a particular molecule, which is
crucial for the deliberate design of novel crystalline materials
with desired properties and functions.6–8 In this context, the
non-covalent interactions play a crucial role, and their
knowledge is highly desirable. The most studied among such
interactions is hydrogen bonding.9–11 Besides the strong
intra- or intermolecular hydrogen bonds, other interactions,
like π⋯π and C–H⋯X (O/N/π) interactions, also help to
stabilize the correct and active conformations.12–19 Among
many such identified organic synthons so far,
semicarbazones/thiosemicarbazones deserve a special
mention as the presence of several hydrogen bond acceptor
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Synthesis and crystal structures of two tri- and
tetra-heterometallic Ni(II)–Mn(II)/Ni(II)–Co(III)
complexes from two different Ni(II)-containing
metalloligands: effective catalytic oxidase
activity and Schottky device approach†

Manik Das,a Mainak Das,b Subham Ray,a Uttam Kumar Das,c Soumik Laha,d

Partha Pratim Ray,b Bidhan Chandra Samantae and Tithi Maity *a

Using two different metalloligands [NiLA] and [NiLB], developed using two different N2O2 donor Schiff

bases, H2LA 6,60-((1E,10E)-((2,2-dimethylpropane-1,3-diyl)bis(azaneylylidene))bis(2-methoxyphenol) and

H2LB 6,60-((1E,10E)-((2,2 (2-ethoxyphenol), two new tetra- and trinuclear heterometallic complexes,

[(NiLA)2(CH3COO)2(SCN)2(Co)2] (complex 1) and [(NiLB)2(SCN)2Mn] (complex 2), have been synthesized.

The two newly formed complexes have primarily been characterized using several spectroscopic

techniques. According to the single-crystal structural study, the metalloligand portion is shared by both

crystals. Complex 1 is a tetranuclear complex where Ni(II) is connected to Co(II) via acetate and

phenoxide bridging, whereas complex 2 is a trinuclear complex where each Ni(II) center is coordinated

to Mn(II) via phenoxide bridging only. It is interesting to note that the thiocyanate moiety in complex 1 is

linked to Co(II), whereas in complex 2, it is linked to Ni(II) as a secondary anionic residue. Following

structural analysis, both complexes were exposed to catecholase-like activity to test their ability to

aerially oxidize 3,5-di-tert-butylcatechol. The calculated turnover numbers (Kcat) 355 h�1 and 286 h�1 for

complexes 1 and 2, respectively, unveiled that complex 1 is more susceptible to this catalytic process.

The generation of Ni(I) in complex 1 is more favorable than the formation of Mn(I) in complex 2 during

catalysis and this is the factor responsible for the higher susceptibility of complex 1 towards the catalytic

process. To determine whether both the studied complexes can function as effective Schottky devices,

the band gap values for complexes 1 and 2 were used to calculate the diode parameters. The results

show that complex 1 will function as a better Schottky device than the complex 2.

Introduction

Organometallic chemistry has long given special attention to
the creation and development of heteronuclear complexes with
N, O donor tetradentate ligands. In terms of catalytic, magnetic,
biomedical, gas storage, and sensing activities, the metal com-
plexes with N, O donor tetradentate ligands have multiple

applications that are significant for the study of chemical
science.1–6 In the past, numerous heterometallic complexes
have been created by directly mixing a metal centre with an
N2O2 donor Schiff base ligand.7–9 These Schiff bases are widely
used in coordination chemistry research due to their simple
synthesis procedures, one-pot condensation of a diamine with
substituted salicylaldehyde derivatives, and their exceptional
complexing power. The creation of a metalloligand by utilizing
an N2O2 donor Schiff base ligand and a metal salt has recently
emerged as a common method for creating heterometallic
complexes.10–12 The anionic component of second metal salts
plays a key role in modulating the nuclearity as well as
the topologies of these heterometallic complexes through the
various forms of coordination to the metal centers in this newly
emerging pathway, in addition to providing the consequent
complex charge.13–16 These structural differences, which
emerge from anion dependency, may control the properties of

a Department of Chemistry, Prabhat Kumar College, Contai, Contai, Purba

Medinipur, West Bengal, India. E-mail: titlipkc2008@gmail.com
b Department of Physics, Jadavpur University, Kolkata, India
c Department of Chemistry, School of Physical Sciences, Mahatma Gandhi Central

University, Bihar, India
d IICB, Kolkata, West Bengal, India
eMugberia Gangadhar Mahavidyalaya, Purbamedinipur, West Bengal, India

† Electronic supplementary information (ESI) available. CCDC 2176941 and
2176942. For ESI and crystallographic data in CIF or other electronic format
see DOI: https://doi.org/10.1039/d2nj03535a

Received 18th July 2022,
Accepted 11th October 2022

DOI: 10.1039/d2nj03535a

rsc.li/njc

NJC

PAPER

Pu
bl

is
he

d 
on

 1
2 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
by

 Ja
da

vp
ur

 U
ni

ve
rs

ity
 o

n 
2/

13
/2

02
5 

12
:2

1:
33

 P
M

. 

View Article Online
View Journal  | View Issue



 



���������	�
��
���������	����������	����������
�������
���������	��������	���������	
���
� !�"#������	����	$����
���
%	�&&��	����&&��SD*A=8==/)</CD=).L=+?)./M(=F*C.A=F<F=))=[JF-(=+D.MDF<@-/5?M*C=+ J-F<@<@F.@*(-4*C.@D<+(-@*(8-/ QBG,S8*)=+4-/-+=/C*C=F.M*/+0WU1XUQ̂U*/CD(<FSA./<F2J<(.+./=QWU*AJS*/+
8.+=/C*C=F./7=(YU/.C(-.)-JDCD*F.@*@.+Q,XYU/.JSOP/CD.)./U)C*/@=0CD=RB"@(=*C=)V:@D*./J-F<4=(0ND.F=RB�.)4*+=?JN.CDV:F*++=(J-F<4=(OPC.)./C=(=)C./MC-/-C=CD*C8-CDCD=RB)=[D.8.C)=4.@-/+?@C./M/*C?(=*/+M=/=(*C=4=C*FU)=4.@-/+?@C-(Q96S5?/@C.-/6@D-CC7<8*((.=(+.-+=)Q6_:)SO,-N=A=(0R+U8*)=+RB�)D-N)D.MD=(@D*(M=C(*/)J-(C*)@-4J*(=+C-T/URB"0ND.@D@-?F+8=+?=C-)C(-/M=(̀ ZZZ̀@-/C*@C)*)N=FF*)F*(M=().L=-IR+4=C*F./RB�OaD==[J=(.4=/C*F(=)?FC)*(=N=FF@-((-8-(*C=+N.CDCD=-(=C.@*F+=/).C<-I)C*C=)Q:]6S@*F@?F*C.-/)O&	���������	P/CD=J*)CI=N +=@*+=)0CD=+=).M/ */+ I*8(.@*C.-/ -I@--(+./*C.-/J-F<4=()QRB)SD*A=+(*N/=/-(4-?)*CC=/C.-/-I4*C=(.*F)@.=/C.)C)8=@*?)=-ICD=.(=[@=JC.-/*F)C*8.F.C.=)*/+?/.b?= 4-F=@?F*(*(@D.C=@C?(=)0ND.@D F=*+ C- +.)C./@C.A=J(-J=(C.=)*F-/MN.CD+=).(=*JJF.@*C.-/)O1Vcd29=C*F.-/)-(4=C*F@F?)C=()@-48./=+N.CD-(M*/.@F.M*/+)I-(4 CD=)=D<8(.+4*C=(.*F)O1̂cVY2aD=(=I-(=0CD=/*C?(=-ICD=4=C*F@-(=*/+F.M*C./MF.M*/+)JF*<CD=J.A-C*F(-F=./CD=4-F=@?F*(@D*(*@C=(U.)C.@)*/+*JJF.@*C.-/)O,-N=A=(0.C.)/-C*FN*<)=*)<C-*CC*./
(=b?.).C=4-F=@?F*()C(?@C?(=)N.CDI*.()C*8.F.C<OP/-(+=(C-*@D.=A=+=).(=+4-F=@?F*()C(?@C?(=)*F-/MN.CD@D*(*@C=(.)C.@)I=*C?(=)0)-4=C.4=)4.[=+UF.M*/+)<)C=40.O=O@-48./*C.-/-IeU+-/-(*/+fU+-/-(F.M*/+).)=4JF-<=+O1VgcVd2aD?)04=C*F)*FC)-(-(M*/.@F./7=()*(=@*(=I?FF<@D-)=/./CD=+=).M/./M-IRB)8*)=+-/CD=)J=@.I.@*JJF.@*C.-/OG@C?*FF<0CD=(=.)*@(?@.*F@-//=@C.-/8=CN==/4*C=(.*Fb?*F.C.=)0)C(?@C?(*F*(@D.C=@C?(=)0*/+CD=.(J(-)J=@C.A=*JJF.@*C.-/)OaD=)=@(<)C*FF./=4*C=(.*F)*(==/M./==(=+8<(*C.-/*F@-/)C(?@C.-/*/+)@.=/C.I.@5?+M4=/C0ND.@DI*@.F.C*C=CD=.(@D*(*@C=(.L*C.-/)*/+D=FJC-D.MDF.MDC).M/.I.@*/C)C(?@C?(=UJ(-J=(C< (=F*C.-/)D.JO_=).+=)0A*(.-?))?J(*4-F=@?F*(./C=(*@C.-/)0./@F?+./MA*/+=(K**F)@-/C*@C)0Z̀ZZ̀)C*@7./M0D*F-M=/8-/+./M0*/+D<+(-M=/8-/+./M./C=(U*@C.-/)8=@-4=-@@*).-/*FF<=))=/C.*FI-(8?.F+./MD.MD=(U+.4=/).-/*F)?J(*4-F=@?F*(*(@D.C=@C?(=CD*C+.@C*C=))C(?@C?(=UJ(-J=(C<@-((=F*C.-/O1V̂cXV2aD=)=FIU*))=48F=+@-/)C(?@C.-/)*(=-@@*).-/*FF<+.II=(=/C*/+)?J=(.-(C-CD=+.)*))=48F=+A=().-/./(=M*(+C-CD=*JJF.@*C.-/-ICD=4*C=(.*F)OPC.)/-C=N-(CD<C-4=/C.-/CD*CCD=)=./-(M*/.@U-(M*/.@D<8(.+4*C=(.*F)D*A=*N.+=)J=@C(?4-I*JJF.@*C.-/)0./@F?+./M4-F=@?F*()C-(*M=*/+)=J*(*C.-/0N*C=(D*(A=)C./M0=/=(M<C=@D/-F-M<0=F=@C(-U@*C*FU<).)0JD-C-U@*C*F<).)0C=4J=(*C?(=U+=J=/+=/C4*M/=C.)40+(?M+=F.A=(<0I*8(.@*C.-/-I=F=@C(-/.@+=A.@=)*/+JD-C-*@C?*C./M)4*(C4*C=(.*F)O1XXcXd2G4-/MCD=RB)0CD=.(?)=)./=F=@C(.@*F@-/+?@C.A.C<*/+-JC-=F=@C(-/.@+=A.@=*JJF.@*C.-/)*(=J*(C.@?F*(F<./C=(=)C./M./C=(4)-I8-CD=/=(M<*/+C=@D/-F-M.@*F*)J=@C)Oh-/=CD=F=))0./RB)0@D*(M=C(*/)J-(C.)F*(M=F<D*4J=(=+8<CD=./*+=b?*C=J(-F-/M=+=F=@C(-/.@@-?JF./M8=CN==/CD=F.M*/+)*/+CD=4=C*F.-/)O1X̂c\V2R-/)=b?=/CF<0CD=4-)C.4J-(C*/C*)J=@C.)C-4-+.I<CD==F=@C(.@*F@-?JF./M8=CN==/CD=-(M*/.@F.M*/+)*/+4=C*F@=/C=()./-(+=(C-J(-4-C=+=F-@*F.L*C.-/*/+./@(=*)=

1*2ijklmmnopqrsltjujvwxylzn{y|n|}~zns��~p�lt�y~�om�s|�n{n�zws�po�~smo�|q�l�xn�n������q�p{oni��no���w�mw�sn�n�|nyllj�ljop182�juxqvj}nmqrsltjrjrj�n|}~zns��~p�ltry|mo�m�n{n�zws�po�~smo�|q�l�xn�n������q�p{oni��no��zns�yn�zy|mj�{�wjn�jop1@2}sj�j�lwsn�y~�om�s|}~zns��~p�}~�yo�po�~smo�|q}~�yo������q�p{on1+2}sjuj�l|ul�o{u�n�~np{u�sw��wsn��y~�om�s|�po��p{onp�pm�o�w�~ltu�o~p�~q�np�n�ls~������q�p{on1=2}sjvjkjvos�y~�om�s|}~zns��~p���ony�po�~smo�|qf~��l�pq�l�xn�n������q�p{oni��no���y��os���no�j�l�1I2rsltj}sj�j�slp�~sn}~zns�n�~p�{~�wo�o�nq�po�~smo�n�{~�~m���~m�n�~nsmq�s�n{~�n��{~�lmmnx��j�q�����rn��n{~vn��ls�n �n�~ns~m¡quznopuwzzls�op�optls�n�olptls�yomns�o��~omn�no�n��~lp�y~¢¢¢ wp{~sy��zm�££{lojls�£��j����£~�o�j���������iwsj�j�pls�j�y~�j�¤��0��0=X¥X\¥¥¦\gQV-I¦S §X¥XWK.F=<ÜR,>48,
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Harnessing the hydrogen evolution reaction (HER)
through the electrical mobility of an embossed Ag
(I)-molecular cage and a Cu(II)-coordination
polymer†

Ananya Debnath, a Sangharaj Diyali, a Mainak Das,b Subhra Jyoti Panda,c

Debasish Mondal,d Debasis Dhak,d Chandra Shekhar Purohit, c

Partha Pratim Ray b and Bhaskar Biswas *a

A structurally characterized porous Ag(I)-molecular cage AgMOC

and a Cu(II)-coordination polymer CuCP with a pre-synthesized

ligand 1,3-bis(((E)-2-methoxybenzylidene)amino)propan-2-ol and

its parental amine with thiocyanate are reported to harness electri-

cal mobility-driven hydrogen evolution activity. Porosity-induced

electrically conductive AgMOC emerges as a better electrocatalyst

with a Tafel slope of 104 mV per decade over Cu(II)-polymer’s

slope of 128 mV per decade. The electrochemical stability and

durability of the designed electrocatalysts in harnessing the HER

activity are also examined under experimental conditions.

The coordination chemistry of metal ions in coupling with syn-
thetic ligands having unique topicity, denticity, and backbone
flexibility holds great promise in the progress of futuristic
functional materials.1–3 Nowadays, the diversity in metal–
ligand coordination ranging from metal complexes to metal–
organic frameworks to coordination polymers to composite
materials is considered a cornerstone to understanding a
material’s structure and activity relationship.4–7 Despite the
numerous fundamental applications of coordination-driven
compounds, discrete (or finite) molecular coordination com-
plexes composed of an internal void provide an exciting
avenue in materials science.8 Typically, metal–organic cages
(MOCs), an alternative term for discrete molecular coordi-
nation complexes, adopt the same constituent as a MOF, but
the designed individual complexes are typically monodisperse
in size, structure, and molecular weight.9 Notably, MOCs with
distinct porosity and morphology attract great interest because

of their significant applications in molecular electronics,
smart catalysis, etc.8 In contrast, coordination polymers (CPs)
composed of polymeric frameworks of metal–ligand complexes
emerge as an important class of functional molecules for their
immaculate contributions to the fields of catalysis, magnet-
ism, optoelectronics, etc.2,3 It is well documented that discrete
MOCs or polymeric coordination complexes or structurally
diversified molecular composites can be steered by the judi-
cious selection of appropriate metal and polydentate ligands
under ambient conditions. Noteworthy, electrical transport
properties of coordination compounds have attracted ample
interest in tuning the electrocatalytic performance and semi-
conducting properties in optoelectronic devices.10

Consequently, electronic devices are decorated with rationally
designed metal complexes, MOFs, MOCs, CPs, 3d–4f hybrid
salts, and composite materials to probe the performance of
real electrical devices. However, the most alluring prospect of
fabricating MOCs and CPs for electrical conduction remains in
the rudimentary stage, demanding a rigorous investigation in
this field. Nonetheless, the electric transport properties of a
material inherently correlate with the electrochemical pro-
perties, expressing its distinct corollary in numerous funda-
mental applications like the production of carbon-free energy.
The electrochemical production of hydrogen from water split-
ting has emerged as a novel strategy for the efficient pro-
duction of carbon-free energy, although only 4% of hydrogen
has been acquired to date through the water splitting
process.11 To date, numerous molecular electrocatalysts as
homogeneous and heterogeneous catalysts have been reported,
which have enormous potential in hydrogen production.12

Recently, Huang et al. reported a copper(II)-benzene hexathiol-
based coordination polymer as a smart hydrogen evolution
electrocatalyst in an acid medium with ∼95 mV dec−1 Tafel
slope, highlighting Cu-edge sites on the surface as a crucial
parameter for its superior HER activity.13 In addition, Prof. Shi
and his group designed different bimetallic nickel-MII cage-
derived molecular frameworks with biphenyl-3,3′,5,5′-tetracar-

†Electronic supplementary information (ESI) available. CCDC 2232715 and
2232716 for AgMOC and CuCP. For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d3dt01073b
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Supramolecular Framework-Driven Electrical Conductivities and
Hydrogen Evolution Activities of Hybrid Nickel(II)−Cerium(IV)
Complex Salts Cooperativity
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ABSTRACT: This work highlights the design, synthesis, structural characterization,
electrical conductivities, and hydrogen evolution activities of a new pair of hybrid 3d(Ni)-
4f(Ce) block metal complex salts, [Ni(phen)2(NO3)]2[Ce(NO3)6] (1) and [Ni(bpy)3]-
[Ce(NO3)6][Ce(NO3)2(H2O)5]NO3 (2) containing phen and bpy ligands; [phen = 1,10-
phenanthroline and bpy = 2,2′-bipyridine]. Crystal structural analysis divulges that complex
salt 1 adopts two units of monocationic Ni(II) complex with one dianionic Ce(IV) complex
unit while complex salt 2 exists in an association of one unit of dicationic Ni(II) complex
with two complex units of Ce along with a counteranionic nitrate. The Ni(II) ions exist in
distorted bicapped square pyramidal coordination geometry, while the Ni(II) center in 2
exists in an octahedral geometry. The cerium ion in 1 exists in dodecahedron geometry while
the first and second Ce ions hold dodecahedral and tricapped trigonal prism coordination
geometries, respectively. Supramolecular interactions reveal that predominant nonclassical
forces like O···H, N···H, π···π, O···π, and O···O are interactive to shape highly ordered
crystalline frameworks. Complex salt 2 exhibits a unique formation of the supramolecular
cage-type framework by the cerium complex units, leading to the inclusion of Ni(II)-complex units into the supramolecular cages.
The complex salts (1, 2) were employed to fabricate the Schottky devices to unveil the fate of the hybrid salts in charge transport
applications. Carrier mobility (μ) for 1 and 2 were determined as 3.02 × 10−6 and 8.022 × 10−5 m2 V−1 s−1 with respective transit
time(τ) of 2.60 × 10−7 and 9.67 × 10−9 s attributing the excellent candidature of complex salt 2 in transport properties. The hybrid
salts were also found to be highly active electrocatalysts for proton reduction in 1 M aqueous KOH solution at room temperature.
The overpotential values of 1 and 2 were determined to be 730 mV and 687 mV at a current density of 10 mA cm−2 with 0.081 s−1

and 0.225 s−1 as turnover frequencies. The supramolecular interactions−driven crystalline framework sheds light on the electrical
conductivities and casting the hydrogen evolution activities for the newly designed hybrid d−f type complex salts.

■ INTRODUCTION

In coordination chemistry, the design of novel homo-/
heterometallic composite-based hybrid materials for synthetic
chemists has been revealed as a promising vector in
technological applications.1−5 In view of the various structural
and functional diversity of this type of material, it has been
observed as an auspicious candidate in power cell technology,
novel single molecular magnets (SMMs) and magnetic
spintronics, fascinating and imminent catalysts, alloys, and
composites, while bioanalyses and imaging also deliver
insightful electrical and optical properties and so on.6−10

Considering the important properties of 3d and 4f block
elements, their coupling counterparts may allow the con-
ception and advancement of new functional properties in the
future11−13 as is well depicted in the research fields of
magnetism and electrical conductivity.14−17 A literature survey

yields shreds of evidence on electrical conductivities of the
crystalline material as one of the vital aspects of the evolution
of smart and functional electrical devices.18,19 Indeed, the
intrinsic electronic properties of crystalline materials feature
the evolution of electrical conductivities, but the nature of the
electrolytes, the orientation of molecules, and their supra-
molecular architecture are also well-known to deliver
superiority in the charge transport phenomenon.20−22 More-
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The synthesis and combined electrical–magnetic
and toxic dye sequestration properties
of a Cr(III)-metallogel†

Krishna Sundar Das,a Mainak Das,b Sayan Saha,a Amit Adhikary, a Sukhen Bala, a

Partha Pratim Ray *b and Raju Mondal *a

Materials based on typical inorganic compounds, along with their embodied metal-specific features like

redox, magnetic, catalytic and spectroscopic properties, in their as-synthesized economical, end-user

friendly and commercially viable gel states, have manifold practical and strategic advantages. Along

these lines, the work presented herein aims to explore the usefulness of porous gel-based inorganic

compounds, in their original as-synthesized states, for probing their combined electrical, magnetic and

adsorption properties. Accordingly, we have synthesized and thoroughly characterized a benzene

dicarboxylic acid based Cr(III)-metallogel for magnetic and electrical device fabrication. The metallogel

shows an interesting NMOP morphology and is thoroughly characterized using various microscopic and

spectroscopic techniques. Furthermore, rheological studies on the resultant metallogel reveal its

interesting thixotropic behaviour. The Cr-gel has been successfully utilized for fabricating an electrical

Schottky barrier diode with a befitting conductivity value of 1.61 � 10�2 S cm�1. Moreover, the free

immobilized azide group, featuring in-built charge-separated resonance structures, acts as a proton

carrier facilitator-cum-transporter and shows an impressive proton conductivity value of 3.3 � 10�4 S

cm�1 at 95% relative humidity and 85 1C. The presence of paramagnetic chromium ions also renders a

special physicochemical property, namely magnetism, to the system. The porous and magnetic nature

of the as-synthesized metallogel was also evaluated. DC magnetic susceptibility data confirm the

antiferromagnetic nature of the material. Gas sorption studies, on the other hand, confirm the porous

nature and show the selective CO2 uptake ability of the xerogel. Subsequently, the as-synthesized, by

default porous, magnetic metallogel was utilized as an adsorbent for removing toxic organic dyes like

methylene blue, rhodamine B and crystal violet. Interestingly, the as-prepared metallogel also enables

the substantial release of the adsorbed dye molecules for re-use. To the best of our knowledge, this

kind of electrical–magnetic Cr-gel based wastewater treatment technique was not reported hitherto in

the literature but has a huge potential application in adsorbent based environmental remediation as well

as in magnetic or electrical device fabrication.

Introduction

Metallogels, comprising typical inorganic metal–ligand coordi-
nation bonds, have emerged as some of the front runners in the
field of new-age inorganic materials.1–4 A crucial hurdle that
thwarts the metallogels from being the predominant materials
is the step that involves arresting a relatively heavy metal-
coordinated network in its less-ordered gel state while using

nothing more than a common low-molecular-weight ligand for
gelation.5–7 The consequential low-success rates play a major
role in deterring inorganic chemists from conducting metallo-
gelation studies. Two other contributing factors of this apathy
would be: (a) for inorganic compounds, metallogelation mostly
happens serendipitously rather than by design and (b) low
structural predictability, which is deduced from guessing
various possible self-assembly methods.8,9 The gel state, by
default, represents the short range ordering of gelators and
solvent molecules in nanoscale dimensions. Naturally, the
studies of their self-assembly also demand nano-level instru-
mentation and nanostructural techniques such as scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM) and X-ray photoelectron
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Synthesis, characterization and multi-dimensional
application approach for two distinctive tetra
nuclear, first-time reported, Fe3+/Hg2+ and
Fe3+/Cd2+ clusters from a new Fe3+ containing
metalloligand†

Soumik Laha,a Dibyendu Sathapathi,b Mainak Das,c Manik Das,b Partha Pratim Ray,c

Arijit Bag, d Bidhan Chandra Samanta,e Uttam Kumar Das *f and Tithi Maity *b

A new mononuclear Fe3+ metalloligand MC1 [FeLN3(H2O)], developed by using the N2O2 donor Schiff

base ligand H2L, has been successfully used to detect and remove Hg2+ and Cd2+ from several transition

metal ions with the formation of two unusual hetero metallic m-oxo Fe3+–Hg2+/Cd2+ clusters, [(Fe2
3+)-

(m-O)L2Cl4(Hg2
2+)] (MC2) and [(Fe2

3+)(m-O)L2I4Cd2
2+] (MC3) [(where H2L is 6, 60-(1E, 10E) (ethane-1, 2

diylbis(azaneylidene))bis(methaneylylidene))bis(2-ethoxyphenol)]. All three complexes were identified by

X-ray single-crystal data analysis along with a range of spectral studies. In MC1, the Fe3+ is coordinated

with deprotonated H2L, one water molecule, and one azide ion as a secondary anionic residue, forming

an octahedral geometry. Interestingly, MC2 and MC3 are isostructural, where each asymmetric unit

contains deprotonated H2L, one Fe3+ and Hg2+/Cd2+ metal center, two Cl�/I� and two Fe3+ centers are

connected by a m-O bridge to form tetranuclear complexes. As the band gap energy values of MC1,

MC2, and MC3 (3.07 eV, 2.69 eV, and 2.55 eV, respectively) are in the visible region so all the three

complexes are exposed to investigate their potentiality to be effective Schottky devices and at the same

time a thorough inspection has been carried out to check their catalytic behaviour in aqueous medium

in terms of methylene blue (MEB) dye degradation under visible light irradiation. A thorough inspection

reveals the better MB dye degradation potentiality of MC3 in comparison to MC2 in the presence of

H2O2. At the same time, the investigation of the device performances, conductivity, and device

parameters disclose more effectiveness of MC3 in comparison to MC2 in a better Schottky device. The

effectiveness of MC3 in both applications may be attributed to its lower band gap value.

Introduction

During the last few decades, the fabrication and development
of high nuclearity m-oxo bridged supramolecular metal com-
plexes have received a special priority in chemical science

research not only for their distinctive and gorgeous structures
but also for their catalytic activity in oxidation reactions.1–8

A literature survey discloses that in most of the developed m-oxo
bridged homonuclear complexes, generally, two macrocyclic
metal moieties are connected by a m-oxo bridge.9–13 The
presence of a hetero-metallic centre (M–M0) in the oxo-bridged
complex may alter the topologies or introduce unusual coordina-
tion environments, which may influence the physical properties
of the mother homo-nuclear complex from which the hetero-
nuclear complex is formed. In oxo bridged development research,
very few reports have been found where a hetero nuclear oxo-
bridge is formed.14,15 However, interestingly, no reports are found
wherein two hetero-nuclear simple Schiff base motifs are con-
nected by a m-oxo bridge to form a unique and attractive multi-
nuclear complex. Not only that, the development of metal clusters
along with the presence of the oxo group is very rare. Apart from
this, the removal of environmentally or physically concerned
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De novo synthesis of hybrid d–f block metal
complex salts for electronic charge transport
applications†‡

Shreya Mahato,a Amit Mondal,b Mainak Das,c Mayank Joshi, d Partha Pratim Ray,c

Angshuman Roy Choudhury, d C. Malla Reddy*b and Bhaskar Biswas *a

The advent of d–d type complex salts for designing smart functional materials with versatile utility inspired

us to develop a novel type of M(II)–Ce(IV) complex salts [M(II) = Cu and Zn ions]. In this study, we present

for the first time a holistic approach to design and prepare metal complex salts of the novel hybrid d–f

block type, [Cu(bpy)2]2[Ce(NO3)6]2 (1), [Cu(phen)2(NO3)]2[Ce(NO3)6](HNO3) (2), [Zn(bpy)2(NO3)][ClO4] (3),

and [Zn(phen)2(NO3)]2 [Ce(NO3)6] (4); [bpy = 2,2’-bipyridine; phen = 1,10-phenanthroline]. The intrinsic

structural and morphological properties of the compounds have been revealed by employing a suite of

analytical and spectroscopic methods. X-ray structural analysis reveals that the copper(II) centres in the

cationic complex units of 1 and 2 adopt a highly distorted tetrahedral and a rare bicapped square pyrami-

dal coordination geometry, respectively. The zinc(II) ions in both 3 and 4 adopt the rare bicapped square

pyramidal geometry while the cerium(IV) ions in 1, 2 and 4 exist in a dodecahedral geometry. Investigation

of supramolecular interactions reveals that intermolecular O⋯H and O⋯π short contacts bind the

complex units in 1, while predominant π⋯π interactions, along with O⋯H and O⋯π short contacts,

produce the binding force among the complex units in 2. We further employed the complex salts (1–4) to

construct Schottky devices to reveal the role of these new complex salts in the charge-transport

phenomenon. The carrier mobilities (μ) for salts 1–4 were determined to be 1.76 × 10−6, 9.02 × 10−6, 1.86

× 10−8, and 4.31 × 10−8 m2 V−1 s−1, with respective transit times (τ) of 439, 85, 4.17 × 103, and 1.79 × 103

ns, which suggest that complex salt 2 is the best candidate with the highest transport properties among

all the complex salts. A crystal engineering perspective sheds light on the charge-transport properties of

the complex salts, emphasizing the attribution of the best performance of 2 to its predominant π⋯π inter-

actions. The synthesis of this new type of complex salts, their physicochemical properties and their

charge-transport applications envisage great promise for the development of novel crystalline materials

with smart functionalities.

Introduction

The design of metal-incorporating crystalline materials is an
emerging field of research owing to the promising properties
of these novel solids for technological applications.1–4 Homo/
heterometallic-composite-based hybrid materials of varied
dimensions and multiple functionalities have emerged, giving
rise to a wealth of advanced functional materials such as novel
single molecular magnets (SMMs) and magnetic spintronics,5

smart optics and electronics,6 emerging catalysts,7 alloys and
composites,8 efficient lighting, and materials for solar-energy
conversion,9 bio-analyses, imaging,10 etc.11–13

In light of the peculiar properties of the transition metals
and lanthanide elements, the coupling of transition metals
with lanthanides within a single molecular compartment may
facilitate the design of new functional properties with great

†Electronic supplementary information (ESI) available: Experimental infor-
mation such as FT-IR, UV-Vis, cyclic voltammograms for the complex salts, EPR
spectra, FESEM microscopy images and EDX plots, ESI-MS spectrum, supramo-
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meters, etc. CCDC CCDC 1479047 for complex salt 2, 1479048 for complex salt 1,
1524682 for complex salt 4 and 1524683 for complex salt 3. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/d1dt02722k
‡Prof. B. Biswas dedicates this work in the memory of his father Radhakanta
Biswas who passed away on 4th April 2021.
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Schottky Device Fabrication of Linear Dicarboxylato-Bridged Mn(II)
and Co(II) Coordination Polymers: Experimental and Theoretical
Insights
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Ersad Hossain, Ramjan Sk, Mainak Das, Partha Pratim Ray,* Antonio Frontera,*
Mohammad Hedayetullah Mir,* and Subrata Mukhopadhyay
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ABSTRACT: In this study, we report the syntheses of two new coordination
polymers (CPs) of Mn(II) and Co(II), [Mn(4-avp)2(adc)(H2O)]·(solvent)x
(1) and [Co(4-avp)2(adc)(CH3OH)2] (2), respectively, using relatively less
explored linear linker acetylenedicarboxylic acid (H2adc) and polyaromatic
hydrocarbon (PAH)−based monodentate N-donor ligand 4-[2-(9-anthryl)-
vinyl]pyridine (4-avp). CP1 creates a two-dimensional (2D) structure in this
instance, while CP2 is made up of a 1D chain polymer. It is of interest that
CP1 and CP2 exhibit semiconducting behavior and behave as Schottky
barrier diodes. However, CP1 exhibits higher conductivity and better
Schottky diode formation when compared to CP2, which relates to the
charge transportation through space via π···π interactions present in CP1. The
experimental results are well validated by theoretical density functional theory
(DFT) prediction based on band gap and density-of-state (DOS)
calculations. It is noteworthy that fabrication of Mn/Co-based Schottky devices appears to be inadequate in the literature. Thus,
this work showcases a new direction for the development of electronic device fabrication.

■ INTRODUCTION

The versatility of crystal structure and its wide range of
applications in crystal engineering have led to a new path in the
solid-state chemistry in recent years.1−4 The underlying
concept of crystal engineering revolves around the deliberate
design and manipulation of the structure of crystalline
materials at the atomic or molecular level to achieve desired
properties.5−10 The discipline relies on the fundamental
understanding of intermolecular interactions, such as hydrogen
bonding, halogen bonding, π···π stacking, C−H···π inter-
actions, van der Waals forces, and coordination bonds, which
govern the assembly of molecules into crystalline solids.11−14

By strategically selecting building blocks and controlling their
arrangements, crystal engineering aims to create materials with
tailored functionalities. Key aspects of crystal engineering
include the prediction and characterization of the crystal
structures.
One prominent subset of crystal engineering is the study of

coordination polymers (CPs), also known as metal−organic
frameworks (MOFs). The CPs are inorganic−organic solid-
state hybrid materials that are formed through the self-
assembly of metal ions or clusters with organic ligands,
resulting in extended networks with intriguing structural

diversity and tunable properties.15−17 CPs exhibit a wide
range of characteristic features, including large surface area and
diverse chemical functionalities spanning gas storage and
separation, catalysis, drug delivery, sensing, light harvesting, ion
exchange, and beyond.18−23 Besides, the production of
electronic and optoelectronic devices based on CPs is a
quickly developing sector. However, the fabrication of CPs
with good charge mobility and conductivity is one of the
biggest hurdles. CPs typically do not offer an effective
conjugation pathway for charge transport because of the
combination of hard metal ions and redox-inactive organic
ligands. However, new ideas have been developed in recent
decades for the production of CPs with high electrical
conductivity.24−26 Different strategies have been adopted in
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Investigation of the metal–semiconductor interface by equivalent circuit
model in zinc phthalocyanine (ZnPc) based Schottky diodes and its
charge transport properties

Dhananjoy Das, Mainak Das, Puspendu Sahu, Partha Pratim Ray ⇑
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a b s t r a c t

In this report, the ZnPc-based metal–semiconductor (MS) junction Schottky devices (Al/ZnPc/ITO) were
fabricated using an effusion cell coating unit. To study the formation of the MS junction, the surface mor-
phology of the deposited ZnPc thin film was investigated using field-emission scanning electron micro-
scope (FESEM) images. The interfacial properties of the MS junction of the Al/ZnPc/ITO configuration
were studied using the ac impedance spectroscopy technique within the frequency range of 50 Hz–
10 MHz at room temperature (300 K). The bias-dependent impedance spectroscopy was carried out
within the voltage range of ±1 V to establish the equivalent circuit of the MS junction Schottky diodes
(SDs). The current vs. voltage (I-V) measurements of the fabricated SDs were also conducted to deduce
the diode parameters, namely on/off ratio, photosensitivity, ideality factor, barrier height, and series
resistance. The charge transport parameters including dc conductivity, mobility and transit time of the
charge carriers were also estimated employing the spatial-charge limited current (SCLC) theory, which
illustrates the enhanced carrier’s mobility and consequently, the device performance after light
irradiation.
Copyright � 2023 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Advances in Smart
Materials, Chemical & Biochemical Engineering.

1. Introduction

In recent times, the use of organic semiconductors in optoelec-
tronic devices has significantly increased to meet the growing
demand for solar energy harvesting. Compared with their inor-
ganic counterparts, organic materials have a low environmental
impact and relatively low production costs with unlimited abun-
dance. Among the variety of organic semiconductors, phthalocya-
nines (Pcs) manifest various excellent features such as non-
toxicity, ease of processing, higher physical and thermal stability,
and broadly visible light absorbance – which make them a promis-
ing candidate for numerous optoelectronic applications, namely,
light-emitting diodes [1], solar cells [2], sensors [3]. Amidst many
metal-phthalocyanines, the deep bluish-green colored zinc
phthalocyanine (ZnPc) has been extensively studied as a promising

material for its excellent photoconductive and photo-responsive
properties [4].

However, the potential of the organic zinc phthalocyanine
(ZnPc) for prospective optoelectronic device applications still has
to be investigated by examining its electrical charge transport
parameters and equivalent circuit model of the interfaces present.
Understanding the Schottky barrier diodes would be an excellent
start to assess the electronic conduction through the metal–or-
ganic semiconductor interfaces and subsequently, the performance
of the device. In this work, an analysis is reported on the charge
transport properties of the ZnPc-based Schottky devices, in which
a thin layer of ZnPc was sandwiched between the aluminium (Al)
and indium tin oxide (ITO) electrodes. The bias-dependent impe-
dance spectroscopy of the Al/ZnPc/ITO configuration was studied
to investigate different interfacial properties. The I-V measurement
was also carried out under dark and light conditions to analyze the
photo-responsive properties and charge transport mechanism
within the MS junction ZnPc-based Schottky devices.

https://doi.org/10.1016/j.matpr.2023.04.274
2214-7853/Copyright � 2023 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Advances in Smart Materials, Chemical & Biochemical Engineering.

⇑ Corresponding author.
E-mail addresses: parthapray@yahoo.com, parthap.ray@jadavpuruniversity.in (P.
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