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Preface 

This thesis is not only the outcome of my laboratory work but also the evidence of the 

detail understanding about the dynamical behavior of two different kinds of nanomaterials. 

This report is a note of the efforts that help me to develop my technical skill related with 

material characterizations. The materials, those attracted me because of their potential 

applicability in optoelectronic devices, had submitted its candidature to harvest renewable 

energy from the Sun.  

For the sake of conservation of energy, a low cost sustainable power source is 

extremely essential for the wellbeing of the human kind. The conventional solar cells being 

very costly, it requires a search for advanced materials for solar energy conversion. 

Photovoltaic cells based on I–III–VI2 compounds have shown a lot of promises for solar 

energy harvesting. Copper indium selenide (CuInSe2) is one of those promising materials 

because of its alluring properties such as high optical absorption, suitable band gap which 

are essentially ideal for the photovoltaic and optoelectronic device applications.  This 

material has gained much attention in research because of its good stability under radiation 

and low toxicity. Furthermore, the energy band gap of CuInSe2 can also be tuned within the 

range 1.00 eV to 1.68 eV by tailoring the synthesis process.  

Again, II-VI inorganic nanoparticles present great scientific and technological values 

in fabricating frequency-controlled portable electronic devices mostly due to their unique 

physical and chemical features deriving from their nanoscale size and morphology. The size 

and morphology dependent behavior makes them potential candidate for applications in 

several areas of research, specifically in optoelectronics and other applications including 

solar cells, photodiodes, and transparent electrodes and gas sensors. 

This dissertation includes seven chapters in which I have illustrated the synthesis and 

characterization of the semiconductor nanomaterials CuInSe2(I-III-VI2) and CdO (II-VI). I 

have demonstrated its application in thin film Schottky barrier diodes and studied various 

properties via theoretical analysis of the experimental data. To study the morphological 

impact of CdO on carrier conduction and relaxation within junction device, it has been 

synthesized by Solvothermal route and investigated by using bias-dependent impedance 

spectroscopy.  
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Chapter 1 introduces the overview of past scientific efforts of finding the promises of 

inorganic I-III-VI2 and II-VI semiconductors nanomaterials and their potential applicability 

in photo-electronic devices. An elaborative discussion on nanomaterials, nanocomposites 

and their advantages, challenges and opportunities is encompassed herewith. The chapter 

explains wide details of past and present synthesis methodological procedures of I-III-VI2 

and II-VI semiconductors nanomaterials. It enlightens on unique and important features of 

CuInSe2. 

The basic theory related to the various characterization, used in this thesis are 

illustrated in Chapter 2. Structural characterization has played an important role to identify 

the synthesized material and demonstrates the morphological analysis. Whereas the optical 

characterization has given an idea about the optical band gap energy and explored the 

dispersive and dielectric behavior of the synthesized material. A theoretical introduction of 

Schottky barrier diode and Impedance Spectroscopy (IS) analysis has been provided in 

detail. The device fabrication technique has also been discussed in this chapter. The electrical 

characterization using current voltage and impedance study has facilitated to get the insight 

of the charge transport mechanism of the material thin film and fabricated Schottky device. 

In the end, an overview of cyclic voltammetry has been provided which helps to estimate of 

HOMO-LUMO position of the synthesized material. 

Chapter 3 describes the synthesis procedure of Copper Indium Selenide (CuInSe2) 

and the fabrication of Schottky diode (SD) by using the material. The interface characteristics 

of Al/CuInSe2/ITO have been investigated with the help of ac impedance spectroscopy (IS) 

analysis and dc current-voltage (I-V) measurements. The ac impedance spectroscopy (IS) 

helps to investigate and analyze the impedance at the boundary regions of SDs. From I-V 

characteristics, important parameters such as ideality factor (η), photosensitivity, barrier 

height (Φb), series resistance (RS) of SD were obtained under dark and photo condition. 

Chapter 4 reports the fluorescence resonance energy transfer mechanism for photo 

induced charge transfer from P3HT to solvothermally derived CuInSe2. The HOMO and 

LUMO energy states of CuInSe2 has also been determined from cyclic voltammetry and 

optical study. This HOMO-LUMO position agrees to select P3HT polymer as possible donor 

of excitons. Steady-state luminescence study of composite (P3HT:CuInSe2) demonstrates 

possibility of successful charge transfer. To get insight the state of quenching, the 



v 
 

Photoluminescence spectra have been analyzed according to Stern–Volmer method. The 

Förster distance (R0) of critical energy transfer has been estimated which ensures energy 

transfer from P3HT to CuInSe2. 

Chapter 5 includes the current rectification behavior of CuInSe2/TiO2 hetero-

junction, identical to the I-V characteristics of p-n junction diode and the impact of white 

light on it. It has been discussed that how the current-rectification ratio of the configuration 

Al/CuInSe2/TiO2 /ITO is improved on white light illumination which actually offering an 

unprecedented way to realize the CuInSe2/TiO2 hetero-junction as photo-sensing p-n diode. 

How the device performance is improved further by replacing TiO2 with HF treated TiO2 has 

also been studied. 

Chapter 6 describes the synthesis procedure of Cadmium Oxide (CdO). Two different 

crystallite size based CdOs are derived from hydrothermal route at different temperatures. 

The morphological impact of derived CdO on charge conduction and relaxation by using bias-

dependent impedance spectroscopy (IS) has been investigated. Materials have been 

characterized by XRD, FESEM, UV-Vis spectroscopy technique. The dc conductivity is also 

evaluated by measuring current-voltage characteristics, and bias-dependent Impedance 

Spectroscopy at room temperature, which concludes the CdO with larger crystallite size, 

dominate the conduction mechanism. 

An overview and conclusion of the entire work has been drawn in Chapter 7. 

 

The references in this thesis are given in the following format: 

Initial and surname of the authors, Name of the Journal, Year, Volume, Page number. 

Example: A. Biswas, S. Sil, A. Dey, J. Datta, D. Das and P. P. Ray, Journal of Physics and Chemistry 

of Solids, 2021, 150, 109878. 

 

Books: Author, Title, Publisher, Place Published, Year. 

Example: E. H. Rhoderick, Metal-Semiconductor Contacts, Clarendon Press, Oxford, 1978. 

 

Book Section: Authors, Chapter Title, Publisher, Year, pp. Pages. 





 
 

Chapter 1 

 

 
Introduction 

 

  



 
 

 



I n t r o d u c t i o n  | 3 

 

 

1.1. Promises of Inorganic Materials on Photo-electronic Devices 

The influence of inorganic materials on civilization is extensive and wide-ranging, 

particularly when it comes to their promising use in photo-electronic systems. Specially 

these materials are essential to the advancement of technologies that boost economic 

growth, improve quality of life, and support environmental sustainability because of their 

remarkable electrical and optical capabilities. A new era of innovation and advancement in 

photo-electronic devices has been ushered by inorganic semiconductor materials, which 

provide unmatched advantages across several technological domains and societal 

dimensions. These materials, which stand out for their remarkable optical and electrical 

characteristics, provide the foundation for creating solar cells of high-efficiency, LEDs, 

photodetectors, LASER, diodes etc.1-8 These are few examples of devices that take advantage 

of the special qualities of inorganic materials. Their flexibility extends their possibilities to a 

broad spectrum of applications. These materials may be seamlessly integrated with present-

day technologies, such as Complementary Metal-Oxide-Semiconductor (CMOS) techniques,9-

11 to enable the creation of hybrid devices that combine the advantages of inorganic and 

organic compounds. In recent past to improve the brightness and energy efficiency of 

consumer devices, the display technology, by incorporating inorganic LEDs, has taken an 

excellent role.12-15 Inorganic quantum dots are used to improve the brightness and color 

purity of displays, which propels improvements in screens of television and smartphone.12, 

16-18 The exceptional efficacy, resilience, adjustable characteristics, and adaptability of 

inorganic semiconductor materials, make them very significant and essential for the 

progression of contemporary technology. Therefore, the promises held by inorganic 

materials are numerous and include energy production, economic expansion, environmental 

sustainability, and general well-being of mankind. 

Solar energy is becoming an appealing alternative to fossil fuels due to its exceptional 

efficiency of directly converting sunlight into electricity. By lowering air pollution, mitigating 

climate change, and reducing greenhouse gas emissions, this shift improves environmental 

and public health.19, 20 To find the source of renewable energy materials is a tantalizing 

objective for Scientist and Researchers. It is obvious that the production of renewable energy 

is one of the most important societal effects of inorganic materials. A key component of the 



I n t r o d u c t i o n  | 4 

 

 

worldwide transition to sustainable energy is the use of solar cells, which are mostly 

composed of silicon and other inorganic semiconductors.21-24 

Environmentally, these materials support a circular economy by reducing ecological 

footprints through non-toxic manufacture and recycling programs. Their longevity reduces 

electronic waste. Ongoing research and development in this field ensure continuous 

innovation, fostering sustainable progress and improving global quality of life day by day. 

Undoubtedly, it greatly improves the performance and efficiency, which was essential for the 

advancement of photo-electronic devices. 

Technology makes devices more capable of satisfying the changing demands of 

society followed by the chemical modification of the materials. A key concept in the 

modification of inorganic materials is doping. This is the process of introducing controlled 

impurities into a material's crystal lattice to change its electrical characteristics. To maximize the 

performance and efficiency of optoelectronic devices, doping silicon with phosphorus or boron, 

for example, leads to n-type and p-type materials, respectively.25 Nanostructuring is another 

essential modification technique that uses material manipulation at the nanoscale to 

maximize certain qualities and take use of quantum mechanical processes. The size and 

surface characteristics of nanomaterials, such as quantum dots and nanowires, give rise to 

distinctive optical and electrical properties. For example, nanowires and nanotubes offer 

improved surface areas and charge transport channels, enhancing light absorption and 

efficiency in photodetectors and solar cells, while quantum dots offer adjustable emission 

wavelengths, perfect for high-definition displays and biomedical imaging. Another crucial 

modification method is surface passivation, which reduces charge carrier recombination by 

adding thin coatings of oxides or nitrides to semiconductor surfaces. This improves the 

stability and performance of inorganic materials in electronic devices. For example, 

passivating CuInSe₂ with titanium dioxide (TiO₂)26 prolongs carrier longevity and improves 

device efficiency by reducing recombination centers. Inorganic components are combined 

with other materials, such polymers or ceramics, to make composite materials, which offer 

synergistic properties that individual elements cannot generate on their own. Composites 

are used in photo-electronic devices to increase device durability, reduce production 

expenses, and broaden application possibilities. 
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Another important way to change inorganic materials is by alloying, which is the 

process of combining two or more elements to produce alloys with certain characteristics. 

Cu(In,Ga)Se₂ (CIGS), for example, is created by alloying copper indium selenium (CuInSe₂) 

with gallium (Ga). By adjusting the Ga concentration, the band gap might be controlled from 

around 1.0 eV (CuInSe₂) to 1.7 eV (CuGaSe₂).27-29 By improving the match with the solar 

spectrum, the tuning raises the efficiency of solar cells.30 In applications where certain 

emission wavelengths are needed, this adjustment is essential for maximizing the 

performance of LEDs and laser diodes. Through the deposition of precise layers with 

regulated characteristics, thin film methods such as chemical vapor deposition (CVD) and 

molecular beam epitaxy (MBE) are essential for the modification of inorganic materials. 

These methods offer multi-junction solar cells with high conversion efficiencies by enabling 

the production of superior thin films, which are necessary for cutting-edge photovoltaic 

systems. Photo-electronic devices must consider the sustainability of the inorganic nano-

materials used in their construction in order to reduce environmental impact, save 

resources, and ensure long-term viability; which is very crucial in the context of 

technological growth.  

 

1.2. Nanomaterials and Nanocomposites 

The history of nanomaterials effectively began when nanostructures first formed in 

early meteorites following the big bang. Later, the nature evolved many other 

nanostructures, such as skeletons and seashells.31, 32 Nanoscaled smoke particles were 

formed during the use of fire by early humans. However, the scientific investigation of 

nanomaterials started much later. Michael Faraday synthesized colloidal gold particles as 

early as 1857,33 which was one of the first scientific reports. For more than 70 years, 

researchers have been investigating nanostructured catalysts. Precipitated and fumed silica 

nanoparticles were manufactured and marketed in the United States and Germany by the 

early 1940s as an alternative to ultrafine carbon black for rubber reinforcements.34, 35 

Both industry and academics have shown a great deal of interest in nanomaterials 

during the past three decades.36, 37 The necessity for answers in real-life situations, where 

present approaches were encountering constraints, was the motivation behind this. 
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Improvements in characterization and processing methods helped scientists in their 

assessment of theoretical research on nanomaterials and this development made more 

sophisticated tools available for investigating and dealing with the nanoscale environment.38, 

39 Generally, materials that have at least one dimension in the nanometer (1 nm = 10−9 m) 

range are considered as nanomaterials.40 This length scale, which falls between the atomic 

and the microscale, brings new physical and chemical properties to a material. This becomes 

notably evident when the nanomaterial has at least one dimension between 1 and 100 nm.41 

Therefore, it has become widely accepted that the word "nanomaterial" refers to this 

very precise range.  Nanomaterials can be either natural or synthesized (engineered 

nanomaterials). Examples for naturally occurring nanomaterials are volcanic ash, soot from 

forest fires, etc.42-44 Engineered nanomaterials may be divided into many categories based 

on their shape and composition. The structural characteristics of their constituent 

components and the amount of dimensions that are outside the nanoscale provide a useful 

framework for classifying them. Depending on the size and shape, nanomaterials are 

classified into 0-D (quantam dots, nanoparticles), 1-D (carbon nanotubes, nanorods, and 

nanowires), 2-D (nanofilms), and 3-D nanomaterials, when 0-D, 1-D, and 2-D nanomaterials 

come into close contact to form interfaces (powders, fibrous, multilayer, and polycrystalline 

materials).45, 46 The different arrangements of nanomaterials may create a wide range of 

nanostructures that are distinguished by their observable shape and dimensions. 

Consequently, for instance, a linear or a planar bonding of nanoparticles of a certain 

composition results in the production of a one-dimensional or two-dimensional 

nanostructured material, respectively.47 Furthermore, strategies for the production of nano 

devices can be derived from the construction of ordered arrays of nanostructures.48 In 

general, the surface area of a nanomaterial has a greater influence on its performance than 

its composition. The Recent developments in nanotechnology allow us to create 

nanomaterials that enhance the quality of life. Carbon nanotubes (CNTs), carbon nanofibers 

(CNFs), graphene, fullerenes, silica, clay, metal, and metal oxide nanomaterials are a few 

examples of engineered nanomaterials. 

Because of their exceptional properties, nanomaterials are often mixed with bulk 

polymeric materials to enhance their characteristics. The class of nanocomposites is defined 

as the combination of two or more phases or components having distinct physical or 
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chemical characteristics, where at least one of these components is in the nanometer scale 

and resulting in differentiated properties compared to the individual elements. These 

present improved properties compared to their respective microcomposites are primarily 

attributed to the size effects of the nanomaterials involved.49 The distinguished category of 

nanocomposites involves dispersing at least one discontinuous nanosized phase within a 

continuous medium, typically referred to as the matrix. Based on the type of matrix material 

used, nanocomposites are classified into polymer matrix composites, metal matrix 

composites, and ceramic matrix composites. The most crucial factor to take into account in 

polymer matrix composites is the dispersion of the nanofillers in the bulk polymer matrix. 

Improved properties arise from a homogeneous dispersion of nanoparticles. However, the 

weak van der Waals interactions between the nanomaterials cause a tendency for particle 

agglomeration, which deteriorates the properties of the material. For instance, 

homogeneous dispersion of CNTs, graphene, CNFs, and clay in the polymer matrix enhanced 

the mechanical, thermal, electrical, optical, gas barrier, and flame retardant qualities of the 

Nanocomposites.50-52 It is now widely known that surface modification or functionalization 

of the nanomaterials can improve their dispersion in a polymer matrix.53, 54 Recently, it has 

been demonstrated that the incorporation of compatibilizer also enhance dispersion of the 

nanomaterials inside the polymer matrix.51 In order to develop high-performance 

lightweight composites for cutting-edge applications, surface modification and 

functionalization of nanomaterials strengthen the interfacial interaction or compatibility 

between the filler and matrix. This leads to better dispersion, which in turn facilitates 

effective stress transfer of the matrix and filler. 

 

1.2.1. Advantages of Nanomaterials 

A wide range of areas, including electronics, sensors, energy devices, medicine, 

cosmetics, and catalysis, have benefited significantly from the unique optical, magnetic, 

electrical, and chemical properties that nanomaterials exhibit.55-57 For instance, the 

development of nanomaterials has led to the creation of numerous electronic devices, 

including organic light emitting diodes (OLED), plasma displays, and nanotransistors. 

Examples of how nanomaterials have an influence on energy include solar cells, fuel cells, 

and high performance portable batteries. Nanomaterials can be incorporated to polymers to 



I n t r o d u c t i o n  | 8 

 

 

make them stronger and lighter in order to create smart uniforms, nonwetting textiles, fire-

retardant fabrics, self-cleaning and self-healing fabrics, lightweight, high-performance 

military aircraft, cars, etc.58 Large surface area and high gas sensitivity of metallic-based 

nanomaterials make them very suitable for gas sensors and hydrogen storage devices.59 The 

applications of nanopesticides, nanofertilizers, and nanoherbicides on crops may be 

beneficial.60 Nanocatalysis is a field that is expanding rapidly. Nanomaterials are an 

appealing catalyst choice due to their large surface area and excellent surface activity. 

 

1.2.2. Challenges and Opportunities 

Although nanomaterials have a wide range application, there are still a number of 

problems that need to be fixed. There is considerable worry about how nanoparticles affect 

the bodies of humans and animals. To address the safety concerns with nanoparticles, 

further investigation is necessary as there are still many unanswered questions regarding 

this regime. For instance, inhaling of nanoparticles may cause irritation in the lungs and 

increase the risk of lung damage which may lead to cancer. It is concerning when weak van 

der Waals forces lead nanoparticles to agglomerate. In order to preserve the characteristic 

properties of the nanoparticles, technology needs be developed to keep them separated. The 

cost of nanomaterials and their products is significantly higher than that of conventional 

materials. It has been proposed that the cost of nanomaterials can be reduced by extending 

their use in a variety of new applications, which will boost their manufacturing rate. The 

possibility of developing atomic weapons, which have the potential to be extremely 

devastating, must be understood. Nanomaterials should thus be used constructively. The 

extensive usage of nanoparticles in agriculture raises alarming concerns as it may release 

these particles into the environment and have an adverse effect on animals, plants growth, 

and soil fertility. Before employing metallic-based nanoparticles in gas sensors and 

hydrogen storage, controlling their structure and chemistry is another massive task. There 

are still issues with the need for new materials, performance enhancement, longer product 

life, and product pricing. All these facts suggest that new and advanced technologies are 

required to improve the performance of nanomaterials. 
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1.3. Group I-III-VI2 Semiconductors: A Brief Review 

It was the fact that numerous naturally occurring binary and ternary compounds 

exhibited behaviors currently associated with semiconductors even before the transistor 

was invented and this development was the reason that motivated systematic research for 

novel semiconductors in the early 1950s. The earliest materials investigated in this method 

were the III-V compounds that exhibit the diamond structure. Although InSb was reported 

to be a semiconductor by Blum et al. (1950)61 and Goryunova and Obukhov (1950),62 Welker 

(1952)63 appears to be the first to recognize the significance of the III-V compounds as a new 

class of semiconductors.64-67 Exploring ternary compounds with tetrahedral or diamond-like 

coordinate was an obvious next move in the hunt for novel semiconductors, and Goodman 

and Douglas (1954)68 discussed about the potential semiconductivity in the I-III-VI2 

compounds that had been produced a year earlier by Hahn et al (1953).69 Group I-III-VI2 

semiconductors, generally known as ternary compounds, are a family of materials that have 

attracted a lot of research attention owing to their distinctive optoelectronic and electrical 

characteristics. These semiconductors are comprised of elements from groups I (Cu, Ag), III 

(Al, Ga, In), and VI (Se, Te, S) of the periodic table and usually follow the formula I-III-VI2. The 

synthesis and fundamental characterization of these materials were the main areas of 

attention during the early phases of research in the 1950s. Growing single crystals and 

figuring out their crystal structures were the initial tasks. Austin et al. (1956)70 appear to be 

the first group systematically tries to grow large single crystals of these compounds without 

any cracks. They used evacuated quartz ampoules to prepare 50–100 g ingots of AgInS2, 

AgInSe2, CuInSe2, AgInTe2, and CuInTe2. Their attempts to grow big crystals via zone melting, 

pulling techniques or directed solidification procedures were unsuccessful. Later, CuInS2and 

CuInSe2  compounds were synthesized and investigated by scientists John L. Shay et al. They 

found that these materials crystallize in the chalcopyrite structure, which is a tetragonal-

distorted variant of the zinc-blend structure.71 Group I-III-VI2 semiconductors received a 

surge for attention throughout the 1960s and 1970s due to the potential applications they 

have in optoelectronics and photovoltaics. Better control over the material quality and 

composition was made possible by several significant advancements in the development of 

crystal growth techniques, including chemical vapor deposition (CVD) and molecular beam 
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epitaxy (MBE).72 This period also witnessed the first extensive investigations of their 

electrical characteristics, such as bandgap measurements and carrier mobility analysis. It 

was found that these materials possessed a direct bandgap which makes them an ideal 

candidate for optoelectronic applications.73 The understanding of Group I-III-VI2 

semiconductors and their applications in solar cell developed significantly in the 1980s. The 

creation of thin-film solar cells was made possible by the advancement of thin-film 

deposition methods such as sputtering and evaporation. CuInSe2-based solar cells, in 

particular, exhibited encouraging efficiency, which led to an upsurge in research into 

improving their performance. Researchers like Ken Zweibel and Miguel A. Contreras 

concentrated on enhancing material quality, comprehending the function of defects, and 

optimizing the device architecture.74, 75 Although their market presence was originally 

limited, this decade witnessed the first commercialization of CuInSe2 based solar cells.76, 77 

Research on Group I-III-VI2 semiconductors made great strides in both basic knowledge and 

useful applications throughout the 1990s. The utilization of alloying, such adding Ga to create 

Cu(In,Ga)Se2 (CIGS), resulted in an additional boost in thin-film solar cells' efficiency.78-80 

Bandgap engineering was made possible by this alloying, which improved the absorption 

properties of material. Furthermore, a new developments in characterisation techniques, 

such photoluminescence spectroscopy and high-resolution transmission electron 

microscopy (HRTEM) provided deeper insights on microstructure and electrical 

characteristics of these materials.74, 81 

Group I–III–VI2 semiconductor technology advanced throughout the 2000s and 

2010s, especially in the area of photovoltaics. CIGS solar cells exceeded conventional silicon-

based solar cells with record efficiencies of over 20%. The development of manufacturing 

facilities for large-scale production and rising commercial interest has been driven by the 

scalability and cost-effectiveness of CIGS technology. Considering the unique properties of 

these materials, research efforts have been expanded to investigate further applications, 

such as light-emitting diodes (LEDs), photodetectors, and thermoelectric devices.82-84 

Enhancing the sustainability and environmental effect of Group I-III-VI2 semiconductors has 

been more of a priority in recent years. To reduce the usage of hazardous metals like 

selenium and cadmium in the production of these semiconductors, researchers have been 

looking for substitute materials and manufacturing techniques.85 Furthermore, there has 
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been a greater focus on creating lightweight and flexible devices, which increases the 

potential uses of these materials in wearable and portable electronics.86-90 

 

1.4. Ternary CuInSe2 Semiconductor (I-III-VI2): Background and 

Motivation 

Beyond just photovoltaics, ternary copper indium selenide (CuInSe2) (composition of 

I-III-VI2) semiconductor has attracted significant interest due to its unique electronic and 

optical properties which make it a versatile material for a range of technologies and 

photoelectronic applications, including optoelectronic devices and sensors. The background 

and motivation for research into CuInSe2 are deeply rooted in its exceptional characteristics 

and the broad potential applications across different photoelectronic fields. 

The story began since its inception when CuInSe2, whose binary analogue Cd0.5Zn0.5Se, is one 

member of this family of compounds was originally studied by Hahn et al. in 1953.69 Since 

then a considerable amount of effort has been invested to gain a better and deeper 

understanding of the electronic, electrical and optical properties of this material.71, 91 In the 

early 1970s, when researchers started exploring new semiconductor materials for a variety 

of electronic and optoelectronic applications, CuInSe2 was identified as potential material.92 

It crystallized in the chalcopyrite structure with lattice parameters a = 5.782Å, c = 11.620Å, 

with c/a = 2 at room temperature.93 This structure is distinguished by a unique arrangement 

of copper, indium, and selenium atoms, which affects the electrical and physical 

characteristics of the material and is essential in figuring out its electronic band structure. 

Contrary to its II-VI binary counterparts, CuInSe2 has a direct bandgap and may be produced 

either n- or p-type depending on the growth and annealing conditions.92, 94 P-Type 

conductivity was achieved by annealing at maximum selenium pressure, while n-type 

conductivity has been reported95 for samples made by in-diffusion of Cu and In. Extrinsic 

dopants such as Zn, Cl and Br96  and Cd97 act as donors when they are diffused or ion-

implanted into p-type CuInSe2. 

The optical properties of CuInSe₂ are equally remarkable98, 99 having a direct bandgap 

of 1.04 eV which is optimal for absorbing visible light and making it suitable for light-

emitting and photo detection applications. This direct bandgap allows CuInSe2 to be highly 
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efficient in converting photons into electrical signals, a property that is valuable not only for 

solar cells but also for other optoelectronic devices. It exhibits an absorption coefficient 

exceeding 10⁵ cm⁻¹ for photon energies greater than the bandgap,100, 101 ensuring that a thin 

layer of the material can absorb a significant portion of the incident solar spectrum. The 

refractive index of CuInSe₂ varies with photon energy,102 providing valuable insights into its 

interaction with light and guiding the design of efficient photo sensing devices. 

CuInSe₂ has a number of challenges to mainstream use despite its intriguing 

characteristics.103 Some serious concerns include the expense and availability as well as the 

potential environmental impact of selenium. To overcome these challenges, scientists are 

investigating other synthesis techniques and naturally occurring alternatives like zinc and 

sulfur.104 Additionally, improving the stability and durability of CuInSe₂-based devices under 

real-world operating conditions is critical for their commercial viability.105, 106 

The future of CuInSe₂ appears promising, with advancements in materials science 

and engineering expected to enhance its performance further. Innovations in 

nanostructuring, surface passivation, and interface engineering are anticipated to improve 

device efficiency and stability.  

 

1.4.1. The phase relations in the Cu-In-Se system 

The phase equilibrium of Cu-In-Se alloys has drawn attention because it offers a 

fundamental knowledge of material formation and may be used to match the parameters of 

technical applications based on the materials. Cu-In-Se thin films have a complex 

microstructure and a wide range of distinct phases, depending on the composition and 

processing parameters. Several researchers have investigated the Cu2Se–In2Se3 system107, 

108 and majority of them believe that the stoichiometric phase of CuInSe2 falls along the 

Cu2Se-In2Se3 tie line on the ternary phase field of this system. One of more reliable pseudo-

binary phase diagram that was determined by Ciszek and Fearheiley107, 109 is shown in Fig. 

1.1.110 The given phase diagram indicates that a number of compounds including Cu2In4Se7, 

CuIn3Se5, Cu5InSe4 and CuInSe2 are expected to occur in this ternary system. The 

chalcopyrite, single-phase CuInSe2 expands from a stoichiometric composition of 50 mole% 

In2Se3 to the in-rich composition of around 55 mole %In2Se3. The corresponding Cu/In 

atomic ratio for this single-phase region falls between 1.0 and 0.82. If the Cu/In atomic ratios 
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are larger than 1.0, the materials are expected to contain secondary phases of Cu2Se and in 

contrast (Cu/In atomic ratio less than 0.82), the materials are expected to contain secondary 

phases ofCu2In4Se7 and CuIn3Se5. Two 

solid state phase transformations 

have been observed by differential 

thermal analysis. Chalcopyrite 

structure has been reported to form 

at temperature below 810°C,111, 112 

although a second uncharacterized 

phase transformation has been 

observed at 665°C.112 The melting 

point has been reported to be at 

987°C.112 

 

1.4.2. Crystallographic Structure of 

CuInSe2 

The Cu-In-Se composition polymorphs i.e. α-CIS, β-CIS, γ-CIS, and δ-CIS showcase 

different crystallographic structures each with unique atomic arrangements and 

coordination environments (Annexure). Because of these structural differences, each 

polymorph has distinct electrical characteristics that make it appropriate for a variety of 

uses. Comprehending these variations is important in order to optimize CuInSe₂-based 

materials for particular technological uses, especially in the domains of optoelectronics and 

photovoltaics. In this section only the phase α-CIS system will be briefed.  

 

1.4.2.1. α–CIS Phase (Chalcopyrite CuInSe2) 

The most extensively researched and technologically relevant polymorph of CuInSe₂ is α-

CIS. It crystallizes in the tetragonally distorted zinc blende structure, known as chalcopyrite. 

It is classified under the space group I42d and the unit cell is characterized by lattice 

constants a≈5.78 Å and c≈11.62 Å, with c≈2a.113 Within the framework of selenium (Se), 

copper (Cu) and indium (In) atoms occupy distinct tetrahedral positions in this structure. 

 

Fig. 1.1: Phase diagram along the Cu2Se–In2Se3 

pseudobinary section of the Cu–In–Se chemical system.  
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The Se atoms form a distorted face-centered cubic sub-lattice. Each Se atom is 

tetrahedrally coordinated by two Cu and two In 

atoms as shown in the Fig. 1.2.113 

 

1.4.3. Properties 

In concern to the synopsis of thesis, the electrical and 

optical properties of Cu-In-Se compound are explored 

as follows: 

 

1.4.3.1. Electrical property 

The performance of CuInSe₂ (CIS) in 

optoelectronic devices is greatly influenced by a 

number of significant electrical characteristics 

that it possesses. The electrical property of ternary 

compounds CuInSe2 is influenced by the presence of intrinsic point defects and the 

stoichiometry and the thermal history of the specimens are related to these defects.114 In 

fact, the non-stoichiometry of the crystal governs the conductivity type of CuInSe2 rather than 

being influenced by shallow level impurities through external doping. Thus, the donor or 

acceptor levels are the results of the crystal lattice defects. Copper-rich films and indium-

rich films are usually reported to be p-type and n-type, respectively.115, 116 Here it is 

discussed about p-type CuInSe2, as it generally demonstrates p-type conductivity, arises from 

copper vacancies. These vacancies produce holes in the valence band where they become the 

primary charge carriers and contribute to create effective junctions within devices. CuInSe₂ 

exhibits significant hole mobility as well, facilitating effective charge transfer through the 

material itself.117 This high mobility lowers charge carrier scattering and resistive losses, 

enhancing the performance of thin-film solar cells where efficient carrier transport is 

important. The resistivity of CuInSe₂ can be controlled by doping which in turn controls its 

electrical properties. One may tune resistivity to fit a variety of applications by changing the 

composition or adding different dopants. For example, doping with elements like sodium 

(Na) or zinc (Zn) can affect resistivity and carrier concentration, improving the compatibility 

of the material for particular applications.118, 119 

 

Fig. 1.2: The chalcopyrite crystal structure 
of CuInSe2 
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By adjusting its stoichiometry or adding elements like gallium (Ga), band gap of 

CuInSe₂ may also be changed. Due to this tunability, CIS may be used in a variety of 

optoelectronic applications by optimizing the band gap for improved solar spectrum 

absorption. Cu(In,Ga)Se₂, for instance, is produced by alloying gallium with a band gap that 

may vary from around 1.0 to 1.7 eV.120 Furthermore, CIS maintains excellent electrical 

performance throughout a range of temperatures,121, 122 which adds to its reliability and 

longevity under various environmental circumstances. These electrical behaviors 

collectively make CuInSe₂ a versatile and effective material for optoelectronic devices. 

 

1.4.3.2. Optical properties 

Due to its exceptional optical characteristic CuInSe₂ is a highly desirable material for 

optoelectronic applications. It possesses an optical band gap of approximately 1.0 eV to 1.2 

eV and can be modified to higher values by incorporation of elements like Ga.120 Thus, 

according to Loferski,123 it falls within the range of optimum band gap materials (1.1 eV 

<Eg<1.6 eV). Due to the excellent photon absorption made possible by this direct band gap, 

electrons can go directly from the valence band to the conduction band without requiring a 

change in momentum. As a result, CIS has a high absorption coefficient, generally greater 

than 10⁵ cm⁻¹100 for photons with energies above the band gap. Because of its high 

absorption efficiency, a thin layer of CIS may effectively photogenerate electron-hole pairs 

and increase photovoltaic efficiency by absorbing a wide range of the solar spectrum, 

including both visible and near-infrared region. A further significant optical property of 

CuInSe2 is its moderate refractive index,124 which amplifies details of light trapping within 

the material. The light trapping results multiple internal reflections, increasing the 

possibility of photon absorption and enhancing light utilization. Strong PL peaks near the 

band gap energy of CuInSe₂ demonstrate efficient radiative recombination of electron-hole 

pairs.125, 126 The intensity and position of these peaks can reveal defect levels, impurity states, 

and carrier recombination processes as reported earlier. Precise and strong PL peaks 

indicate reduced defect densities and superior crystalline material with few non-radiative 

recombination centers. These properties of CuInSe₂ make the material an outstanding one 

for various advanced optoelectronic applications. 
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1.4.4. Growth techniques of CuInSe2 

The scientists and researchers have been paying their skill based effort to produce 

CuInSe2 in different chemical and technical routes in surging it for the application for 

mankind. Here are few glimpses: 

 

1.4.4.1. Hydrothermal Method 

The hydrothermal method is a bulk growth technique that is used in a closed system 

to create the necessary chemicals at high pressures (above 1 atm) and temperatures (above 

100°C). The desired materials would be practically insoluble in the water solution as a result 

of the physical and chemical processes that occur during the entire process. The resultant 

compounds depend on the pH of the medium, the time duration, the temperature of the 

growth process and the pressure in the closed system. The final compounds depend on the 

pressure inside the closed system, the 

temperature of the development process, 

the time duration and the pH of the 

medium.  

One type of reaction vessel where 

the growth process is carried out under 

hydrothermal conditions is the autoclave. 

The material used in the autoclave is 

carefully chosen to withstand the 

extremely corrosive water solvent at high 

temperatures and pressures for a longer 

period of time. To prevent solution corrosion, autoclaves are often equipped with the most 

widely used lining material, Teflon, from inside. In order to achieve a hermetic sealing during 

the expansion at a higher temperature, the Teflon liner is very carefully installed inside the 

autoclave. Fig. 1.3 (Adapted from127) depicts a Teflon lined steel autoclave for the 

hydrothermal and solvothermal synthesis. 

It is possible to directly create nanoparticles of different chemicals by hydrolysis 

reactions in a high-temperature autoclave. The products derived from solution reactions can 

 

Fig.1.3: Schematic diagram of the auto clave used in 
solvothermal 
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also be subjected to a hydrothermal treatment under ambient conditions. The aqueous 

solution containing precursor salts (carbonate, sulfide, acetate, oxide, etc.) fill up more than 

50% of the total capacity of Teflon liner in the autoclave used for the direct synthesis process. 

For the second case, the aqueous medium that contains the reaction product suspension is 

filled to half of the capacity of the autoclave. Typically, amorphous phases of bulk 

semiconductor compounds crystallize more quickly after undergoing this partial 

hydrothermal treatment step. 

 

The hydrothermal method of crystal growth has many advantages:  

(1) it uses a closed system, making it easier to control oxidization or maintain conditions that 

allow the synthesis of phases, which could be difficult to achieve with other methods; (2) 

crystals grow under lower thermal strain, which may also result in a lower dislocation 

density than when the crystals are grown from melts, which have large thermal gradients; 

(3) the method has been proven to be useful for synthesizing the so-called low-temperature 

phases;  

(4) it might be used to the large-scale synthesis of magnetic, optical, piezoelectric, clay, and 

many other novel materials,  

(5) Hydrothermal synthesis produces massive, purer, and dislocation-free crystals rather 

quickly due to quick convection and incredibly effective solute transfer. 

 

1.4.4.2. Solvothermal Method 

Similar to hydrothermal synthesis, solvothermal synthesis uses organic reagents in 

place of water. Fig. 1.4 depicts technical details for the hydrothermal and solvothermal 

synthesis schematically. 

Solvothermal synthesis is 

preferable than other techniques in 

several of reasons. First, rapid 

convection in solution is made 

possible by solvothermal 

conditions. The relatively mild environment makes it possible to create crystals with 

minimal lattice defects and permits exact control over the distribution of sizes, shapes, and 

 

Fig.1.4: Schematic diagram of solvothermal synthesis route 
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crystallinity of nanoparticles. Second, when carried out at high temperatures, the low boiling 

point of organic solvent can give a larger reaction pressure, which can help in the 

crystallization process. Third, the mild temperature permits the transfer of unique structural 

characteristics from the precursors to the products enabling the control of the products' 

morphology. Additionally, solvents can supply functional groups, which can then react with 

the products or precursors to create new compounds. Lastly, solvothermal synthesis may 

reduce the release of hazardous vapour during some reaction systems, such as the one with 

poisonous starting ingredients. In addition to helping to practice "green chemistry," the 

sealed system effectively lowers the risk of oxidation and contamination from the air or 

oxygen, which is crucial for high-purity products. 

 

1.4.4.3. Chemical vapor deposition (CVD) 

Chemical Vapor Deposition (CVD) is a commonly used method for the synthesis of 

numerous materials, including thin films, semiconductors, and nanocomposites. Through a 

chemical reaction that takes place on a 

heated substrate surface, a thin layer is 

deposited from a gaseous phase in the 

CVD process. A brief schematic diagram 

of CVD technique is illustrated in Fig. 

1.5. 

Several CVD techniques have 

been used to manufacture high-quality 

CuInSe2 thin films.128 Metalorganic 

precursors for copper (Cu) and indium (In) are employed in metalorganic chemical vapour 

deposition (MOCVD), where they react with hydrogen selenide (H2Se) to generate a CuInSe2 

layer with a controlled thickness and composition.129 Jones et al. used plasma-enhanced 

chemical vapour deposition to create stoichiometric CIS films.130 The gaseous reactant 

mixture, that is kept under a radio frequency (RF) plasma at a pressure of 0.1 to 1 torr, 

produces a glow discharge in this particular case. Close space chemical vapour transort 

(CSCVT) has also been used to create CuInSe2.128 In CSCVT, a sintered CIS source is mixed 

with a gas, hydrogen iodide, to create a volatile chemical. Following that, this volatile species 

Fig.1.5: Schematic diagram of CVD route 
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reacts chemically in the opposite way on the substrate to produce homogenous CuInSe2 thin 

films. 

 

1.4.4.4. Molecular beam epitaxy (MBE) 

MBE emerged at the beginning of the 1970s to produce high-purity and high-quality 

compound semiconductor epitaxial layers on certain substrates.131 A brief schematic 

diagram of MBE technique is illustrated in Fig. 1.6. 

Almost all semiconductor epilayers 

have been developed using this significant 

approach thus far. MBE has produced CuInSe2 

films of superior quality.132 Basically, an MBE is 

vacuum evaporation equipment with a 

chamber pressure maintained at below ≈ 10-11 

torr. Certain features of MBE are usually seen 

as advantageous for the growth of 

semiconducting films, including: The 

extremely low growth temperature reduces 

any unwanted thermally activated strategies, 

such as diffusion. The epilayer thickness can be 

precisely controlled, and the introduction of various vapor species to change the alloy 

composition and regulate the dopant awareness can be easily carried out by incorporating 

separate beam cells with the appropriate shutters. These roles prove to be very crucial for 

creating structures including junctions. 

 

1.4.4.5. Other conventional growth techniques  

Numerous different methods are used in addition of the above-mentioned techniques 

to grow the crystal of ternary CuInSe2 chalcopyrite compounds. Thermal evaporation, 

sputtering, pulsed laser deposition (PLD), spray pyrolysis technique, chemical bath 

deposition, etc. are very common method to grow CuInSe2 compounds. Thermal evaporation 

is the most widely used technique for creating CuInSe2 thin films among them. Electrical 

heating is used in a vacuum method to evaporate elemental Cu, In, and Se, or certain 

 

Fig.1.6: Schematic diagram of MBE technique 
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compounds containing all three of these elements. The atoms that have evaporated follow a 

straight line until they collide with the substrate and create the expected CuInSe2 thin film. 

Heating the substrate during evaporation might be performed in a sequential or 

simultaneous manner to enhance the quality of the layers.133 Sputter deposition is a vacuum 

process that consists of the ejection of atoms from a material through the collision of fast 

non-reactive ions with its surface. The growth of CuInSe2 by the spray pyrolysis technique 

involves spraying a solution containing soluble salts of copper and indium and N, N-dimethyl 

selenourea (NDSU) onto a heated substrate. The sprayed droplets undergo pyrolytic 

decomposition and subsequent reactions at the surface of the substrate to form a well-

crystallized thin film. Excess NDSU over stoichiometric amount is used to compensate for the 

loss of selenium during pyrolysis.134 Chemical bath deposition involves producing the 

required ions in a solution by chemical means, which combine and precipitate out onto the 

substrate, if the right equilibrium conditions are met.135 

This research work is also subject to find out the hidden dynamic characteristics of II-VI 

ternary nanomaterials. Thereafter, the details of the work are introduced as follows:  

 

1.5. II-VI Semiconductor: A Brief Review 

The discovery of phosphorescence property of ZnS crystal in 1866, may be 

considered as the beginning of journey towards the research on II-VI semiconductors. 

However, in 1920, research on the luminescence and optical characteristics of II-VI 

semiconductors, such as ZnS, began, and these materials are still being thoroughly studied 

in the present day. For many years, the scientific world was unable to employ II-VI 

semiconductors in devices like lasers and LEDs because they were difficult to dope. The 

problem of doping in II-VI semiconductors was initially tackled by researchers in 1950. By 

the end of 1970, growth technique advancements had improved the quality of II-VI 

compound crystal. The development of metal organic vapor phase epitaxy and molecular 

beam epitaxy has accelerated up the process of characterizing the material properties. 

However, the doping issue remained unresolved. The first time ZnSe was doped as p-type 

was in 1991,136 and eventually a blue LED was created using that particular p-type ZnSe 

semiconductor.137 The researchers were motivated by this achievement to investigate novel 
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characteristics of II-VI and III-V semiconductors. Since then, researchers have concentrated 

on the fundamental dominating aspects for doping into II-VI semiconductors in addition to 

trying to maximize the efficiency of semiconductor devices. ZnS, ZnSe, CdS, and ZnTe 

semiconductors were found to become n-type, whereas ZnTe was doped as p-type. In 

general, acceptor impurities are compensated by vacancies on anion sites, while donor 

impurities are compensated by the acceptor-like behavior of the cation vacancies. Doping a 

semiconductor caused vacancies similar to native defect development and minimized the 

impact of impurities. Mandel developed a hypothesis of "Self-Compensation Limited 

Conductivity in Binary Semiconductors" in 1964, expanding on the concept of impurity 

compensation by doping.138 The theory suggests that doping in II-VI compounds is 

impossible when they are unable to overcome the self-compensation threshold, which 

corresponds to the bond energy. An important addition to the optoelectronic application has 

been the ability to tune the band gap energy and other characteristics of II-VI ternary 

material. Hence, by varying the nanostructure, growth technique, and application to various 

devices, research on II-VI ternary nanomaterials continues to advance. 

 

1.5.1. II-VI Oxide Semiconductor (CdO): Overview 

The II-VI semiconductor cadmium oxide (CdO) possesses a cubic crystalline structure 

with a direct bandgap that ranges from 2.2 to 2.5 eV with high electrical conductivity. Its 

increased grain size at high substrate temperatures, moderate electron mobility, and high carrier 

concentration all contribute to its excellent electrical conductivity. Some process parameters, such 

as film thickness, substrate temperature, and solution flow rate, may be controlled to precisely 

regulate the characteristics of CdO for specific applications. Though CdO was the first transparent 

conducting oxide film that Bedekar studied in 1907,139-141 it's been a while since there were many 

investigations conducted. In the past several years, CdO has been the subject of intense research in 

both bulk and thin-film form. CdO is an ideal choice owing to its exceptional electrical 

conductivity and transparency in the visible spectrum for optoelectronics142 and other 

applications including solar cells143 photodiodes144 and transparent electrodes.145 

Furthermore, CdO is used in photodetectors and gas sensors146 due to its sensitivity to 

environmental changes. Owing to its adaptable flexibility, several attempts have been made 

to grow CdO nanoparticles by customizing different synthesis methods including chemical 
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bath deposition,147 electrodeposition,148 chemical spray pyrolysis,149 solvothermal 

technique.150 In this dissertation, hydrothermal approach has been adopted, which is an 

effective choice for industrial application and much more straightforward and affordable 

than other traditional methods. 

But the toxicity of cadmium prevents it from being used in much larger quantities, 

which causes environmental and health issues.151 The goal of current research is to maximize 

the performance of CdO in these applications while simultaneously investigating substitute 

materials that could provide comparable advantages without the corresponding dangers. 

CdO is still a material of interest in optoelectronics and advanced electronics despite its 

difficulties, especially in applications where its special qualities may be used in a safe 

manner. 

 In this thesis, therefore, two different crystallite size based Cadmium Oxide (CdO)s 

have been synthesized via hydrothermal route at two different temperatures, 5000C and 

6000C. The influence of crystallite size of derived Cadmium Oxide (CdO)s upon the 

conduction and relaxation mechanism have been studied in detail. Impedance behavior has 

been investigated which approved the better conducting performance of CdO derived at a 

higher temperature. Moreover, the relaxation time for grain and grain boundary also 

decreases for the sample derived from higher temperatures. The work explored the 

experimental and theoretical view of relaxation and conduction mechanism and offers 

insightful information about the behavioral and morphological impacts of synthesized CdO 

in different aspects. 

 

1.6. Outline of the thesis 

This thesis covered synthesis and characterization study of I-II-VI2 ternary CuInSe2 and 

group II-VI oxide material CdO nanocomposites and their improvisation in charge transfer 

phenomena. Lots of studies about the structural to electrical properties of the above 

mentioned semiconductors have been already done by various researchers. But the charge 

transfer dynamics and conduction kinetics within the junction devices based on these 

semiconductor nanocomposites has been the main focus of this dissertation. A thorough 

Theoretical study and their Experimental verification have been provided in different 
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chapters. First chapter introduces the overview of past scientific efforts of finding the 

promises of inorganic I-III-VI2 and II-VI semiconductors nanomaterials and their potential 

applicability in photo-electronic devices. An elaborative discussion on nanomaterials, 

nanocomposites and their advantages, challenges and opportunities is encompassed 

herewith. Second chapter illustrates the basic theories related to the various 

characterizations, used in this thesis. Third chapter describes the synthesis procedure of 

Copper Indium Selenide (CuInSe2) and the fabrication of Schottky diode (SD) by using the 

material. Various characteristics of SD have been investigated with the help of ac impedance 

spectroscopy (IS) analysis and dc current-voltage (I-V) measurements. Fourth chapter 

reports the fluorescence resonance energy transfer mechanism for photo induced charge 

transfer from P3HT to solvothermally derived CuInSe2. The HOMO and LUMO energy states 

of CuInSe2 have also been determined from cyclic voltammetry and optical study. The next 

chapter includes the current rectification behavior of CuInSe2/TiO2 and CuInSe2/HF-TiO2 

hetero-junctions, identical to the I-V characteristics of p-n junction diode and the impact of 

white light on it. Sixth chapter describes the synthesis procedure of Cadmium Oxide (CdO). 

Two different crystallite sizes based CdOs are derived from hydrothermal route at different 

temperatures. The morphological impact of derived CdO on charge conduction and 

relaxation is by using bias-dependent impedance spectroscopy (IS) has been investigated. 

An overview and conclusion of the entire work has been drawn in the end at the last chapter. 
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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 (PXRD) 

Powder X-Ray diffraction analysis (PXRD) is a nondestructive 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 for the purposes are illustrated aptly as follows: 

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 help to 

estimate crystal dimension, can be stated as  

s
hkl

Kλ
β =

Dcosθ
   (2.1) 

Here, s is the full-width 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 crystals.1 

 

Fig. 2.1: Full-width half maxima (FWHM) or the 
integral breadth of the peak 
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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 distortion.1 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 d
cot (2 ) 2 tan

d d

 
           (2.2) 

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

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

4 tan

              (2.3) 

Hence, the broadening on the peak is convoluted by the effects of crystallite size and stress. 

Thus the total broadening can be written as, 

K
4 tan

dcos


    


         (2.4) 

Or, 

Kλ
βcosθ= +4εsinθ

D
    (2.5) 

the plot of cos versus sin which is also referred as 

Williamson-Hall plot,2 For a particular hkl planes, 

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 tan. W-H 

plots are usually applied to smaller unit cell materials. 

 

Fig. 2.2: Williamson-Hall plot 
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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; Optical Band gap and Optical conductivity 

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

in the material i.e.,
0

dI I e , where I is the intensity of light after passing through the sample, 

I0 is the initial light intensity,  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  

d0 0

d
0

I I d
A log log loge

I 2.303I e

2.303A

d





   
        

   

 

     (2.6) 

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

nineteenth century, which can be expressed as,3 

 g
h c h E



             (2.7) 

Here c is a constant related to valence band and conduction band,4 h is the Planck's constant, 

 is the frequency of light and Eg is the band gap energy,  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 (h)1/ versus h graph to the photon energy axis. The value of  can be 

½, 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( )]

[ ] -

  


 
         (2.8) 

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

d[ln(h)]/d[h] versus h. This energy value is used in the plot of ln[(h)] versus ln[h-

Eg], and the slope of the plot gives the value of . 
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The refractive index can also be estimated by using the absorbance data. It is well 

known that A+T+R=1, where, A, T, R are normalized absorbance, transmittance, and 

reflectance, respectively. According to Kramers-Kronig analysis, a material's optical 

reflectance is determined by the real and imaginary components of its dielectric constant 

and index of refraction. So, 

 

 

2 2 22r 2

2 2 2 2 2i

E 1 n 1 n k1 n ik
R

1 n ik 1 n kE 1 n

   
   

   

*

*
     (2.9) 

Here 'R' is reflectivity at normal incidence, 'Er' is the reflected light, 'Ei' is the incident light, 

n*(=n+ik) is refractive index. 'n' and 'k' are the real and imaginary parts of the refractive 

index. By rearranging the equation (2.9), the refractive index can be estimated as,5 

2

2

1 4

1 1

R R
n - k

- R ( - R)


 

 
       (2.10) 

When light propagatesa distance d, the radiation wave can be expressed as 

 i2 t d v

0
E E e

[ ( / ) ] 
          (2.11) 

putting the value of wave velocity v=c/n*, then, 

i2 t i2 nd c 2 kd c

0
E E e e e/ /. .            (2.12) 

we have the extinction coefficient 

2
4 kd c d

2
0 0

I E
e e

I E

4 k

c

k
4

/    


 


 



        (2.13) 

Furthermore, the velocity of light follows 

2 2

2

1 n k 2nk
i

c cv


           (2.14) 

So, when a radiation obeys the Maxwell equation, then it can be obtained from the equation,6 
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2 2

1 2
i

cv c

 
 


          (2.15) 

Where is the optical conductivity. By equation (2.14) and (2.15), it can be obtained as, 

nk

nk

n nc

4 4






  

  
  

 

         (2.16) 

2.3. Impedance Spectroscopy (IS) 

In subject to study the electrical properties of the nanomaterials the term impedance 

has a significant value. Oliver Heaviside coined the word impedance in 1880. A. E. Kennelly 

later expanded it in terms of vector diagrams.7 Impedance spectroscopy is a potent and very 

impactful technique for describing the electrical characteristics of materials and material-

electrode interfaces. Investigating the dynamics of mobile or bound charges in the bulk or 

interface of different types of materials, such as semiconductors, insulators, and ionic 

materials, is made possible by this very helpful tool. 

 

2.3.1. Basic functions  

There are various 

fundamental functions 

exist in the impedance 

spectroscopy which plays 

an important role to 

apprehend the 

impedance (Z) behavior, 

admittance (Y), modulus function (M), dielectric permittivity () of the materials. Impedance 

is expressed as the vector quantity, Z()=Z-jZ, where, Z(=Z|cos) is the real part  of the 

total impedance, Z(=|Z|sin) is the imaginary part, and   [=tan-1(Z/Z)] is the phase angle. 

More-often, reactance (XC=1/C), susceptance (B=C), conductance (G), resistance(R) 

Table 2.1 Relation between the basic impedance function 

 Z(=Z-jZ) Y(=Y+jY) M(=M+jM)  (=-j) 

Z(=Z-jZ) Z Y-1 M/ jC0 (jC0)-1 

Y(=Y+jY) Z-1 Y jC0/M jC0 

M(=M+jM) jC0Z jC0 Y-1 M -1 

 (=-j) (jC0Z)-1 Y/ jC0 M-1  
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functions are also sometimes used to express those basic functions. The important relations 

between the basic functions are tabulated in table 2.17 for references. 

2.3.2. Nyquist and Bode plot: Conduction of Carriers 

The Nyquist diagram, sheds light on the conduction mechanism of the materials and 

the material-electrode interface, is the plot between the real and 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.  

2.3.3. Equivalent circuit modeling 

 Typically, the Nyquist plot data is examined through fitting using the relevant 

equivalent circuit. The conduction phenomenon's likely explanation is investigated by 

comparing the equivalent circuit to the best fit of experimentally obtained impedance data. 

 

Fig. 2.3: Schematic Nyquist plot 
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 In this context, selecting the suitable equivalent circuit is crucial and ought to be done 

so by taking chemical and physical characteristics of the system into consideration. 

Generally, resistors, 

capacitors, and inductors 

are the most often used 

circuit components. 

However, in order to more 

properly illustrate the 

impedance response, 

other distributed circuit 

elements such constant 

phase element and 

Warburg diffusion 

impedance are occasionally employed. 

 The most used components and their corresponding impedance are enlisted in table 2.2.8 

2.4. Schottky diode: A theoretical view  

Braun first reported asymmetric conduction between metal and semiconductor (lead 

sulfide) in 1874,9 but Schottky et al. (1931)10 were the first to realize the formation of a 

potential barrier between the metal-semiconductor contacts. The metal-semiconductor 

(MS) diode, also called the Schottky diode, has become increasingly popular over the years 

due to its extensive use in photovoltaic and sensor devices. In 1938, Schottky and Mott 

proposed a model to measure the shape of the barrier and the barrier height.11, 12 Here, a 

quick overview of the Schottky formation and the underlying charge transport mechanism 

has been given. 

 

2.4.1. Barrier in Schottky diode 

A Schottky barrier is mainly a Metal-Semiconductor (M-S) junction that can produce 

rectifying current voltage at bias. The formation of barrier potential within the junction and 

the underlying charge transport mechanism through this junction can be understood by 

Schottky –Mott theory. 

Table 2.2 Component used in equivalent circuit model 

Component Equivalent Element Impedance 

Resistor R[ohm] R 

Capacitor C[F] 1/jC 

Inductor L[H] jL 

Infinite diffusion Zw[ohm] Rw/√(j) 

Finite diffusion Zo[ohm]  2
0 0

2
0

R tanh j L / D

j L / D




 

Constant phase 

element(CPE) 

Q[ohm-1s] 1/Q(j) 

 



T h e o r e t i c a l  a n a l y s i s  | 42 

 

2.4.1.1. Schottky –Mott theory 

According to Schottky and Mott, the rectifying nature of the MS contact results in the 

formation of an electrostatic barrier between metal and semiconductor, which is caused by 

the difference in work functions of the metal and semiconductor. The depletion region in the 

semiconductor is assumed to be 

entirely void of conduction 

electrons. As a result, space charge 

forms in this region due to the 

presence of uncompensated donor 

ions. When the space charge is 

evenly distributed throughout the 

depletion region, the electric field 

strength increases linearly with 

the distance from the edge of the 

depletion region towards the 

metal.As a result, the electrostatic 

potential increases quadratically, 

forming a parabolic potential 

barrier known as a Schottky 

barrier. 

The amount of band bending, shown as Vd (diffusion potential), is determined by the 

difference between the metal's (m) and semiconductor's (s) work functions=m- s. When 

m for an n-type semiconductor is larger than s, electrons from semiconductors enter metal 

to balance the Fermi level and create a depletion zone in the semiconductor, which leads to 

an upward band bending (Fig. 2.4 (a)).13 

Nevertheless, in p-type semiconductors, the circumstance where m>s does not 

produce obstacles to the hole motion, resulting in the formation of an ohmic contact (Fig. 

2.4(b)).13 When the work function of the metal is smaller than that of the semiconductor, the 

n-type semiconductor also forms an ohmic contact (m<s) (Fig. 2.4(c)).13 But, in that case 

(m<s), holes in a p-type semiconductor encounter a barrier, resulting in a rectifying 

 

Fig.: 2.4: Schottky barrier formation in between the metal and 

different type of semiconductor. (a) m >s (n-type), (b) m >s 

(p-type), (c) m <s (n-type), (d) m <s (p-type)  
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behavior at the metal-p-type semiconductor contact. (Fig. 2.4(d).13 According to the 

Schottky–Mott approximation, the barrier height at the metal-semiconductor (MS) junction 

is conventionally expressed as, 

B=qVi+Ec-EF=m-s         (2.17)  

Where, s (=s- (Ec-EF)) also referred to as the semiconductor's electron affinity, is the energy 

differential between the vacuum level and the bottom of the conduction band.  

2.4.1.2. Modified Schottky–Mott theory 

The contribution of the surface dipole to the metallic work function and the 

semiconductor's electron affinity during the creation of the MS contact was disregarded by 

Schottky-Mott theory. However, in the actual scenario, the surface dipole layers form at the 

surface and are active. The electron clouds of surface atoms get distorted as a result. The 

center corresponding to the positive and negative charge distributions does not overlap as a 

consequence. Bardeen14 clarified the conundrum around surface dipoles in 1947 and 

emphasized the importance of the localized surface state in the barrier development as well 

as the nonlinear dependency of B on m. In actuality, the surface states function on the 

semiconductor surface as unfulfilled bonds. The unpaired electron in the confined orbital is 

associated with the atoms' one-sided neighbor at the surface. This orbital is pointed away 

from the surface and is referred to as a dangling bond.13 Distributed throughout the 

prohibited gap energy, the surface states are occupied up to the neutral level. This neutral 

level does not correspond to by the Fermi level, resulting in a limited number of net charges 

in the surface states. In addition, between the MS contact, an oxide layer is formed, and the 

surface states charge and image charge on the metal surface aid in the creation of a dipole 

layer.  In 1965, Cowly and Sze have revised the equation (2.17) which is given by,15 

 0
1

B m s g
( ) ( ) E               (2.18) 

where, 


 
  

i

i s
q D

, Eg is the band gap of the semiconductor, 0 is the neutral level energy, 

I is the total permittivity, q is the charge, Ds is the density per electron-volt per area,  is the 

thickness of the interfacial oxide layer.  
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2.4.2. Charge transport analysis via current-voltage characteristics  

The carrier transfers from 

the semiconductor to the metal, or 

vice versa, happens via four distinct 

pathways. These include (a) 

thermionic emission over the 

barrier, (b) quantum mechanical 

tunneling through the barrier, (c) 

carrier recombination in the 

depletion region, and (d) 

recombination in the neutral region 

or hole injection.13 The various 

charge transport mechanisms for n-

type semiconductors are shown in 

Fig. 2.5.16 

 

2.4.2.1. Thermionic emission over the barrier 

Previous studies by Wagner17 (1931) and Schottky et al.18 (1939) assumed that the 

current followed the drift and diffusion mechanisms. Their theory states that the diode 

current follows the equation as follows 

1B
c m

qV
I qAN exp exp

kT kT

    
      

   

      (2.19) 

Where, A is the effective diode area, Nc is the effective density of states in the conduction 

band of the semiconductor,  is the electron mobility, Em is the maximum electric field. 

However, Bethe et al.19 demonstrated that the diode current does not accurately follow 

equation (2.19) and established the presence of the thermionic emission effect. As per the 

previous assumption, during the forward bias, the electrons are in equilibrium with the 

lattice, and at the interface, the quasi-Fermi level equalizes the metal Fermi level. On the 

other hand, according to the thermionic emission hypothesis, the quasi-Fermi level is 

horizontal through the depletion zone and electrons are entering the metal with a greater 

Fig.: 2.5: Energy band diagram for a Schottky diode under 
forward bias illustrating different transport process. (a) 

thermionic emission, (b) tunneling through the barrier, (c) 
carrier recombination in the depletion region, and (d) 

minority carrier injection. 
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energy. In accordance with Bethe's proposal, the thermionic emission controls the diode 

current, drift and diffusion effect are therefore disregarded. His proposal also takes into 

account the fact that the barrier height is less than the value of kT but that electrons require 

a higher kinetic energy to cross the potential barrier. In that case, the electrons follow the 

Maxwell distribution of velocities, and the number of successfully emitted electrons can be 

written as,16 

0

* i
q(V V)

n n exp
kT

  
  

 
        (2.20) 

 Where, 0
n

C
n N exp

kT

 
  

 
        (2.21) 

here, V is the applied bias, Vi is the built-in voltage, n0 is the concentration of the electron at 

the outside of depletion region of the neutral semiconductor, n represents the Fermi level 

penetration in the band gap of the semiconductor. Therefore, equation (2.20) can be 

rewritten as, 

 B*
c

qV
n N exp

kT

   
 
 
 

        (2.22) 

where, B i n
qV   . For the isotropic distribution, the number of electrons incident on the 

barrier is considered as n* v /4, and v  is the defined as the average velocity due to thermal 

energy of the electron in the semiconductor. So, the current generated due to the electron 

transfer from the semiconductor to metal is followed as, 

 
4

B

SM c

qVqAv
I N exp

kT

   
 
 
 

       (2.23) 

Whereas, the current due to the electron flow from metal into semiconductor can be 

expressed as,  

4

B
MS c

qAv
I N exp

kT

 
   

 
        (2.24) 

Hence, the total current would be zero when the bias is not applied. Therefore, the total 

current under the bias can be written as, 
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0
1

qV
I I exp

kT

  
   

  
         (2.25) 

Where, IMS is equal to saturation current. For a Maxwell distribution, average velocity is 

considered as v =(8kT/πm*). So, by substituting Nc=2(2πm*kT/h2)3/2 and v , equation (2.24) 

can be written as, 

2

0

* BI AA T exp
kT

 
  

 
        (2.26) 

Where, Richardson constant A*=4πqm*k2/h3. 

In general, a basic diode is modeled with a series combination of resistance and diode 

and then the voltage drop across the diode is considered as VD-IRS. So, for V >3kT/q the 

equation (2.25)  can be expressed in terms of current density(J=I/A) such as,20 

0

  
       

Sq(V R AJ)
J J exp

KT
        (2.27) 

By rearranging the equation (2.27), the applied voltage can be rewritten as 

2*
S B

kT
V R AJ n ln(J / A T )

q


           (2.28) 

By differentiating the voltage with respect to lnJ, equation (2.28) can be illustrated as20 

S

dV kT
R AJ

dln(J) q


           (2.29) 

The plot of dV/d lnJ versus the current density (J) gives the values of ideality factor and series 

resistance. Cheung et al. developed a formulation in 1986 that uses the current-voltage 

analysis to determine the barrier height and series resistance. According to their model, 

Cheung’s function H(J) can be expressed as20 

2 S B*

kT J
H(J) V ln R AJ

q A T

   
      

   
      (2.30) 

The values of barrier height and the series resistance can be obtained from the plot of H(J) 

versus current density. 

2.4.2.2. Estimation of Mobility and Transit Time 
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One can further analyze the I-V characteristics by interpreting the carrier's mobility 

(μeff) and lifetime (τ) employing the space-charge limited current (SCLC) theory to explain 

the charge transport mechanism for different photo-induced applications.21 

For positive bias, plotting log (I) vs log (V) yields multiple linear regions that 

represent various conduction methods. Interfacial trap states significantly impact the charge 

carrier conduction in metal-semiconductor junctions, changing I-V characteristic curves. 

Ohmic behavior (I α V) with a slope close to unity at low bias, demonstrates predominant 

conduction by intrinsic charge carriers.22 Then, at the intermediate potential values, as the 

slope increases (usually reaching 2), injected carriers from the contacts start to predominate 

over intrinsic carriers, creating a spatially dispersed charge field. Mobility primarily governs 

quadratic current (I α V2) in this region.21, 23 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 behavior (I α Vn, where n>2), 

corresponding to region III.23 The mobility of electrons is estimated from the slope of the I 

vs. V2 plot, according to the Mott-Gurney equation:23 

I =  
𝟗µ𝒆𝒇𝒇ɛ𝟎ɛ𝒓𝑨𝒆𝒇𝒇

𝟖

𝑽𝟐

𝒅𝟑
         (2.31) 

where, Aeff, ε0, εr and d stands 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. 

ɛ𝒓 =
𝑪𝟎𝒅

ɛ𝟎𝑨𝒆𝒇𝒇
          (2.32) 

where, C0 is the saturated capacitance.24 

Also, the life time or transient time (τ) of the charge carriers could be extracted employing 

the equation25: 

𝝉 =
𝟗ɛ𝟎ɛ𝒓𝑨𝒆𝒇𝒇

𝟖𝒅

𝑽

𝑰
         (2.33) 
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2.4.2.3. Tunneling through the barrier 

Wilson proposed the theory of quantum mechanical tunneling in 1934 to explain how 

the injected electrons may pass through the potential barrier. Due to a degenerate 

semiconductor's extremely high donor density at low temperatures, a thin potential barrier 

is formed, facilitating efficient tunneling. Therefore, a phenomenon known as field 

emission13 occurs when the current develops in the forward direction. Conversely, when the 

temperature rises, electrons inhabit the higher energy level and the likelihood of tunneling 

increases. Consequently, the concentration of electrons with a definite energy rapidly 

decreases, while the contribution of electrons with a finite energy above the bottom of the 

conduction band causes the current to arise. This mechanism is known as Thermionic-field 

emission.13 As the temperature rises, the electrons gain enough energy to flow through the 

barrier, reducing tunneling and preserving the charge transport mechanism via thermionic 

emission. In the presence of tunneling, the current-voltage characteristics can be explained 

as, 
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    (2.35) 

where m* is the electron effective mass, h is Planck’s constant, ɛs the semiconductor 

permittivity and Nd is the donor concentration,  

2.4.2.4. Carrier recombination in the depletion region 

 Under zero bias voltage, the depletion region of the Schottky barrier is in thermal 

equilibrium. Subsequently, recombination plays a major role in the creation of electron-holes. 

Because of the applied bias voltage, the electron-hole product (ni
2) at zero bias differs from its 

value. The excess electron-hole pairs (>ni
2) generated in the depletion region of an n-type 

semiconductor-metal junction supply the reverse current when a reverse bias voltage is applied to 

the junction. 

Moreover, forward recombination current is produced by the electron from the semiconductor and 

the holes from the metal recombining in the depletion region due to the forward bias. This current 
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dependents on the location of the recombination center, and it is most effective near the band gap 

center. The current (Irg) due to this mechanism may be stated as,26 

0
1

2rg R

qV
I I exp

kT

  
   

  
        (2.36) 

Where, 
0

0
2

i
R

qAn W
I 


, τ0 is the minority carrier lifetime in the depletion region, W is depletion 

region width. 

2.4.2.5. Minority carrier injection 

 In an n-type semiconductor, the barrier height can occasionally be greater than the 

band gap. As a result, the region of the semiconductor vicinity to the metal contains a high 

amount of holes and behaves as p-type. Consequently, when a forward bias voltage is 

applied, the electrons flow to the metal from the semiconductors and diffuse the holes in that 

neutral region. Through this mechanism, some holes are injected from the metal into the 

semiconductor, where they eventually recombine with the electrons already there. The 

current due to the hole injection is defined by Yu and Snow and can be expressed as,27 

2

1
p i

p
d p

qAD n qV
I exp

N L kT

  
   

  
        (2.37) 

Where Nd is donor concentration, Lp is the hole diffusion length, Dp is the hole diffusion 

constant. 

2.4.3. Schottky Diode: Fabrication Technique 

Material Selection: The particular type of semiconductor determines which metal is most 

appropriate for fabricating Schottky diodes. Platinum (Pt) or aluminum (Al) is frequently 

chosen for n-type semiconductors in order to establish a rectifying contact. Although silver 

(Ag) has great electrical conductivity, its application in metal-semiconductor junctions is 

limited by its oxidation susceptibility. Because of its resistance to high temperatures, indium 

tin oxide (ITO) onto glass substrate is used in thin film applications. For silicon-based 

Schottky diodes, silicon wafers are used with certain orientation, thickness, and resistivity. 
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Cleaning: ITO/wafers are carefully cleaned using trichloroethylene, acetone, and methanol 

solvents to make sure a clean surface. A 30–40% HF etching solution is used as the final 

cleansing step.28 

Rinsing: Before beginning any further deposition processes, wafers are repeatedly washed 

in deionized (DI) water. 

Deposition of Semiconducting Materials: Using spin coating units that rotate at a certain 

rpm, the materials to be utilized as the semiconducting layer are coated onto the ITO glass 

substrate. It is also possible to deposit the films of semiconducting materials using any other 

PVD technique, such as electron beam evaporation.  

Ohmic Contact Formation: For effective electrical connections to semiconductor regions, 

Ohmic contacts are formed on the reverse side of silicon wafers. Vacuum coating units are 

used to deposit high-purity aluminium or any other chosen metal, keeping a steady low 

pressure for homogeneity up to a few tens of nanometers. By optimizing temperature, time, 

and pressure, annealing facilitates inter-diffusion and the formation of distinct Ohmic 

contacts. 

Schottky Contacts: The native oxide layer is removed from silicon wafers by cleaning them 

and etching them in a 40% HF solution before metal deposition. Afterwards, a thin coating 

of the selected metal whose thickness can be optimized for desirable electrical properties, is 

placed onto the semiconductor surface employing deposition methods like sputtering or 

evaporation. 

2.4.3.1. Importance of Aluminium in Fabrication of Devices 

The most common metal on Earth, aluminium is distinguished for its remarkable 

flexibility, malleability, and lightweight nature. It is a comparatively soft metal when 

compared to many other metals. In addition to its mechanical properties, aluminum has 

excellent thermal and electrical conductivity and an excellent degree of corrosion resistance. 

Its inherent qualities may be preserved after recycling, making it extremely sustainable. 

Aluminum has a lower work function of 4.2 eV with electrical conductivity of 4.08x107 Sm-1, 



T h e o r e t i c a l  a n a l y s i s  | 51 

 

while platinum, more cost effective and heavier metal, has a higher work function of 5.65 eV 

with electrical conductivity of 1.02x107 Sm-1.29 

2.4.3.2. ITO Coated Glass Substrate in Fabrication of Devices: Features  

Composed of indium (In), tin (Sn), and oxygen (O), indium tin oxide (ITO) has a 

composition of 74% In, 18% Sn, and 8% O. ITO is one of the most widely used transparent 

conducting oxides owing to its well-known properties of optical transparency, moisture 

resistance, electrical conductivity, and simplicity of deposition as a thin film. In general, 

physical vapour deposition methods are employed to create thin films of indium tin oxide 

onto glass surfaces. For thin layers, these films show an optical transmittance of more than 

80% and a low electrical resistance of only 10-4 Ω-cm.30 

2.4.3.3. Fabrication Technique: An Overview 

Metal-semiconductor junctions are achieved using a vertical sandwich arrangement, 

particularly Al/synthesized material/ITO, which has been chosen due to the simplicity of 

junction fabrication. The thorough cleaning of the ITO is the first step in this process, 

requiring a comprehensive cleaning operation. The ITO-coated glass substrates are cleaned 

in stages. First, they are ultrasonically cleaned using a mild basic water solution that contains 

a tiny quantity of pure sodium hydroxide in distilled water. Next, they are rinsed with 

distilled water, acetone, and ethanol. The produced material is then spin-coated onto the 

previously cleaned ITO substrate at a predetermined rpm for several cycles after being 

dissolved or dispersed in an appropriate solution under ultra-sonication. After that, the 

produced films are dried for several hours in a vacuum chamber. The following step employs 

thermal evaporation to deposit aluminum metal onto the thin layer of the material. This 

method maintains a low pressure, generally at 10-6 mbar, by using an electron gun inside the 

vacuum coating unit. Applying a shadow mask while metal deposition ensures an efficient 

junctional area (7.065 × 10-6 m²) and helps in defining the metal-semiconductor contact 

appropriately. The schematic representation of the device structure is provided in the 

following Fig. 2.6. 
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Fig. 2.6: The Schematic Representation of the Device 

 

2.5. Estimation of HOMO-LUMO: An Overview of Cyclic Voltammetry 

Cyclic voltammetry (CV) is a powerful and popular electrochemical technique 

commonly employed to investigate the reduction and oxidation processes of molecular 

species. CV is also invaluable to study electron transfer-initiated chemical reactions, which 

includes catalysis. Cyclic voltammetry is a sophisticated potentiometric and voltametric 

method. During a scan, the chemical either loses an electron (oxidation) or gains an electron 

(reduction). This will depend on the direction of the ramping potential. Cyclic voltammetry 

(CV) is a specific type of voltammetry, that is, an electrochemical potentio-dynamic 



T h e o r e t i c a l  a n a l y s i s  | 53 

 

measurement that allows study of redox properties of compounds and interfacial structures. 

The graphical analysis of a cyclic 

voltammogram gives the redox peaks, which 

are reduction and oxidation peaks of the 

material, predicting the capacitive behaviour 

of the electrode. Hence, the potential at 

which the material is oxidized and reduced 

can be found. 

By determining the oxidation peak 

(i.e. the ionization potential) and reduction 

peak (i.e. electron affinity) from the EC curve, 

the HOMO and LUMO energy position of the material can be estimated with the help of the 

following equations:  

EHOMO = -(Eox + 4.4) eV       (2.38) 

and  

ELUMO = -(Ered + 4.4) eV       (2.39) 

where Eox and Ered are the onset potentials of the oxidation and reduction relative to an Ag 

reference electrode. The value 4.4 eV represents the difference between the vacuum level 

potential of the normal hydrogen electrode and the potential of the Ag/AgCl electrode.31, 32 

 

  

 

Fig. 2.7: Schematic view of Electrochemical Potential 

Analysis 
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Investigation of conduction kinetics in Al/CuInSe2 Schottky device 

utilizing Impedance Spectroscopy (IS) measurement and study of its 

photosensing behaviour 

 

 

Abstract 

Copper Indium Selenide (CuInSe2) has been synthesized by solvothermal synthesis method. 

The Schottky diode (SD) has been fabricated by using the material and the interface 

characteristics of Al/CuInSe2/ITO have been investigated with the help of ac impedance 

spectroscopy (IS) analysis (under dark condition) and dc current-voltage (I-V) 

measurements (under both dark and photo condition). IS is a very important and powerful 

technique to investigate and analyze the impedance at the boundary regions of SDs. Ac 

impedance spectra of Al/CuInSe2 SD have been recorded in the wide range of frequency from 

40 Hz to 20 MHz during dc bias scanning from -0.5 V to 0.5 V under dark condition. From 

forward I-V characteristics, important parameters such as ideality factor (η), 

photosensitivity, barrier height (Φb), series resistance (RS) of SD were obtained under dark 

and photo condition. The photosensitivity of the Al/CuInSe2 SD was found to be 3.36. For 

better realization of charge transport phenomena through the MS junction, space charge 

limited current (SCLC) theory has been employed. The effective mobility of the carrier is 

evaluated in dark and photo condition as 0.42x10-3 m2V-1s-1 and 2.11x10-3 m2V-1s-1 

respectively. It has been observed that the mobility is improved 5 times under illumination 

compared to the dark condition. 
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3.1. Introduction 

For the sake of conservation of energy, a low cost sustainable power source is 

extremely essential for the wellbeing of the human kind.1 The conventional solar cells being 

very costly, it requires a search for materials for solar energy conversion. Photovoltaic cells 

based on I–III–VI compounds have shown a lot of promises for solar energy harvesting. 

Copper indium selenide (CuInSe2) is one of those promising materials and a ternary 

chalcopyrite IB-IIIA-VIA compound semiconductor. It (CIS) has been one of the most 

potential absorber materials because few of its alluring characteristics for photovoltaic 

application such as high optical absorption coefficient, suitable band gap2, 3 that can harvest 

a wide range of visible lights which are ideal for the development of photovoltaic devices.  

This material has gained much attention for the researchers everywhere throughout the 

world also because of its good stability under radiation, low toxicity and high efficiency of 

PV devices.4 Furthermore, one can reduce the absorption layer up to a several micrometers 

and by substituting of In3+ by Ga3+ the band gap can be adjusted from 1.00 eV to 1.68 eV.2 In 

view of such optical and electrical properties it has became one of the most significant 

photovoltaic materials. Various researchers have paid their attention for the measurements 

of thermal conductivity, optical absorption, Raman spectra and magneto-resistance on both 

single and polycrystalline samples.5-9 R. Bouferra et al.10 reported the AC conductivity of n-

CulnSe2 material utilizing impedance spectroscopy (IS) over a broad range of temperatures 

[80 K-300 K] and frequencies [20 Hz-1 MHz]. The report also provided some useful insight 

about the conduction mechanism in the material. However, metal-semiconductor (MS) 

contacts are mostly used as rectifying junction for different electronic devices like solar cells, 

ICs and photosensitive detectors.11-15 As the MS junction plays a pivotal role in different 

microelectronic devices, the study of the influence of this material on the performance of 

electronic device is very important. Theoretically the MS junction will be Ohmic or Schottky 

depends on the work function of the metal and energy band position of the material but in 

practical application Fermi level pinning may play an important role in determining the 

Schottky junction. The quality of the interface between metal and semiconductor material 

dictates the performance and legitimacy of a Schottky diode (SD).16Few important 

parameters which give an idea about the junction are barrier height, ideality factor etc. In 
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recent past SDs have received considerable attention due to its simplistic fabrication 

procedure and it has a very fast recovery time which can be mostly used in the application 

of high-speed switching operation.17, 18 Therefore, scientists are developing different 

materials for the application in SDs with improved performance which will be beneficial for 

future generation electronic devices.  

While substantial research efforts have been given to fabricate photovoltaic devices 

using CuInSe2, reports on the Schottky junctions using CuInSe2 films is comparably low, 

though the Schottky junction of CuInSe2 is an example of simple MS junction.  

In this context, I have synthesized CuInSe2 material with the help of solvothermal 

synthesis technique. Structural, optoelectronic and electrical properties of the newly 

synthesized material have been analyzed thoroughly. I have fabricated the Al/CuInSe2/ITO 

sandwich structure and by current-voltage (I-V) measurements, the electrical transport 

properties of the SD have been studied under dark as well as illumination condition. The 

theoretical ideal thermionic emission current model has been employed to investigate the 

forward current-voltage (I-V) characteristics as the electrical behaviour of most of these 

junctions is close to this theory.19, 20 In addition to the I-V study, Impedance Spectroscopy 

(IS) technique which has already been accepted as a powerful tool to understand the 

properties of the interfaces was applied. The charge transport conduction mechanism which 

is dominant at the interface has also been analyzed by IS technique. The IS analysis of 

Al/CuInSe2/ITO SD is executed in the frequency range of 40 Hz to 20 MHz for different bias 

voltage under dark. The IS data of SD has been interpreted with the help of an ac equivalent 

circuit of RC parallel network. The work presented in this paper is of particular importance 

as we all know that IS is mostly used by researches to interpret the interface of various 

semiconductor devices. By utilizing this method, I obtained a proper equivalent circuit model 

for the analysis. The total variation of impedance which rapidly changes with the bias voltage 

is dependent on the Schottky contact formation at the interface of Al/CuInSe2. The purpose 

to analyze the impedance behavior is to distinguish the impact of the interfaces in the total 

conduction mechanism. Here, the experimental analyses have assured us that the metal 

compound interface is behaving as the Schottky contact and dominates the conduction 

mechanism. Furthermore, utilizing I-V characteristics, I have extracted relevant parameters 

of the device, such as barrier height (φb), ideality factor (η) and series resistance (RS). My 
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study unveils an important mechanism, which significantly contributes to the electrical 

transport in the Al/CuInSe2 junctions. With the help of that Space Charge Limited Current 

(SCLC) theory, the charge transport mechanism within the device under dark and light 

condition has been well analyzed. 

 

3.2. Experimental Section 

3.2.1. Materials 

Sodium Selenite (Na2SeO3, 99%) was purchased from Sisco Research Laboratories 

Pvt. Ltd., Indium (III) Chloride (InCl3,99.99%) was purchased from Spectrochem Pvt. Ltd. 

And Copper (II) nitrate (Cu(NO3)2, 3H2O, 99%) and Dimethylformamide (DMF, >99%) were 

purchased from Sigma-Aldrich. All the materials were utilized as bought with no more 

purification. 

 

3.2.2. Synthesis 

In first reaction, 0.259 g (0.05 M) of Sodium Selenite (Na2SeO3) was mixed with 0.362 

g (0.05 M) of Copper Nitrate Cu(NO)3 in 30 ml of deionised water and stirred it for 15 

minutes. The precipitation of green precursor indicates the successful synthesis of the 

Copper Selenite (CuSeO3) particles. 

In the second reaction, 0.777g (0.05 M) of Sodium Selenite (Na2SeO3) was mixed with 0.663 

g (0.05 M) of Indium Chloride (InCl3) in 30 ml of deionised water to get Indium Selenite 

(In2(SeO3)3) and after 20 minutes the desired white-coloured precipitates (In2(SeO3)3) were 

obtained. Before being dried up, the green (CuSeO3) and white (In2(SeO3)3) precipitates were 

filtered and washed a few times and collected. 

Copper Indium Selenide (CuInSe2) was prepared by reacting a suitable amount of CuSeO3 

and In2(SeO3)3 (1:1 mol/ mol) in 30 ml of DMF. The solution was stirred for around an hour 

and afterward moved into a 50 ml Teflon-lined stainless-steel autoclave. The autoclave had 

to be fixed in a proper way and heated in an air-oven for 48 h at a temperature of 200 ºC. 

Once the reaction was over, it was allowed to cool to room temperature. The final 

precipitates (ppt) were collected and cleaned well with distilled water and ethanol more 

than once to get rid of the residual impurities and then dried. 
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The ultimate solution was shifted to an autoclave. It was vacuum-packed and heated 

nightlong at150 °C. Thereafter it had been left to cool to room temperature. The resultant 

precipitates (ppt) were cleaned with distilled water and ethanol over and again to dissociate 

all the dissolved species. It was heated at 80 °C within a vacuum oven for 4 h. This is how a 

dark black powder had been obtained and utilized for characterization. 

 

3.2.3. Device Fabrication 

In order to construct the Schottky device, at the start, the glass substrate coated with 

Indium Tin Oxide (ITO) was cleansed with acetone, distilled water and isopropanol over and 

again and consecutively in ultrasonication bath for about 20 min. At the same time a well 

dissolved solution of the CuInSe2 in N, N-dimethylformamide (DMF) medium was prepared. 

With the help of SCU 2700 spin coating unit the solution was coated onto the pre-cleaned 

glass substrate at 800 rpm for 1 min. The above saidcoating stepwas repeated for 4 times. 

With the help of a Vacuum Coating Unit 12A4D of HINDHIVAC the Aluminium (Al) electrodes 

were deposited onto the film. A pressure of 10-6 Torr was maintained throughout during the 

deposition of the electrodes. The shadow mask was so arranged that the area of the Al 

electrodes can be kept up as 7.065×10-6 m2. The current-voltage measurements of the device 

were performed in the voltage range -2V to +2V at room temperature by a Keithley 2635B 

source meter which was interfaced with a PC by two-probe technique under dark and 

illumination condition. 

 

3.2.4. Characterization 

By a Bruker D8 powder X-Ray Diffractometer, Powder X-ray diffraction experiment 

had been carried out (λCuKα = 0.15418 nm) in order to obtain the phase structures of the 

sample. Field emission scanning electron microscopy (FESEM) image was collected by an FEI 

Inspect F50. For FESEM, the powder samples were dispersed in DMF and drop casted on a 

glass substrate. The evaluation of the optical band gap energy was done with the help of the 

UV-vis absorption data which was recorded by Perkin Elmer UV-vis Lambda 365. The ac 

impedance spectroscopy study had been performed by computer interfaced Agilent 4294A 

precision impedance analyzer. The EIS spectrum analyzer software was utilized to fit the 

experimental data of Nyquist plot by means proper ac equivalent circuit. The electrical 
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conductivity of the material was estimated by measuring the current-voltage characteristic 

under dark and light (AM 1.5G radiation) condition using Keithley 2635B source meter 

interfaced with PC. All the arrangements and every measurement mentioned above were 

executed under ambient conditions. 

 

3.3. Results and discussion: 

3.3.1. Structural characterization: 

Powder X-ray diffraction (PXRD) study is an effective technique to identify the phase 

and size of the crystalline nanoparticles. The 

PXRD patterns of synthesized sample are 

displayed in Fig. 3.1. The PXRD spectra shows 

the major diffraction peaks at 26.81°, 44.59° 

and52.70°, which are assigned to (112), 

(220/204) and (116/312) planes 

respectively. The detected diffraction peaks 

well correspond to the JCPDS file no. 40-

1487of copper indium selenide (CuInSe2) 

(Tetragonal). 

 

The Field Effect Scanning Electron Microscopy 

(FESEM) image for CuInSe2 material is shown in 

Fig. 3.2. The FESEM image exhibits the flower 

shape micro-architecture consists of nano-flakes. 

3.3.2. Optical characterization: 

The optical characterization of 

synthesized material had been carried out based 

on UV-vis spectrum. Since the synthesized 

material produces a consistent dispersion in N, 

N-dimethylformamide (DMF), thin films were prepared on regular glass substrate. The 

measurement of optical spectra of synthesized CuInSe2 (Fig. 3.3 inset) had been carried out 

Fig.3.1: PXRD pattern of CuInSe2 

 

Fig. 3.2: FESEM image of CuInSe2 
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in the interval of 300-900 nm. The estimation of the optical band gap of CuInSe2 thin film had 

been obtained from UV-vis spectrum using Tauc’s equation (Eqn. 3.1)21, 22: 

(𝜶𝒉𝝂) = 𝑨(𝒉𝝂 − 𝑬𝒈)
𝒏

        (3.1) 

Here α is the absorption coefficient, Eg the band gap, h the Planck’s constant and ν frequency 

of incident photon. ‘A’ is a constant and taken to be 1 for ideal case. The exponent ‘n’ is a 

constant which can have different values depending on electron transition processes. In the 

above-stated equation the value of ‘n’ 

has been taken as ½ which 

corresponds to the direct allowed 

transition.22 The direct band gap in 

this system has been calculated by 

plotting (αhν)2 vs. hν as displayed in 

Fig. 3.3 extrapolating the linear 

portion of the plot to α = 0 

absorption. From data it has been 

found that the value of direct optical 

band gap (Eg) of my synthesized 

CuInSe2 is 1.58 eV. This obtained value of band gap quite well matched with previously 

reported literature. 2, 23-25 Among them, Sakata et al. reported the direct optical band-gap 

energy of flash-evaporated amorphous CuInSe2 films in the range of 1.21-1.41 eV.23 Then, 

Guillen et al. obtained the direct optical band-gap energy of electrochemically deposited 

CulnSe2 thin films in the range 1.32-1.41 eV.24 Altındal et al. reported three different band 

gaps, which were determined as 1.06, 1.17 and 1.39 eV, respectively.2 Similarly Kim et al. 

found the optical direct band-gap energy of as-deposited CuInSe2 thin film as 1.54 eV.25 

 

3.3.3 Electrical characterization 

3.3.3.1. Impedance Spectroscopy (IS) 

IS is an impactful and convincing strategy to depict the event of conduction mechanism in 

the material or in any device. The study of AC impedance spectroscopy of Al/CuInSe2/ITO 

Schottky diode (SD) has been explored in frequency interval of 40 Hz- 20 MHz under the 

Fig. 3.3: Tauc’s plot and UV absorption (inset) spectrum of 
CuInSe2 
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perturbation voltage of 100 mV. The bias voltage scanning has been carried out in the step 

of 0.1 V from -0.5 V to +0.5 V under dark 

condition at room temperature. Fig. 3.4 

and Fig. 3.5 exhibit the Nyquist plot of the 

diode. 

Fig. 3.4 shows the plot under 

reverse bias and the Fig. 3.5 shows the 

same plot under zero and forward bias 

condition. The complex impedance plot 

referred as Nyquist plot consists of 

semicircles with various applied voltages 

and the arc of the semicircle is associated with the overall impedance behavior of the 

fabricated diode. It was noticed that as the positive dc bias decreases, the radius of the 

semicircles increases and it further increasesas the bias goes negative. This observation 

suggests that the device impedance is very much dependent on the dc bias applied. Due to 

the application of negative bias across 

the Schottky junction the 

semiconductor Fermi energy level 

reduces with respect to the Fermi 

energy level in the metal. That in turn 

raises the potential through the 

semiconductor, producing a widened 

depletion zone and a stronger electric 

field at the interface.26 Under this 

reverse bias condition, the further 

flow of electrons is restricted as a barrier is produced at the metal-semiconductor interface. 

But incase of forward dc bias, the Fermi energy level of the semiconductor is increased 

compared to the metal which results potential reduction across the semiconductor. By 

raising the forward bias, the barrier height has been lowered which disturbs the total 

balance between diffusion and drift process. As results of that, more number of electrons is 

dominated by the diffusion in the direction of metal than the drifted electrons towards the 

Fig. 3.4: Impedance spectra: under dark condition 
and reverse bias voltages 

 

 
Fig. 3.5: Impedance spectra: under dark condition and 

zero and various forward bias voltages 
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semiconductor. The semi-circular like 

impedance spectra of the Schottky 

junction for a certain applied voltage 

may be explained by theoretical circuit 

model comprising of a resistance and a 

capacitance (RC network) connected in 

parallel connection.27 The model of equivalent circuit is portrayed in Fig. 3.6 which has two 

parallel RC networks connected in series with a series resistance and a supporting 

inductance.  

One of the parallel RC systems is related to the interfaces of ITO/CuInSe2 and another 

is related to that of CuInSe2/Al. The complex impedance (𝑍∗) of the diodecan bewritten as: 

*Z (ω) = Z'- jZ''  

Where, ω denotes the angular frequency, 𝑍′ is the real part of the impedance and 𝑍′′ 

is the imaginary part of the impedance. The equivalent circuit model which is mathematically 

apprehended for  𝑍′ and 𝑍′′ of ac impedance can be written as:  

1 2
S2 2

1 1 2 2

2 2
1 1 2 2

2 2
1 1 2 2

R R
Z'(ω) = + +R

1+(ωR C ) 1+(ωR C )

ωR C ωR C
Z"(ω) = + -ωL

1+(ωR C ) 1+(ωR C )  

The depletion zone capacitance created at the contact is indicated by the capacitance 

component (C1, C2) in the equivalent circuit and the resistance component (R1, R2) of the 

same corresponds to the shunt resistance.28 

The Nyquist curves have been fitted by EIS fitting software under different dc bias 

voltage fetching the experimental data subject to the above condition. Fig. 3.7 (a, b) exhibits 

every single fitted curve for reverse bias, zero and forward bias condition. It is evidently 

observed from the curve that the experimental and fitted information are perfectly matched. 

The value of RS across the entire dc bias regime almost maintains a constant value (Fig. 3.8). 

It can be observed that once the biasing condition switches from reverse to forward regime, 

the value of R1 encounters a distinctive reduction. 

 
Fig. 3.6: Equivalent circuit of Al/CuInSe2 Schottky Diode 
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This implies that, the equivalent circuit component i.e. R1C1 is very much linked with 

the development of the Schottky barrier at the Al/CuInSe2 junction in view of the fact that R1 

weakens the flow of current across the Schottky junction when the circuit is in reverse bias 

condition. Upon applying the forward dc biasing, R1 immediately falls and it decreases 

considerably with the bias voltage advances. This is because of the fact that the flow of 

current across the Schottky junction increases notably as forward bias brings down the 

barrier developed at the interface.29  The second RC component (R2C2) which corresponds 

to the ITO/CuInSe2 junction, does not exhibit much changes through the entire dc bias range. 

Actually, in perfect instances, the ITO/CuInSe2 interface must not be affected by the 

externally applied bias voltage; however, some unavoidable defects produced at the 

interface may cause a little change in real cases. 

 
Fig. 3.7:  Experimental and fitted Nyquist spectra of Al/CuInSe2 SD under different dc bias voltages (a) -

0.5V, -0.4V, -0.3V, -0.2V, -0.1V and (b) 0V, 0.1V, 0.2V, 0.3V, 0.4V, 0.5V 

 
Fig. 3.8: The variation of RS, R1, C1, R2, C2, and L1 with the applied dc bias voltages achieved from the best fit 

of the measured impedance spectra of the Al/CuInSe2 SD using the equivalent circuit model 
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3.3.3.2 Current - Voltage (I-V) characterization 

The suitable optical band gap implies that CuInSe2 I have synthesized is a 

semiconducting material. Henceforth, I have developed metal (Al)-semiconductor (CuInSe2) 

(MS) junction thin film devices and by considering the charge transport behaviour I have 

studied its various electrical parameters. The I-V characteristics of the devices based on 

synthesized CuInSe2 have been obtained under both dark and illumination condition and the 

same is shown in Fig. 3.9. 

 

The electrical conductivity of the devices has been found to be as 1.26×10-3 Sm-1 at 

dark condition which is very likely that of a semiconductor. Though, after exposed at the 

photo-irradiation, the conductivity has been increased and found to be as 3.75×10-3 Sm-1. It 

is very obvious from the above observation that the conductivity of the devices base on the 

synthesized material (CuInSe2) has been significantly improved under the illumination 

conditions from the dark conditions. Nevertheless, the representative I-V characteristic of 

the Al/CuInSe2 contact under both dark and illumination condition exhibits the nonlinear 

rectifying behaviour which is very likely to the Schottky diode (SD).  

The rectification ratio (Ion/Ioff) of the SDs under both dark and illumination conditions 

at ±2 V has been obtained as 78 and 172 respectively. The higher value of current from the 

characteristics curve under illumination demonstrates the photosensitivity of the devices 

and in my case it was found to be 3.36 for CuInSe2 based SD. The photosensitivity (PS) of the 

 
Fig. 3.9: (a) I-V characteristics curve of Al/CuInSe2 SD under dark and photo illumination condition, 

(b) Transient photocurrent response 
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diode is defined as the ratio of photocurrent (Iph= IL-ID; IL is the current under light) to the 

dark current (ID).30, 31 The photosensitivity of the diode is expressed as: 

L D
S

D

I I
P

I

 
  
   

Furthermore, the thermionic emission theory has been exploited to study the I-V 

characteristic of the SDs based on the material (CuInSe2). The Cheung’s method has been 

used to obtain some useful diode parameters.32 The I-V characteristic curves have been 

studied thoroughly and quantitatively taking into account the under mentioned standard 

equations32, 33: 

𝑰 = 𝑰𝟎 𝒆𝒙𝒑 (
𝒒𝑽

𝜼𝒌𝑻
) [𝟏 − 𝒆𝒙𝒑 (

−𝒒𝑽

𝒌𝑻
)]      (3.2) 

𝑰𝟎 = 𝑨𝑨∗𝑻𝟐𝒆𝒙𝒑 (
−𝒒∅𝑩

𝒌𝑻
)       (3.3) 

Here, I0 represents the saturation current, q is the charge of electronic, k is the 

Boltzmann constant, T is temperature in Kelvin, V is the forward bias voltage, A is the 

effective diode area, η is the ideality factor, Φb is the barrier height and A* denotes the 

effective Richardson constant. The effective diode area (A) was approximated as 

7.065×10−6m2 whereas the effective Richardson constant (A*) was considered to be as 32 

AK−2 cm−2 for every single device.34 

The series resistance (RS), η and Φb have further been determined by using the 

following referred equations (3.4) - (3.6) which have been derived from Cheung’s 

equation,33, 35 

𝒅𝑽

𝒅𝒍𝒏(𝑱)
= (

𝜼𝒌𝑻

𝒒
) + 𝑱𝑹𝑺𝑨       (3.4) 

𝑯(𝑱) = 𝑽 − (
𝜼𝒌𝑻

𝒒
) 𝒍𝒏 (

𝑱

𝑨∗𝑻𝟐)       (3.5) 

𝑯(𝑱) = 𝑹𝑺𝑱𝑨 + 𝜼∅𝑩        (3.6) 
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I have plotted a dV/dlnJ vs. J (Fig. 3.10) curve and from the intercept of it I have determine 

the ideality factor (η) under both dark and light condition. The slope of the plot corresponds 

to the series resistance (RS) of the device. 

Table 3.1 displays the value of the 

determined ideality factors and which 

have been found to be as 1.93 and 1.35 

respectively for dark and photo 

conditions for the SDs fabricated by the 

synthesized material (CuInSe2). It is 

observed that the values of the ideality 

factors under both the conditions deviate 

a little from its ideal value (~1). The 

reason of the deviation may be because of 

the existence of inhomogeneities of Schottky barrier height, various interface states and 

series resistance at the junction.36, 37 Nonetheless, it has been noticed that the value of 

ideality factor for the SDs under photo condition comes closer to the ideal value than that 

under the dark condition which is very important. Generally, it means a lesser number of 

recombination of interfacial charge carriers and it causes an improved homogeneity at the 

barrier of Schottky junctions.26 

By plotting H(J) vs. J curve (Fig. 3.11) and taking the intercepts of the curve I have 

determined the value of barrier height (∅𝑩). Here I have utilised equation 3.6 mentioned 

above and the precalculated value of ideality factor (η). 

 
Fig. 3.10: dV/dlnJ vs. J curve for the devices based on 
CuInSe2 under dark and photo illumination condition 
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I have noticed that the barrier potential height of the schottky device has been 

decreased significantly under photo illumination. In general, a considerable number of photo 

induced charge carriers are generated and these charges accumulate in the vicinity of the 

conduction band. This may be the 

reason of the reduction of barrier 

height. Furthermore, I can also measure 

the series resistance (RS) of the devices 

by deducing the gradient of H(J) vs. J 

curve. Table 3.1 exhibits the values of 

potential barrier height (Φb), ideality 

factor (η) and series resistance (RS) 

under both dark and irradiation 

condition of the metal (Al)-

semiconductor (CuInSe2) (MS) junctions that I have determined. It can be observed that the 

series resistance (RS) that I have measured from both the methods appears to be very 

consistent and the value reduces when exposed under light as desired (Table 3.1). This 

particular characteristic of the constructed device confirms its relevance in the field of 

optoelectronics.  

 

 

 

 

 

 

 

 

 

For better insight of the charge transport mechanism at MS junction, it is essential to 

explore the I-V curves very extensively. Fig. 3.12 shows the characteristic I-V curves of the 

 
Fig. 3.11: H(J) vs. J curve for the devices based 

onCuInSe2 under dark and photo illumination condition 

 

Table 3.1: Schottky device parameters of CuInSe2 based SDs 
 

Condition On/

Off 

Conductivity 

σ (S-m-1) 

Photo 

sensitivity 

Ideality 

factor 

(ƞ) 

Barrier 

height 

b (eV) 

Series Resistance Rs 

From 

dV/dlnJvs.J 

() 

From 

H(J)vs.J 

() 

Dark 78 1.26x10-3  

3.36 

1.93 0.46 222.22 217.97 

Light 172 3.75x10-3 1.35 0.41 141.54 123.49 
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device under both dark and light 

conditions in logarithmic scale. It 

appears that the I-V characteristic 

curve can be distinguished in two 

different slopes (Fig. 3.12) which 

has been labelled as Region-I and 

Region-II. 

It can be observed that in the 

Region-I, the slope of the curve is 

near about 1. This makes sure that 

the current acts accordance with 

I∝V relation which is referred to as 

the Ohmic regime. In Region-II, the 

slope of the curve is about 2 which correspond to the current-voltage relation as I∝V2. This 

value of the slope specifies the regime as trap free space charge limited current (SCLC) 

regime.22, 38 When the injected carriers 

exceed that of the background carriers, it 

outspread over the region and create a 

space charge field. This space charge 

field dominates the currents and thus the 

phenomenon is called as SCLC.26, 38 In 

order to determine the performance of 

the device I have utilized this SCLC 

theory. According to this theory, the 

effective carrier mobility was predicted 

from higher voltage region of Jvs.V2plot (Fig. 3.13) by Mott-Gurney equation26, 35, 38: 

 
 
 

2
reff 0

3

9μ ε ε V
J =

8 d
         (3.7) 

Here, J is the current density, ε0 is the permittivity of free space, εr is the relative dielectric 

constant of the synthesized material, μeff is the effective mobility of the carrier.  

 
Fig. 3.12: ln(J) vs. ln(V) curves for the Al/CuInSe2 SD under 

dark and irradiation condition 

 

 
Fig. 3.13: J vs. V2 curves for the CuInSe2 based SD under 

dark and irradiation condition 

 



I n v e s t i g a t i o n  o f  | 75 

 

In order to determine the 

relative dielectric constant, I have 

plotted the capacitance against 

frequency at a constant bias potential of 

the material in film format (Fig. 3.14). 

At the higher frequency regime 

where the value of capacitance gets 

saturated (Fig. 3.13), the dielectric 

constant of the material is evaluated 

utilising the equation mentioned 

below22, 26: 

r

0

Cd
ε =

ε A          (3.8) 

Here, C is the capacitance at saturation, d is the film thickness (supposed as ~1 μm) 

and A is the effective area (7.065×10-6 m2). Utilising the formula mentioned above I have 

calculated the relative dielectric constant which was found to be 1.38. I have also determined 

some crucial parameters like transit time (τ) and diffusion length (LD) to investigate the 

charge transport mechanism through the junction. To study this mechanism, I have utilized 

the slope of the forward I-V curve (logarithmic representation) in SCLC region (region-II) 

displayed in Fig. 3.12 and determined the transit time (τ).21 The transit time (τ) of the charge 

carrier was deduced from the slope of I vs. V plot in region-II. 

 
 
 

r09ε ε V
τ =

8d J         (3.9) 

eff

qD
μ =

kT          (3.10) 

DL = 2Dτ
         (3.11) 

Here, D is the diffusion coefficient and was estimated with the help of Einstein-

Smoluchowski equation (Eqn. 3.10).22 When a metal semiconductor junction is developed, 

the performance of the device is very much influenced by the diffusion length (LD) of charge 

carriers and thus it has further been obtained from the above equation (Eqn.  3.11). For a 

 
Fig. 3.14: Capacitance vs. Frequency graph to determine 

the dielectric constant 
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deep understanding of the charge transport mechanism, the DOS near the Fermi level has 

been determined from the SCLC region of the I-V characteristics. The distribution of the DOS 

of the films close to the Fermi level N΄(EF)  was obtained from I-V characteristics by 

employing the following relation: 

𝑵΄(𝑬𝑭) =  
𝟐𝜺𝟎𝜺𝒓 ∆𝑽

𝒒𝒅𝟐∆𝑬𝑭
        (3.12) 

Here 𝑁΄(𝐸𝐹) is the density of localized states close to the Fermi level and the rest of 

the parameters are explained earlier. Near the Fermi level under dark and light induced 

condition, the density of localized states have been calculated as 3.55×10-39 and 5.41×10-39 

m-3eV-1 consecutively. The value indicates that the DOS near the Fermi level is quite higher 

in magnitude upon photo illumination. So the performance as well as the rectification ratio 

of the device has increased once it is exposed in light. All the device parameters obtained in 

the SCLC region indicates the improvement of the charge transport properties after light 

absorption (Table 3.2). The higher mobility indicates the higher  

 

transport rate under illumination. The number of charge carriers has also been increased 

under illumination condition. The longer diffusion length under illumination reveals that the 

charge carriers got to traverse more length before being recombined. This results an 

expected current growth shown by the device under light. All the diode parameters of the 

CuInSe2 based SD demonstrate much improved conduction mechanism after being light 

soaked. Therefore, it can be a highly potential material for application in light sensing device. 

Table 3.2: Charge conducting parameters of Al/CuInSe2 SD 
 

Condition μeff 

(m2 V-1 s -1) 

τ 

(s-1) 

μeff τ 

(m2 V-1) 

D 

 

LD 

(m) 

DOS N' 

(m-3 eV-1 ) 

Dark 4.21x10-4 6.23x10-5 2.62x10-8 1.05x10-5 3.62x10-5 3.55x10-39 

Light 2.11x10-3 1.84x10-5 3.88x10-8 5.27x10-5 4.40x10-5 5.41x10-39 
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A schematic illustration of 

the band structure of the 

Al/CuInSe2 junction is often 

helpful in understanding the 

mechanism of the diode action, 

which I have drawn on the basis of 

the estimated barrier height. Fig. 

3.15 shows a schematic diagram 

of the band structure of the 

synthesized CuInSe2 based SD in 

this study 

 

3.4. Conclusions 

In this report, I have synthesized CuInSe2 via solvothermal synthesis route and 

characterized the structural, optical and electrical properties. Al/CuInSe2 SD was fabricated 

and investigated the electrical properties with the help of dc current-voltage (I-V) and ac 

impedance spectroscopy (IS) analysis. Fundamental diode parameters like ideality factor, 

barrier height and series resistance are obtained from conventional current-voltage 

characteristics (under dark and illumination) by adopting thermionic emission theory. 

Metal-semiconductor interfaces are properly identified by using impedance spectroscopy 

analysis at different dc bias under dark condition. Moreover, the charge transport 

mechanism through Al/CuInSe2 is extensively analyzed by employing space charge limited 

current (SCLC) theory. After illumination of light the mobility is increased ~5 fold. In this 

study, I shed light upon charge transport properties and evaluation of Schottky interfaces 

with the help of I-V and IS measurement techniques. 

 

  

 

Fig. 3.15: Schematic band structure of the CuInSe2 based SD 
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An experimental approach to ensure energy quenching and  

Fluorescence Resonance Energy Transfer of excitons from P3HT to 

CuInSe2 

 

 

Abstract 

 

This letter reports the paramount fluorescence resonance energy transfer mechanism for 

photo induced charge transfer from P3HT to solvothermally derived CuInSe2. The HOMO (-

4.85eV) and LUMO (-3.38 eV) energy states of CuInSe2 (electrical conductivity =1.1x 10-7 

Scm-1) are determined from cyclic voltammetry and optical study. This HOMO-LUMO 

position agrees to select P3HT polymer as possible donor of excitons. Steady-state 

luminescence study of composite (P3HT:CuInSe2) demonstrates possibility of successful 

charge transfer. Stern–Volmer analysis of absorption and emission spectroscopy ensures 

static energy quenching phenomena. The Förster distance (R0) of critical energy transfer is 

estimated as 3.61 nm. The average distance between donor-acceptor (ravg= 4.71nm) is less 

than 8 nm and within the range 0.5R0< r < 1.5R0 (1.81nm ˂ r ˂ 5.42nm), which ensures 

energy transfer from P3HT to CuInSe2. 
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4.1. Introduction 

In recent past CuInSe2 (CIS) composite and its application as electron acceptors in 

photovoltaics has become more popular because of its semiconductor nature with narrow 

band gap, non-toxicity, high reproducibility, tuneable optical energy gap, and good 

stability.1In order to attain higher performance of organic-inorganic solar cell, conjugated 

polymer like poly(3-hexylthiophene) (P3HT) is appreciated yet as electron donor. Extensive 

studied had been performed by several scientists and researchers on energy harvesting from 

the P3HT: CuInSe2composite based solar cells.2 The understanding of underline physics of 

resonance energy transfer by quenching phenomena is an obvious commissioning task of 

charge transfer from donor to acceptor. However, the underline charge transport 

mechanism by fluorescence resonance energy transfer theory within this composite is not 

reported so far. Hence the field remains unexplored.  

In this section the solvothermally derived CuInSe2 is composited with P3HT to study 

the state of quenching which is highly responsible for understanding the hopping of excitons 

from donor to acceptor.3 Even though CIS’s applications in Schottky diode has been reported 

earlier,4 perhaps this is the first approach to report the quenching phenomena and photo-

induced charge transfer by utilizing FRET mechanism within the composite P3HT:CuInSe2. 

In this context, solvothermally derived CIS is characterized accordingly and the 

energy band positions are determined to find out the organic P3HT as appreciable donor 

with respect to CIS one. To get better insight the mechanism of energy quenching and the 

physics behind of hopping of excitons from donor to acceptor, the optical spectral 

(absorption and emission) analyses are performed pertinently. The analysis deserves a 

thorough inspection which is carried out by employing Stern-Volmer theory and Förster’s 

equation for non-radiative energy transfer.5, 6 

 

4.2. Materials and Methods 

Poly(3-hexylthiophene) (P3HT) purchased from Sigma-Aldrich. Flake like CuInSe2 is 

derived by Solvothermal technique (reported elsewhere).4FESEM and EDAX spectroscopy 

are performed with a FEI make Inspect F-50 scanning electron microscope equipped with 

energy-dispersive X-ray analysis system. Bruker D8 Advanced PXRD is used to record 
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diffraction. The absorption spectra are obtained from Perkin Elmer Lambda 365 

spectrophotometer. Fluorescence spectra are recorded via Perkin Elmer LS-45 fluorimeter. 

The electrical conductivity (σ) is measuredbyKeithley2400 source meter unit. Electro-

chemical (EC) voltammetry is performed with the help of (AUT204.S) electrochemical work 

station of Autolab make. 

 

4.2.1. Preparation of thin film for Electrical measurement 

The electrical conductivity of the sample is measured by thin film (sandwich 

structured) technique. In this regards a thin film of the sample is deposited on pre-cleaned 

Aluminium coated glass 

substrate. The film of the 

sample is spin coated and 

dried inside a vacuum 

heater. For top contact, 

aluminium is deposited by 

thermal evaporation 

technique with shadow 

masking. For the very 

purpose of measurement of conductivity thickness of the sample film is measured as 900nm 

(using surface profiler) and the active area is estimated from the dimension of mask as 

7.06510-6 m2. The schematic presentation of conductivity measurement is illustrated in Fig. 

4.1. 

 

4.2.2. Electro-chemical Measurement 

In electro-chemical measurement a photo-catalyst powder-modified glassy carbon 

electrode (GCE) is considered as working electrode, the reference electrode is an Ag/AgCl 

(in 0.5 M KOH), and the counter electrode is a platinum wire. In determining the lowest 

unoccupied molecular orbital (LUMO) level from oxidation state, a value 4.4 eV is considered 

for the difference between the vacuum level potential of the normal hydrogen electrode and 

the potential of the Ag/AgCl electrode. 

 

Fig. 4.1: Schematic Presentation: Electric conductivity measurement 
technique 
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4.2.3. Sample Preparation for Optical data 

A disperse solution of the synthesized CIS in chlorobenzene is prepared by ultra-

sonication technique. The absorption and emission spectroscopy are performed by taking 

two stocks of 10 ml of P3HT and CIS separately. Spectra are recorded for P3HT and the 

solutions iteratively titrated by incorporating the stock of CIS accordingly by maintaining 

weight ratio. 

 

4.3. Results and Discussions 

4.3.1. Structural Analysis 

The field emission scanning electron microscopy (FESEM) image (Fig. 4.4(a)) depicts 

that the particles are flake like with coagulations. The energy dispersive X-ray spectroscopy 

(EDAX) with automated atomic number-absorption and fluorescence (ZAF) corrections 

indicates the occurrence of Cu, In and 

Se in the sample at 22.49%, 24.45% 

and 53.06% respectively (Fig. 4.4(b)). 

The molar ratio from quantitative 

analysis of EDAX approves the 

stoichiometric formation of 

CuInSe2.The responsible Bragg’s 

diffraction peaks at angles 2θ = 26.48, 

44.32, 52.48, 64.36, and 70.58 for (hkl) 

= (112), (204), (116), (400) and (316) 

approves tetragonal CuInSe2, 

supported by the JCPDS Card No: 40-1487.4 Fig. 4.2 illustrates the XRD spectra of CuInSe2 

(CIS). 

In the approach to estimate average crystallite size (D), Scherrer’s equation of peak 

broadening (Eqn. 4.1) is considered for each typical peak of XRD spectrum and is determined 

as 26.25 nm (Given in Table 4.1).  

𝛽 =  
𝐾𝜆

𝐷
(

1

cos 𝜃
)         (4.1) 

 

Fig. 4.2: XRD pattern of CuInSe2 
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Here, β is the full width at half maxima of broadened peak, k (=0.9) is shape factor, λ (= 

1.5406 Å) is X-Ray 

radiation (of CuKα) and θ 

is the Bragg’s angle. The 

inter-planer distances 

(dhkl) of the crystal are 

estimated as 3.34Ǻ, 2.05Ǻ, 

1.75Ǻ, 1.45Ǻ, and 1.33Ǻ 

from the Millar’s planes at 

corresponding Bragg’s 

respective angles accordingly. These distances are determined (enlisted in Table 4.1) for 

tetragonal CuInSe2 by employing the equation: 

1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2

𝑎2
+

𝑙2

𝑐2
        (4.2)  

Where a (= 5.782 Å) and c (= 11.61 Å) are lattice constants. 

By considering logarithm in both hand sides of Eqn. 4.1, one can end up with the 

following extended Scherrer’s equation7: 

ln 𝛽 = ln
𝐾𝜆

𝐷
+ ln (

1

cos 𝜃
)  (4.3) 

It is possible to estimate the particle 

size more precisely from the intercept of 

fitted straight-line curve of lnβ vs 

ln(1/cosθ) (Fig. 4.3) drawn from the above 

equation. The precise estimated particle 

size is 33.4 nm. Both these analytical 

studies, result the particles are within 

proportion of nano (10 nm to 100 nm) in 

dimension. 

4.3.2. Electrical and optical analysis 

The conductivity (at room temperature) of CuInSe2 is determined as 1.1x 10-7 Scm-1 from 

Current-Voltage characteristic (Fig. 4.4(c)), recorded at bias voltage region 0 V to 1 V at 0.02 

Table 4.1: Value of inter planer spacing (dhkl) and the crystallite size (D) 

2 hkl dhkl (Å) D value (nm) Avg D 

(nm) 

26.48 (1 1 2) 3.34 37.92  

 

26.25 

44.32 (2 0 4) 2.05 26.36 

52.48 (1 1 6) 1.75 23.14 

64.36 (4 0 0) 1.45 19.62 

70.58 (3 1 6) 1.33 24.22 

 

 

 

Fig. 4.3: Scherrer’s plot from peak broadening data 
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V interval by thin film technique. Using absorption data (inset of Fig. 4.4(d)) the optical band 

gap of the material is estimated by applying Tauc’s equation: 

(𝛂𝐡𝛄) = 𝐀√(𝐡𝛄 − 𝐄𝐠)         (4.4) 

Where  is the absorption coefficient, h is Planck’s constant, and  is the frequency of 

incident photon. For direct transition, measuring the intercept of the extrapolated linear 

plot: (αhγ)2 vs. 

(hγ), band gap is 

estimated as 

1.47 eV (Fig. 4.4 

(d)). The value 

indicates that the 

synthesized 

material belongs 

to narrow 

bandgap 

semiconductors 

family. 

To determine 

band positions 

followed by the 

onset state of 

oxidation and reduction of the material, EC voltamogram (three-electrode) is implemented. 

Fig. 4.5(a) represents the EC curve, shows an oxidation peak (i.e. the ionization potential) at 

around +0.45 V and a reduction peak (i.e. electron affinity) at around -0.19 V. As the oxidation 

state corresponds to electron extraction from the HOMO level. The HOMO energy positions 

are estimated at -4.85 eV with the help of equation:  

EHOMO =  −(Eox + 4.4) eV       (4.5) 

where Eox is the onset potentials of the oxidation relative to an Ag reference. Introducing 

band gap of material (1.47eV), ELUMO is estimated as -3.38eV with the help of equation: 

ELUMO = EHOMO + Eg       (4.6) 

 

Fig. 4.4: (a) FESEM image; (b) EDAX of synthesized CuInSe2; (c) I-V characteristic 
and (d) UV-vis spectra and Tauc’s plot. 
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The HOMO and LUMO level of P3HT reported at -4.76 eV and-2.74 eV having band gap energy 

2.02 eV.8 Thus the 

LUMO level of CIS (-

3.38 eV) is 

energetically lower 

than that of LUMO of 

P3HT (-2.74 eV) Fig. 

4.5(b)), approaches 

a high probability of 

transport of the 

photo-excited 

carrier electrons 

from P3HT to 

CuInSe2 in order to 

achieve thermal 

stability. To analyze 

the resonance charge-transfer phenomena from P3HT to CuInSe2, few compositions of 

composite (P3HT:CuInSe2) are prepared at different weight ratio.  

The UV-vis absorption spectra of P3HT:CuInSe2 composites are recorded sequentially 

(Fig. 4.5(c)), which shows change in absorption spectra of the composite with increasing 

weight ratio of CuInSe2. Absorption peak is found to be red shifted (Fig. 4.5(d)) with increase 

in weight concentration of acceptor. The systematic red shift in the absorption peaks 

indicates decrease in frequency and enhancement of photo reaction within donor and 

acceptor materials. Fig. 4.6(a), the Photoluminescence spectra, illustrates the emission 

intensity of steady state of donor, is decreased with addition of acceptor material by 

increasing weight concentration. These features ensure the energy quenching causes by 

electron transfer from donor (P3HT) to acceptor (CuInSe2). 

To get insight the state of quenching the PL-spectra are analyzed according to Stern–

Volmer equation5: 

𝐹0

𝐹
= 1 + 𝐾𝑠𝑣[𝑄]        (4.7) 

Fig. 4.5: (a) Cyclic Voltammetry curve; (b) Schematic energy band diagram; 
(c) UV-vis absorption spectra; and (d) Peak center vs weight ratio curve. 
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where, F0 and F are 

the emission 

intensity observed 

in absence and in 

presence of 

quencher, [Q] is 

quencher 

concentrations. The 

linearity of the 

Stern–Volmer 

plot(Fig.4.6(b)) 

with intercept 

nearly equal to unity 

indicates the static 

quenching 

phenomena. For 

ratification, the fluorescence data has also been analyzed with modified Stern–Volmer 

equation6: 

𝐹0

𝐹0−𝐹
=  

1

𝑓𝑎𝐾𝑠𝑣

1

[𝑄]
+

1

𝑓𝑎
       (4.8) 

The slope and intercept of plot of Fig. 4.6(c)attribute fraction of initial fluorescence (fa) = 

3.05andStern–Volmer quenching constant(Ksv)=12.86 x 10-5 cm3M-1, which ensure the 

quenching is static in type. 

Fig. 4.6(d) demonstrates considerable overlap between the absorption spectrum of 

CIS and the fluorescence spectrum of P3HT, assures the basis of FRET. For positive energy 

transfer between donor-acceptor, the Förster’s distance (r) must be lesser than 8 nm.6 This 

distance (r) is estimated by using Förster’s equation of non-radiative energy transfer5, 6: 

𝐸 = 1 −
𝐹

𝐹0
=  

𝑅0
6

(𝑅0
6+𝑟6)

       (4.9) 

where, R0is the critical energy transfer distance, at which 50% of the excitation energy is 

transferred to the acceptor.5, 6R0 (=3.61nm) is determined from the equation: 

Fig. 4.6: (a) PL spectra of P3HT:CuInSe2 composites; (b) Stern-Volmer plot; (c) 
modified Stern-Volmer plot; (d) Absorption and emission spectrum of acceptor 

(CuInSe2) and donor (P3HT) 
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𝑅0
6 = 8.79𝑋10−25 𝑘2𝑚−4 J Ø       (4.10) 

where, the orientation factor is K2(= 2/3), m is refractive index of medium (considered as 

=1.522),9 Ø is the fluorescence quantum yield of the donor, and J is the degree of spectral 

overlap between the donor’s emission and the acceptor’s absorption. J is related with 

fluorescence intensity of the fluorescent donor at wavelength (λ) i.e. F(λ) and the molar 

absorption coefficient of the acceptor at λ i.e. ε(λ) by the equation: 

𝐉 =  
[∑ 𝐅(𝛌)𝛆(𝛌)𝛌𝟒𝚫𝛌]

[∑ 𝐅(𝛌)𝚫𝛌]
        (4.11) 

 

 The value of J is found to be 10.142 x 10-12 LM-1 cm3 and fluorescence quantum yield 

(Ø) is determined as 0.128. 

 Here, the estimated ‘r’s are tabulated in Table 4.2. Interestingly, the conditions are 

fulfilled as ravg (=4.71 nm) is less than 8 nm and within the range 0.5R0<ravg< 1.5R0 (1.805 

nm ˂ ravg ˂ 5.415nm), which 

confirm every possibility of 

occurrence of energy transfer 

from P3HT (donor) to CuInSe2 

(acceptor). This analysis 

undoubtedly impacts upon the 

moderation in device grade by 

making use of this composite of 

optimum weight ratio in near future.  

 

4.4. Determination of Quantum Yield 

 The fluorescence quantum yield (Ø) is determined with the help of the following 

equation10: 

∅ =  
IF 

x I0
s−IT

s  nx
2

IF
s  I0

x−IT
x  ns

2 ∅r        (4.12)  

 Where IF, IT, Io, and n are indications of fluorescence intensity, transmission intensity, 

transmission intensity of solvent and refractive index. S and X stand for P3HT and CIS 

Table 4.2: Values of ‘E’ and ‘r’ 

E= 1-F/F0 (r/R0) r (nm) rAvg 
(nm) 

0.378 1.0866 3.9268  
 

4.7137 
0.321 1.1331 4.0949 

0.226 1.2272 4.4349 

0.128 1.3762 4.9734 

0.089 1.4961 5.4067 

0.037 1.5069 5.4457 
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respectively. Quantum yield (Ør) of P3HT fluorescence in chlorobenzene solution 

is considered as 0.33 ± 0.07.11 

 

4.5. Characterizations for FRET 

 Fluorescence energy transfer (FRET) is the transfer of the excited state energy of a 

donor (P3HT) to an acceptor (CuInSe2) 

without the emission of light. The energy 

transfer can be considered as an energy 

exchange of an oscillating dipole to a dipole 

with similar resonance frequency. 

The energy transfer efficiency 

depends on the extent of the overlap of the 

emission spectrum of the donor with the 

absorption spectrum of the acceptor, the 

relative orientation of the donor and acceptor transition dipoles, and the distance r between 

donor and acceptor (within 8nm). Fig. 4.7 shows that the energy transfers efficiency 

decreases exponentially by r6,12 which 

reveals the fact of FRET. 

 

4.6. Stokes shift 

The absorption and emission spectra of 

P3HT (Donor) and the absorption spectra 

of CuInSe2 (Acceptor) are presented in Fig. 

4.8. The estimated stokes shifts for the 

donor is quite larger than the composite’s 

which assisted technical possibility of resonance energy transfer within the composite 

rather self-absorption of Donor.13 

 

 

 

 

Fig. 4.7: Plot of energy transfer efficiency against 
r6 

 

 

Fig. 4.8: Stokes shift for P3HT (Donor) is 4779 cm-1 
reduced to 3235 cm-1 for Donor-Acceptor 

composite. 
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4.7. Conclusions 

This is the first report of FRET analysis using composite P3HT:CuInSe2, firmly establishes 

the successful energy quenching and resonance energy transfer from P3HT to CuInSe2. The 

photo-induced charge transport phenomenon is explained with band diagram. In this art of 

work, solvothermally derived CuInSe2 (conductivity 1.1x 10-7 Scm-1 and band gap 1.47 eV) 

reveals its immense potential as an acceptor of excitons, excited from P3HT organic polymer. 

These thorough studies of absorption and emission highly ensure the possibility of 

resonance energy transfer within P3HT:CuInSe2 followed by energy quenching technique. 
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Recognition of Light Sensing p-n Junction for Hetero-Structure 

CuInSe2/TiO2 and CuInSe2/HF-TiO2: Study of Carrier Transport 

Mechanism 

 

 

Abstract 

Searching of electronic system with functionality is the epitome of the material 

research and in this context nanomaterials CuInSe2 and TiO2 are the promising stars whose 

possible applications in electronic devices are just endless. However, the fabrication of 

junction based device using these two materials is most tantalizing prospect in material 

science is still at its rudimentary stage. In this letter, we report our recognition of current 

rectification behavior of CuInSe2/TiO2 hetero-junction, identical to the I-V characteristics of 

p-n junction diode and the impact of white light on it. The HOMO-LUMO band positions of 

hydrothermally derived CuInSe2 and TiO2 nanomaterials indicate that in thermal equilibrium 

a built-in-potential must arise across the junction. The current-rectification ratio of the 

configuration Al/CuInSe2/TiO2 /ITO is improved from 560 to 627 at voltage ±2 V on white 

light illumination and this kind of behavior is certainly offering us an unprecedented way to 

realize the CuInSe2/TiO2 hetero-junction as photo-sensing p-n diode. The device 

performance is improved further by replacing TiO2 with HF treated TiO2.  
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5.1. Introduction 

The inorganic semiconductors and their derivatives have become popular over 

conventional organic semiconductors in designing p-n diodes and field-effect transistors.1, 2 

This has been made possible due to their easy fabrication, modulation capabilities, and low 

cost device characterization compared to organic semiconductors. However, the key 

limitation of the inorganic semiconductors is their insolubility.3, 4 In this context, the 

formation of junction between two solid inorganic potential candidates is made to strike a 

balance device. With this background, in this present study we have fabricated a hetero-

junction based device of configuration ITO/TiO2/CuInSe2/Al, using our derived CuInSe2 and 

TiO2 semiconductor nanomaterials,5, 6 shows substantial response of incident light, which of 

course is the first example of its own kind. 

There are lots of reports of p-n junction of hetero-structure by using inorganic 

nanomaterials.7 This is the first approach to check potential applicability of TiO2 and 

CuInSe2in fabrication of p-n device. The current rectification at forward bias and the impact 

of incident light on the characteristic I-V as well as on the carrier transport mechanism of 

configuration of ITO/TiO2/CuInSe2/Al have been noticed. The carrier transport mechanism 

was demonstrated employing band theory. Estimated energy bands helped to realize the 

carrier transport and I-V characteristic. The impact of white light in performance was also 

studied. Likewise, the dynamical change in carrier transport behavior and the device 

performance was also investigated for ITO/HF-TiO2/CuInSe2/Al device. 

 

5.2. Experimental 

5.2.1. Device Fabrication 

The synthesis and characterization of CuInSe2, TiO2 and HF treatment on later one are 

illustrated elsewhere.5, 6 In prior to fabricate the device, the well dispersed solutions of the 

ready CuInSe2, TiO2 and HF-TiO2 in the medium of ethanol were prepared. For its transparent 

conducting behavior, indium-tin-oxide (ITO) coated glass substrate was selected as the base 

material. In prior to making junction device of configuration of ITO/TiO2/CuInSe2/Al, firstly 

TiO2 was deposited on ITO substrate by spin-coating (at 1200rpm) followed by drop cast 

technique. Then the film was dried at 80°C in vacuum. The uniformity of the film was checked 
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by tracing under light. After confirmation about film profile the dispersed solution of CuInSe2 

was coated onto the film by adopting spray pyrolysis method and was dried at 80°C inside a 

vacuum chamber. To get final 

configuration of 

ITO/TiO2/CuInSe2/Al, as front 

contact Aluminium was deposited by 

thermal evaporation technique with 

proper shadow mask. The schematic 

diagram of the device and its real 

image are shown in Fig. 5.1. In the same and simple manner another device ITO/HF-

TiO2/CuInSe2/Al was fabricated by using HF-TiO2 in place of TiO2. The device 

characterization was performed by measuring I-V using Keithley 2635B SMU for both the 

devices. The carrier transport phenomenon was investigated from the I-V characteristic of 

the junction. 

 

5.3. Results and Discussion 

5.3.1. Analysis of Cyclic Voltammetry for estimation of HOMO-LUMO 

In the present work the LUMO energy levels of the synthesized TiO2 and HF-TiO2 are 

calculated using cyclic voltammetry (CV) measurement. Fig. 5.2 shows the CV plot of TiO2 

and HF treated TiO2 nanoparticles. The CV graphs show no oxidation peak- i.e., the ionization 

potential- at positive potential region but only the reduction peaks – i.e., the electron affinity- 

at about -0.89 V and -0.36 V for TiO2 and HF-TiO2 respectively. In order to estimate the 

valence band (HOMO) and conduction band (LUMO) energy, the following equations were 

considered: 

EHOMO = -(Eox + 4.4) eV 

and  

ELUMO = -(Ered + 4.4) eV,     

where Eox and Ered are the onset potentials of the oxidation and reduction relative to an Ag 

reference electrode. The value 4.4 eV represents the difference between the vacuum level 

potential of the normal hydrogen electrode and the potential of the Ag/AgCl electrode.8, 9 

Fig. 5.1: Schematic presentation of device and its real image 
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Calculating the difference ∆E = ELUMO – EHOMO, the band-gap energy was estimated. Since there 

is no oxidation peak in the positive region of the curve, so it is difficult to estimate the HOMO 

energy level for TiO2 and HF-TiO2 nanoparticles. In negative potential region the sharp 

reduction peaks are obtained as given in Fig. 5.2. From this plot the onset reduction potential 

Ered for both the materials are observed to measure the LUMO energy level. The LUMO levels 

for TiO2 and HF-

TiO2 are -4.04 eV 

and -3.51 eV 

respectively. In 

optical 

characterization 

part using UV-Vis 

absorption data 

the band-gap of 

the materials was estimated. Using these band-gap energy 3.02 eV and 2.83 eV (reported 

elsewhere),6 the HOMO levels were determined as -7.06 eV and -6.34 eV for TiO2andHF-TiO2 

respectively. 

Considering the 

onset oxidation and 

reduction potential 

for CuInSe2 the 

LUMO and HOMO 

energy levels were 

estimated elsewhere.5 The HOMO-LUMO energy levels for the above materials are tabulated 

in Table-5.1. 

Fig. 5.2: C-V curves for TiO2 and HF-TiO2 

 

Table-5.1: HOMO-LUMO of derived materials. 

Nanoparticles Ered 

(Volt) 

HOMO 

(eV) 

LUMO 

(eV) 

Band-Gap Eg 

(eV) 

TiO2 -0.89 -7.06 -4.04 3.02 

HF-TiO2 -0.36 -6.34 -3.51 2.83 

CuInSe2 -0.19 -4.85 -3.27 1.58 
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Recent past, we reported elsewhere the potential applicability of hydrothermally 

derived CuInSe2 in fabrication of Schottky device.10 The derived TiO2 and HF treated TiO2 in 

our laboratory had also showed their potential behavior in Schottky device application.6 In 

earlier reports the derived CuInSe2 nanomaterial (band-gap =1.58eV) showed HOMO-LUMO 

energy levels at -4.85eV and -3.27 eV5 and TiO2nanomaterial (band-gap3.02eV)6bearing 

HOMO-LUMO energy positions at -7.06eV and -4.04eV. Theoretical possibility of formation 

of junction within ITO/TiO2/CuInSe2/Al configuration was revealed by the schematic band 

diagram (Fig. 5.3). 

As the TiO2 was being treated by HF, so the HOMO-LUMO positions are being shifted 

to -6.34 eV and -3.51 eV with band-gap energy 2.83 eV in respect to untreated one. In 

probable band diagram Fig. 5.4 exhibits ΔEc = 0.24 eV and ΔEv= 1.49 eV. The accumulation 

of carriers near to the fermi level after light soaking impacts upon these ΔEc and ΔEv which 

results on Vbi to reduce from 0.55 V to 0.49 V. 

Fig. 5.3: Band diagram of Band diagram of ITO/TiO2/CuInSe2/Al before and after junction formation 

 

 

Fig. 5.4: Band diagram of Banddiagram of ITO/HF-TiO2/CuInSe2/Al before and after junction formation 
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5.3.2. Estimation of dielectric constant 

Fig. 5.5 represents the plot of capacitance against frequency at constant bias voltage 

for the films (a) TiO2/CuInSe2 and (b) HF-TiO2/CuInSe2. In higher frequency regimes the 

capacitance for both of the films were saturated, which was selected as the stable situation 

of the material film. Hence, the relative dielectric constant of the material film was evaluated 

by employing the following equation10: 

εr =
Cd

ε0A
 

Where ε0 is the permittivity of free space, C is the capacitance (at saturation level), d is the 

thickness (supposed as ~1 μm) and A is the effective area (7.065×10-6 m2) of the film. By 

utilising the 

formula 

mentioned above I 

have calculated 

the relative 

dielectric constant 

which was found 

to be 0.743 and 

0.951 respectively. 

 

5.3.3. Current - Voltage (I-V) analysis 

Fig.5.6(a)represents the characteristic I-V of the device ITO/TiO2/CuInSe2/Al, 

exhibits outstanding rectifying behavior with rectification ratio 560 and 627 at bias voltage 

±2V under dark and after light illumination.  

To intervene into the mechanism, the I-V characteristics are analyzed by Shockley 

equation: 

𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝐾𝑇
) − 1]        (5.1) 

where, q is the charge of electron; n is ideality factor; V is the bias voltage; K is Boltzmann 

constant; T is temperature and I0 is saturation current.  

 

Fig. 5.5: Capacitance versus frequency plot for (a) TiO2/CuInSe2 and (b) HF-
TiO2/CuInSe2 



R e c o g n i t i o n  o f …  | 108 

 

Now if bias voltage at room temperature, V> 3KT/q, i.e. 0.078 V then the equation (5.1) 

reduces to  

𝐼 ≈ 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉

𝑛𝐾𝑇
)]         (5.2) 

 

 

In terms of natural log equation (5.2) reduces to 

𝑙𝑛 𝐼 = 𝑙𝑛 𝐼0 + (
𝑞

𝑛𝐾𝑇
) 𝑉        (5.3) 

Here ‘n’, was estimated as 1.5 for dark and 1.41 for light, from the slope of extrapolated linear 

part of ln I vs. V plot (Fig. 5.6(b)) employing equation (5.3). In case of ideal diode, n (value is 

1) is indicative parameters of the interface uniformity. Here, n>1, indicates that there must 

be some interfacing layer, which deviates the device from its ideal behavior. The probability 

of electron-hole recombination within the depletion region also probably hinders the ideal 

behavior. Reduction of recombination rate upon incident light results intimate ideal 

behavior. The saturation current (dominated by diffusion of donor’s major carriers) was 

estimated as 4.1 mA and 5.7 mA from the ln I vs. V plot (Fig. 5.6(b)) for dark and light 

respectively. Here the charge carrier density significantly increased upon light irradiance, 

 

Fig. 5.6: (a) I-V curve for ITO/TiO2/CuInSe2/Al at dark and light; (b) lnI vs V curve in Forward bias; (c) 
lnI vs lnV plot in reverse bias; and (d) I vs V2 plot of SCLC for dark and light. 
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results on saturation current. The built in potential (Vbi) was reduced after light soaking from 

0.51 V to   0.47 V and results on the growth of forward current (depends on the drift of charge 

carriers at V>Vbi). The increase in forward current after light soaking only can be 

demonstrated by SCLC theory. The Vbi can be definedby11: 

𝑉𝑏𝑖 =
∆𝐸𝑐−∆𝐸𝑣

2𝑞
+

𝐾𝑇

𝑞
𝑙𝑛 (

𝑁𝑎𝑁𝑑

𝑛𝑖
2 )        (5.4) 

Where ΔEc and ΔEv are the change in conduction band energy and valence band energy 

respectively. Na, Nd and ni are the acceptor concentration, donor concentration and intrinsic 

carrier concentration at room-temperature sequentially. Here, Vbi was realized from the 

band diagram (Fig. 5.3). Fig. 5.3 exhibits ΔEc = 0.77eV and ΔEv= 2.21eV. The accumulation of 

carriers near to the fermi level after light soaking impacted upon these ΔEc and ΔEv which 

results on Vbi to reduce from 0.51V to 0.47 V. This built in potential would also be understood 

from the difference of fermi energy of donor and acceptor.12 An obvious effect of light soaking 

on shifting of Fermi energy levels, results on Vbi for our device.  

Fig. 5.6(c), represents the lnI- InV plot for reversed bias voltage, illustrates that the 

reverse breakdown voltage of the device is improved from 1.67V to 1.78V and the reverse 

saturation current (arises due to the diffusion of minor carriers of CuInSe2) increases from 

1.10x10-4A to 1.65x10-4A after light soaking. 

To check the effect of incident light on SCLC, the effective carrier mobility (𝜇𝑒𝑓𝑓) was 

estimatedas 2.32×10-4m2V-1S-1(dark) and 3.53×10-4m2V-1S-1 (light) from I vs V2plot (Fig. 

5.6(d)) for SCLC region by employing Mott-Gurney equation10: 

𝐼 =
9𝐴𝜇𝑒𝑓𝑓𝜀𝑠

8
(

𝑉2

𝑑3)         (5.5) 

Here, A is the effective area (≈ 7.07x10-6 m2), d is the thickness (≈1μm) of junction materials, 

εs is the dielectric constant (estimated as 0.743) of the synthesized material. As the transit 

time (τ) and diffusion length (LD) make one able to realize the efficient charge transport 

mechanism followed by carrier recombination, from the forward I–V plot for SCLC region, 

the transit time (τ) was determined by employing relation10: 

𝜏 =
9𝐴𝜀

8𝑑
(

𝑉

𝐼
)          (5.6) 

and in next approach, the diffusion length (LD) was also estimated by the equation: 

𝐿𝐷 = √2𝐷𝜏          (5.7) 
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where, diffusion coefficient (D) was determined from Einstein-Smoluchowski equation: 

𝐷 =  
𝐾𝑇𝜇𝑒𝑓𝑓

𝑞
          (5.8) 

The results are tabulated in Table-5.2. It is important to note that the diffusion length and 

the transit time both decreased 14.5µm to 12.2µm and 17.62x10-10 seconds to 11.74x10-

10seconds after light soaking, which is the signature behavior of light response of the junction 

device. The performance of the device was realized from the product of μ and τ. The value of 

μτ after light soaking was also improved, which implies the potential behavior of the junction 

under light irradiance and henceforth this diode would have enough potentiality to be the 

candidate in application of solid state optoelectronic sensor.  

Furthermore, to check the impact of HF treated TiO2 on constraints of the device, are 

essential to characterize device grade, a hetero-structured configuration ITO/HF-

TiO2/CuInSe2/Al was also fabricated and the charge transport behavior within device was 

analyzed in same manner.  

 

 

 

Fig. 5.7: (a) I-V characteristics curve for ITO/HF-TiO2/CuInSe2/Al at dark and light; (b) lnI vs V in 
Forward bias at dark and light; (c) lnI vs lnV in reverse bias for dark and light. 
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The experimental data are furnished in Fig. 5.7 and the carrier transport behavior 

was analyzed by employing the aforementioned equations. The results are tabulated in 

Table-5.2.  

 

 

Results of Table-5.2 depict that the rectification ratio (improved from 1057 to 1107) 

as well as the forward current (improved from 11.3mA to 19.2mA) are improved than the 

earlier device. After HF treatment of TiO2, the HOMO-LUMO levels are shifted to -6.34eV and 

-3.51 eV with band-gap2.83eV (Fig. 5.4). These shifting of bands have an obvious impact on 

built in potential as well as on the carrier transport phenomena. Here Vbi developed across 

hetero-junction is 0.55V, which decreased to 0.49Vafter light soaking. In reverse biased, the 

Irs, and VCut-off were significantly improved after light soaking than the prior one (Table-5.2). 

The parameters like, n, σSCLC, μeff, τ, D, LD and µτ, all were improved after light soaking. This 

Table-5.2: Characteristic parameters of devices. 

 
Parameters ITO/TiO2 /CuInSe2 /Al ITO/HF-TiO2 /CuInSe2 /Al 

Dark Light Dark Light 

Rectification Ratio 560 627 1057 1107 

Built-in Potential (Vbi) (V) 0.51 0.47 0.55 0.49 

Reverse Saturation Current (Irs) (A) 1.10 x10-4 1.65 x10-4 1.11x10-4 2.67x10-4 

Cut-off voltage (VCut-off) (V) 1.67 1.78 1.71 1.85 

Ideality Factor (n) 1.5 1.41 1.31 1.23 

σSCLC(×10-3) (S/m) 7.89 14.14 16.53 43.01 

μeff (×10-4) (m2V-1S-1) 2.32 3.53 4.8 10.99 

τ  (×10-10) (S) 17.62 11.74 6.57 3.76 

D  (×10-6) 5.98 6.44 12.38 28.35 

LD   (×10-7) (m) 1.45 1.22 1.27 1.46 

μτ ( ×10-14) (m3V-1S-1) 40.87 41.44 31.53 41.32 

Photosensitivity 1.65 2.41 
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improvement, improves the device grade of the device make of HF treated TiO2 in place of 

TiO2.  

In concern to the photo response of the junction devices, at constant bias voltage (at 

2 V) the ratio of photo-current to dark-current was estimated as 1.65 and 2.41 for both the 

devices ITO/TiO2/CuInSe2/Al and ITO/HF-TiO2/CuInSe2/Al. This implies that the later 

device shows the better response upon light irradiance.  

 

5.4. Conclusions 

In conclusion, fabricated hetero-junctions TiO2/CuInSe2 and HF-TiO2/CuInSe2 show 

p-n junction behavior. The room temperature I-V measurement of the devices shows 

significant impact of incident white light on carrier transport mechanism and the overall 

performance of the devices. Meticulous computational investigations revealed that in 

compare to the first kind of device, the second one is more efficient towards the light 

response. Moreover, the devices under the influence of the light soaking, should offer us 

distinct current rectification and photosensitivity. The estimated diode parameters of 

ITO/TiO2/CuInSe2/Aland ITO/HF-TiO2/CuInSe2/Al structures are embracing the signature 

of the first kind of p-n junction acting as a photo-sensing device. 
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Effect of size of CdO on bias dependent conduction and relaxation 

mechanism by means of Impedance Spectroscopy: Experimental and 

Theoretical Studies 

 

 

Abstract 

In this report, the morphological impact of hydrothermally derived CdO on charge 

conduction and relaxations investigated by using bias-dependent impedance spectroscopy 

(IS). The work of art is the findings of the impact of grain and grain boundaries of CdO on the 

frequency-dependent electric conductivity and relaxation mechanism followed by the 

crystallite size. In this regard, two different crystallite size based CdOs are derived from 

hydrothermal route at different temperatures. Materials are characterized by XRD, FESEM, 

UV-vis absorption spectra. The dc conductivity is also evaluated by measuring current-

voltage characteristics, and bias-dependent Impedance Spectroscopy at room temperature, 

which spectacles the CdO with larger crystallite size dominate the conduction mechanism. 
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6.1. Introduction 

Metal-oxide inorganic nanoparticles present great scientific and technological values in 

fabricating frequency-controlled portable electronic devices mostly due to their unique 

physical and chemical features deriving from their nanoscale size and morphology. In the 

recent trend, researchers have focused on II-VI cadmium oxide (CdO) semiconductor 

transition metal oxide, which includes narrow direct band gaps of 2.2eV to 2.5eV.To study 

their size and morphology dependent behavior as well as potential applications in several 

areas of research, specifically in optoelectronics1 and other applications including solar 

cells,2-4 photodiodes,5-7 transparent electrodes8, 9 and gas sensors10-12. Due to its versatile 

dynamic behavior, there have been few efforts to prepare CdO nanoparticles by tailoring 

various synthesis techniques such as chemical bath deposition,13-15 electrodeposition,16-18 

chemical spray pyrolysis.19-21 solvothermal technique,22, 23 etc. These methods usually 

involve various expensive arrangements and procurement, otherwise poor yield. The 

hydrothermal method adopted in this study is very simple and cost-effective than the other 

conventional methods and an effective route for industrial use.  

Impedance spectroscopy (IS) is a popular method to realize the conduction 

mechanism and relaxation behavior of the grain and grain boundary in a material. Charge 

transport behavior through the grain and grain boundary of semiconducting material 

influences the carrier relaxation due to the presence of micro-structural barrier formation 

by grain boundary between two adjacent grains24. This charge transport behavior and 

relaxation nature can be investigated using various electrical properties like impedance, 

electrical modulus of semiconducting material. These properties can be investigated using 

IS and play an essential role in the applications of high-frequency control devices and 

potential difference dependent resistors.25, 26 

There are several works where the temperature-dependent impedance behavior of 

CdO has been investigated and reported by researchers.27-31 At the same time, the study of 

the morphological impact of CdO on bias-dependent impedance and relaxation behavior isin 

the empirical stage. In this report, two different types of CdO, synthesized by hydrothermal 

technique at 5000C temperature treatment, labeled as S(1) and at 6000C temperature 

treatment, marked as S(2) respectively. The structural characterization approved their 
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uniqueness with crystallite size. To find out the unique impact of morphology on its electric 

behavior, we have performed electrical characterization. The electrical characterization 

reveals its structure-dependent conducting behavior. The theoretical overview and its 

practical implications of the crystallites size upon the conduction constraints are 

investigated in this report. The occurrence of grain size and grain boundaries, depending 

upon the size and architecture of the crystallites of the material highly influences the 

electrical conductivity which is studied in depth further. To examine the variation of 

electrical impedance, relaxation, ac conductivity of the materials with the variation of 

frequency, we have fabricated two thin films by using the spin coating technique, and its 

frequency-dependent impedance is measured under an applied electric field. The 

appropriate equivalent circuits are designed to analyze Nyquist plots derived using the EIS 

spectrum analyzer. The main objective is to examine the effect of morphology on bias-

dependent Debye relaxation and conduction mechanism of grain and grain boundary by 

using synthesized CdOs. A better understanding and intervention may insist us for future use 

of CdO in applications as a signal transport circuit element. 

6.2. Experimental details 

6.2.1. Materials 

(Cd(CH3COO)2.2H2O) and NH4OH of analytical grade is purchased from Merck and is used 

without further purification. 

 

6.2.2. Synthesis 

In the typical synthesis, 200 ml 0.5M cadmium acetate aqueous solution is prepared and 

separated in two different beakers in equal proportion. The ammonium solution is added 

dropwise to the above solutions individually (till pH = 7) with constant stirring. Brownish 

solutions are obtained in both cases and are followed by stirring for 24 hours. After that, we 

have heated the solutions overnight at 500°C (labeled as S(1)) and 600°C (marked as S(2)) 

under Teflon Lined hydrothermal Autoclave. The precipitates are collected through rinsing 

several times with distilled water by centrifuge technique. Finally, the powders are collected 

after annealing at 100°C for 4 hours each. 
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6.2.3. Thin film fabrication 

Thin films of the sample are fabricated on Indium Tin Oxide (ITO) coated glass substrate by 

spin coating technique. In this regards a dispersed solution is prepared in ethanol by 

rigorous sonication for half an hour.  

 

6.2.4. Material Characterization 

To determine the crystal structure of the materials powder X-Ray Diffraction (PXRD) 

technique is adopted well. In this process, the diffraction patterns are recorded with the help 

of Bruker make D8 powder X-ray Diffractometer. FEI made Inspect F-50 scanning electron 

microscope is used to record the FESEM images. Shimadzu 2401 PC UV-vis 

spectrophotometer makes use for optical characterization of the sample. This part of 

characterization is carried out by preparing a dispersed solution of the sample in ethanol by 

ultra-sonication technique. Agilent 4294A LCR meter recorded the impedance spectroscopy 

of the sample films in the frequency region of 40Hz-5MHz under the bias voltage of 0mV to 

1000mV at constant oscillatory voltage 50mV at ambient conditions. Conductivity at room-

temperature is derived from the current-voltage characteristics curve recorded by using 

two-probe technique. The current-voltage (I-V) characteristics of thin film of samples are 

recorded with the help of Keithley 2400 SMU by applying voltage from 0V to 1.0V at interval 

0.1V. By measuring the dimensions of active contact area A(=7.06510-6 m2); the thickness 

of the film d(=1m) (are measured with the help of surface profiler) and the slope of the 

characteristic curve, conductivity of the sample films are estimated. 

6.3. Results and Discussions 

Fig. 6.1 indicates the X-Ray diffraction spectra of the materials S(1) and S(2). The responsible 

Bragg’s planes (111), (200), (220), (311) and (222)are sharply observed at Bragg’s angle 2 

= 33.2, 38.5, 56.1, 67.0 and 70.5 degree respectively. These responsible planes with 

respective Bragg’s angle refer to cubical (lattice parameter a=4.6953Å) phase of CdO, 

justified by JCPDS card no:05-0640.32-34The inter-planar distances at angle 2 = 33.2, 38.5, 

56.1, 67.0 and 70.5 degree are estimated as (d111 = 2.7108A), (d200 = 2.3477A), (d220 = 1.66A), 

(d311 =1.4157A) and (d222 =1.3554A) (Table – 6.1).  



E f f e c t  o f  s i z e  … | 122 

 

 

The planes (001), (100), (101), and (102)are evenly observed at Bragg’s angle 2 = 

23.5, 30.3, 36.2 and 49.7 degree respectively, imply the occurrence of  hexagonal (lattice 

parameters a=3.4947Å and c= 4.7106Å) Cd(OH)2 as admixture (supported by JCPDS card 

no.: 31-0228). The inter-planar distances of Cd(OH)2 at angle 2 = 23.5, 30.3, 36.2,  and 49.7 

degree are determined as (d001 = 2.7108A), (d100 = 2.3477A), (d101 = 1.66A) and (d102 

=1.4157A) (Table – 6.2). This mild impurity of Cd(OH)2 is arising mostly due to the 

incomplete combustion under autoclave. The intensity of the peaks assists that most of the 

diffraction are highly obtained from Bragg’s planes of CdO. Typically, the full width at half 

maxima of the intense pattern is highly depends on the size of crystallites and is the subject 

of Williumson-Hall plot.   

Table – 6.1: Texture coefficients and Interplaner distances of CdO 

For CdO: (a=4.6953Å) 

2θ (h k l) 𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2+𝑘2+𝑙2
Å Texture Coefficient 

S(1) 

Texture Coefficient 

S(2) 

33.2 (1 1 1) 2.7108 0.8296 1.0004 

38.5 (2 0 0) 2.3477 0.7737 0.9456 

56.1 (2 2 0) 1.6600 1.0720 1.0013 

67.0 (3 1 1) 1.4157 1.1149 1.0082 

70.5 (2 2 2) 1.3554 1.2097 1.0444 

 

 

Table – 6.2: Texture coefficients and Interplaner distances of Cd(OH)2 

For Cd(OH)2: (a=3.4947Å and c= 4.7106Å) 

2θ (h k l) 𝑑ℎ𝑘𝑙 =
1

√
4

3
(
ℎ2+ℎ𝑘+𝑘2

𝑎2
)+

𝑙2

𝑐2

 Å Texture Coefficient 

S(1) 

Texture 

Coefficient S(2) 

23.5 (0 0 1) 2.7108 1.2598 1.2596 

30.3 (1 0 0) 2.3477 1.2369 1.3641 

36.2  (1 0 1) 1.660 0.6442 0.5515 

49.7 (1 0 2) 1.4157 0.8589 0.8247 
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The typical size of crystallites 65 nm for S(1), 83 nm for S(2), with the lattice strain 

3.5x10-3 of S(1), 

5.1x10-3 of S(2) 

are estimated, 

by considering 

the significant 

peaks of X-Ray 

diffraction 

pattern arise 

from CdO, with the help of Williamson Hall’s (W-H) plot(Fig. 6.2) by measuring the intercept 

and slope fitted with the equation (Eq. 6.1)35, 36:  

Br cos θ =
Kλ

D
+ μ sinθ       (6.1) 

Where crystallite size is indicated as D, the shape factor is K(=0.9),λ= 0.15406nm is the 

wavelength of the monochromatic X-Ray beam (for CuKα1 radiation), the full width at half-

maximum of 

diffraction peak is 

represented by 

Br, µ is lattice 

strain, i.e., a 

quantitative 

measure of 

dislocations and 

crystal defects arises by lattice expansion,37 and θ is Bragg’s diffraction angle. 

To obtain the detail orientation of material grains, the interplaner distances(dhkl) and 

the texture coefficient (TC) of Miller’s planes are estimated by measuring the intensity ratio 

of diffraction pattern (I) and the standard one (I0) derived from JCPDS data for each 

responsible planes (Table – 6.1 and Table – 6.2). An increase (decrease) from the unity in the 

texture coefficient indicates a higher (lower) degree of preferred orientation along a 

particular plane of the film.  The deviation in the texture coefficient from unity for a 

Fig. 6.1: X-Ray Diffraction spectra of the S(1) and S(2). 

 

Fig. 6.2: Williamson-Hall plot for S(1) and S(2) 
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particular Miller plane also corresponds to change in atomic densities corresponding to that 

plane as X-ray intensities are function of atomic structure factors.Thus, higher (lower) value 

of TC actually corresponds to increase (decrease) in planar density along a particular crystal 

plane as compared to ideal values. The texture coefficients for the Millar plane (111) and 

(200) of sample S(2) is nearly unity whereas, for sample S(1) the values are quite less than 

unity. Hence, the planar density for (111) and (200)of S(2) is much higher than S(1).The TCis 

quite deviatedfrom one for S(1) incorrespond to the rest Millar planes (220), (311), and 

(222). But for S(2) TC values for the planes (220), (311), and (222) are nearly one. 

Fig. 6.3 illustrates the SEM (scanning electron microscopy) images of the synthesized 

materials which clearly indicates that the particles are quite like micro (0.1m to 0.2m) in 

dimension but are mostly agglomerated. The variation of the size of the crystallites follows 

the results 

which are 

depicted from 

the W-H plot in 

XRD analysis. 

Agglomeration 

arises mostly 

due to rapid 

grain growth 

during calcination at high-temperature.38 

The typical surface-to-volume ratio of the grain, rightly influences the absorption 

ability specially, within the vicinity of nano or nano-like dimension. To get better insight of 

the materials, the absorption data is recorded for the samples S(1) and S(2) in solution mode. 

Inset of Fig. 6.4 represents UV-vis absorption spectrums within the wavelength ranges from 

300 nm to 1000 nm for samples respectively. To better comprehend the absorption ability 

quantitatively, the absorbance data of the samples are best fitted to Tauc’s equation (Eq. 6.2). 

The optical band gap energy for S(1) as 2.19eV, and S(2) as 2.32eVarederived for direct 

transition with the help of intercept of the extrapolated linear part of the plot (αhγ)2 vs. (hγ) 

(Fig. 6.4) using the equation (Eq. 6.2): 

Fig. 6.3: SEM image of the synthesized materials S(1) and S(2) 
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(𝜶𝒉𝜸) = 𝑨√(𝒉𝜸 − 𝑬𝒈)       (6.2) 

Where hγ indicates the energy of the incident photon, Eg is bandgap energy, α is the 

absorption coefficient (which is determined from the absorption data, using Beer’s equation 

(Eq. 6.3)): 

α =
ln(

1

T
)

d
         (6.3) 

Where d (=10 mm) represents the 

thickness of the cuvette and 1/T is the 

absorbance, and A (= 0.9) is a constant 

factor. The results are pretty evident as 

per the nature of crystallite size. This 

deviation in bandgap energy for the 

samples occurs due to the population of 

energy states next to the conduction 

band depending on the crystal growth 

engineering, which is assisted by 

ambient temperature, vapor pressure, 

etc. during nucleation.  

Fig. 6.5 depicts the current-voltage (I-V) behavior of the films under dark at room 

temperature. The room temperature dc conductivity of the material films is estimated as 

2.7x10-7 Sm-1 and 6.4x10-5 Sm-1. The order of room temperature conductivity approves the 

samples to belong with the semiconductor (10-6to 104 Sm-1) group. Noteworthy, imperative 

Fig. 6.4: UV-vis absorption spectra (Inset) and Tauc’s 
plots. 

 

Fig. 6.5: I-V characteristics of S(1) and S(2) 
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thing is that the conductivity of S(2), which is merely237 times of S(1). In general, the 

increment of conductivity may occur due to the accumulation of the charge carriers near the 

Fermi level. The synthesis route greatly impacts the crystal growth as well as the occurrence 

of accumulation of grains. This amendment in carrier concentration influenced the bandgap 

energy of the synthesized materials accordingly. The consistent value of estimated energy 

bandgap of the synthesized materials illustrates this obvious fact. 

To get better insight in the influence of grain and grain boundaries on conduction 

mechanism as well as on AC conductivity, the bias voltage dependent impedance behavior of 

the samples has been studied. The variation of the real part of impedance (Z) with the 

frequency illustrates a basic idea about the conduction behavior of a material in the presence 

of an external field (thermal or electrical).The variation of the imaginary part of the 

impedance (Z) with the frequency illustrates the mechanism behind the bias-dependent 

conduction and relaxation. 

 

Here, Fig. 6.6 illustrates the Z versus f plot for the samples S(1) and S(2) as recorded. 

It has been observed that more than one frequency-dependent and frequency-independent 

region are 

perceptible 

as the bias 

voltage 

varies from 0 

mV to 1000 

mV for both 

the samples. 

Among them, 

S(1) exhibits 

a frequency independent part at low frequency (40Hz to 100KHz) as well as at high 

frequency (1MHz to 5MHz) and also a dispersive frequency-dependent part in between this 

high and low-frequency regime (100KHz to 1MHz). Whereas, S(2) shows only one 

frequency-independent region at low frequency (40Hz to 100KHz) and the dispersive part 

Fig. 6.6: Z versus frequency at different bias voltage for S(1) and S(2) (Best fitted lines 
are denoted by dashed lines) 
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at higher frequency (100KHz to 5MHz).In general, the frequency independent part at low-

frequency results from the long-range movement of the charge carrier.39 During the long-

range movement, the charge carrier hops successfully to the neighbor particles which are 

relaxing at their site. On the other hand, the localized or short-range movements are 

responsible for the unsuccessful hopping of charge carriers by relaxing to their site.39 The 

samples show these two regions with a different frequency span for the entire applied bias 

voltage. The higher crystallite size of S(2) prefers lower grain boundary which causes a 

depreciation of interfacial polarization and decreases the impedance value than S(1) at a 

certain bias voltage. At low frequency, during the long-range movement, the interfacial 

charge carrier follows the applied ac electric field and provides an excess capacitance that 

depends on frequency. Therefore, it is observed that the typical frequency, responsible for 

the makeover from an independent region to the dispersive part, shifts to a higher frequency 

for both the samples as the bias voltage decreases. S(1) emphasizes one more area at a higher 

frequency at which all the Z curves seem to merge into one curve and overcome the bias 

dependency. This phenomenon occurs due to the accumulated space charge carriers near 

the phase boundary, where those charge carriers pass through the barrier with sufficient 

energy. It results an increment in conductivity with a diminish of impedance.40 

Fig. 6.7, represents the Z versus frequency curve for the bias voltage of 0 mV to 1000 

mV for S(1) and S(2) respectively. Several significant characteristics have been observed in 

these curves. Every Z spectra contains a peak at a certain frequency under the different bias 

voltages. These characteristic peaks reveal the type and strength of electrical relaxation in 

the sample.41 The intensity of the peaks is decreased and shifted to the higher frequency as 

the bias voltage enhances for both. The gradual lowering value of Z with the increment of 

bias voltage may be due to enhancement of conductivity. Moreover, the peaks move to the 

higher frequency due to increase in bias voltage. At different bias voltage, for S(1), the 

relaxation process is dominated by the accumulation of space charges at the grain boundary 

and the peaks appear at low frequency. However, the higher bias voltages reduce the space 

charge polarization near the grain boundary and make them comfortable to relax and 

recombine within the grain interior.40 
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Here, 

the 

characteristic 

peaks of S(2) 

exhibit lower 

Zmax and shift 

to higher 

frequency 

than S(1) 

under the different bias voltage. The greater grain size of S(2) assists more to reduce the 

polarization between two grains which is responsible for the shifting of characteristic peaks 

towards the higher frequency. A complete distribution of Zspectra for S(1) which is not 

visible for the other sample S(2) in the experimental frequency regime, has been obtained. 

At the higher frequency, the merging of Z curve generally happens due to the settling down 

of space charges in the material. The relaxation mechanism of S(1) has been taken place in 

the intermediate frequency region for every bias voltage. Whereas, this mechanism of 

S(2)has occurred at very high frequency, and the merging of all Z curves for this sample are 

not obtained. 

Fig. 6.8 

demonstrates 

the Nyquist 

plots (Z 

versus Z) at 

the bias 

voltage of 0 

mV to 1000 

mV. In general, 

the Nyquist plot of material is patterned as a semicircular. Its shape contains information 

about the evolutionary impact of grain and grain boundary due to the effect of the external 

field.42 The interception of the semicircle at the positive x-axis demonstrates the total 

Fig. 6.8: Nyquist plots of S(1) and S(2) at different bias voltage (The dotted lines 
denote the fitted curve using the equivalent circuit.) 

 

Fig. 6.7: Variation in Z with frequency at different bias voltage for S(1) and S(2) (Best 
fitted lines are denoted by dashed lines) 
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resistance of the material at a certain condition. It is noteworthy that the total resistance of 

S(2) is found to be lesser than S(1) for each bias voltage which indicates the better 

conduction of S(2). In most cases, the grain and grain boundary bears individual semicircles 

at the high and low-frequency region, respectively. In this case, both samples exhibit a 

merged and single semicircle which may be the result of the overlapping of those individual 

semicircles for grain and grain boundary.42 Therefore, we have taken the assistance of an ac 

equivalent circuit (Fig. 6.9) and fitted it to the Nyquist plots obtained experimentally.  

We have visualized the involvement of grain and grain boundary of the synthesized 

material under the applied bias voltage. Generally, the 

semicircular arc of the Nyquist plot can be 

interpreted by RC parallel circuit element42. Here, the 

centers of the arcs (Nyquist plot) are displaced below 

the Z axis for which the experimental arcs of our 

materials are fitted with resistance and constant 

phase element (CPE) rather than resistance and capacitance. Therefore, Cg and Cgb are 

substituted by CPEg and CPEgb. Therefore, the impedance can be written as 

*

1 ( ) 1 ( )g gb

g gb

n n

g g gb gb

R R
Z

R Q jw R Q jw
 

 
       (6.4) 

where, Q is a frequency independent constant and n is the empirical exponent. n can be 

characterized as the phase element of resistor or capacitor. 

From Eq. 6.4, the real and imaginary part of the impedance can be derived as41:
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(6.5) 

and 

Fig. 6.9: ac Equivalent Circuit 
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The fitted grain and grain boundary resistance values are illustrated in Fig. 6.10(a). It 

is observed that the grain boundary resistance of both samples is higher than grain 

resistance. In contrast, the grain and grain boundary resistance of S(2) is lower than S(1) 

throughout the bias voltage region. The lessening of grain and grain boundary resistance 

may have resulted from the release of space charges with the increment of bias voltage.41 

 

Fig. 6.10: (a) The fitted resistance value of S(1) and S(2) as a function of bias voltage. (b) dc versus 
bias voltage. (c) relaxation time versus bias voltage obtained from impedance and electrical modulus 
value. (d)  and (e) The grain and grain boundary relaxation time as a function of bias voltage for S(1) 

and S(2) respectively. 
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All the fitted parameters are provided in Table – 6.3 (the ‘g’ and ‘gb’ index are denoted 

for grain and grain boundary).We have evaluated grain relaxation time (g) and grain 

boundary relaxation time (gb) from the fitted parameter by using the following relation(Eq. 

6.7),41 

 
1/ gn

g g gR Q  and  
1/ gbn

gb gb gbR Q        (6.7) 

Table - 6.3: Fitted parameters obtained from the equivalent circuit simulation 

Bias 
voltage 
(mV) 

S(1) 

Rg(Ω) Rgb(Ω) ng(Ω) ngb Qg Qgb Cg(F) Cgb(F)  

0 5518.7 272900 0.98372 0.9912 3.3701E-11 5.3462E-11 2.60769E-11 4.84296E-11 

100 4877.1 214900 0.98262 0.99212 3.3857E-11 5.0936E-11 2.56856E-11 4.65183E-11 

200 4555.3 150640 0.98518 0.99646 3.2496E-11 4.7638E-11 2.56503E-11 4.5675E-11 

300 4296.2 92886 0.99 0.99999 3.2524E-11 4.5744E-11 2.77309E-11 4.57383E-11  

400 3827.2 56916 0.98829 0.99963 3.4389E-11 4.5577E-11 2.85031E-11 4.53605E-11 

500 3507.3 27687 0.98475 0.99672 3.7525E-11 4.7299E-11 2.93606E-11 4.52369E-11 

600 3125.2 15721 0.98 0.99999 4.0174E-11 4.4009E-11 2.90472E-11 4.40028E-11 

700 2554.5 9633.7 0.98637 0.99786 3.6123E-11 4.1303E-11 2.88784E-11 4.0018E-11 

800 2314.8 5682.7 0.98903 0.99659 3.2545E-11 3.7959E-11 2.71318E-11 3.60168E-11 

900 2054.4 4137.8 0.98899 0.99999 3.5143E-11 3.6054E-11 2.92641E-11 3.60483E-11 

1000 1875.1 2939.7 0.98633 0.99769 3.4364E-11 3.6305E-11 2.73176E-11 3.49804E-11 

 

 

Bias 
voltage 
(mV) 

S(2) 

Rg(Ω) Rgb(Ω) ng(Ω) ngb Qg Qgb Cg(F) Cgb(F)  

0 251.1 3848 0.99999 0.99999 9.8521E-12 2.4991E-11 9.85015E-12 2.4987E-11 

100 242.7 3359.8 0.99999 0.98999 9.9478E-12 2.9991E-11 9.94583E-12 2.54827E-11 

200 231.96 3218.7 0.99999 0.98999 7.2236E-12 2.9905E-11 7.22214E-12 2.53979E-11 

300 220.55 3035.7 0.99999 0.98999 5.8148E-12 2.9925E-11 5.81361E-12 2.54E-11  
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400 208.8 2785 0.99998 0.98999 4.1094E-12 3.0097E-11 4.10768E-12 2.55252E-11 

500 200.5 2535 0.99999 0.98962 3.9278E-12 3.0576E-11 3.92698E-12 2.57512E-11 

600 190 2274 0.99992 0.98999 3.8757E-12 3.0625E-11 3.86918E-12 2.59244E-11 

700 181 2085 0.99951 0.98752 3.7043E-12 3.2134E-11 3.66614E-12 2.60797E-11 

800 171.33 1904 0.99007 0.98725 2.5885E-12 3.2466E-11 2.08564E-12 2.62016E-11 

900 160.99 1752 0.99139 0.9855 2.5621E-12 3.3568E-11 2.1237E-12 2.62748E-11 

1000 150.01 1596 0.99 0.98152 1.0436E-12 3.5909E-11 8.30788E-13 2.62335E-11 

 

It is very clear that, the relaxation time is proportional to the product of resistance 

and capacitance, which indicates an enhancement of relaxation time if the product of 

resistance and capacitance increases.  

The grains are generally more conductive than the grain boundary.43 This conducting 

behavior depends on the distribution of grain, its size, and the nature of the connectivity 

between two grains through the grain boundary. Because this boundary behaves as a trap 

and constructs a barrier through which the carriers feel a constraint to transport to the 

neighbor particle. This barrier layer possesses high resistance and capacitance and executes 

higher relaxation time for the carrier at the grain boundary.  

The relaxation time is measured from Z versus frequency plot using the following 

relation (Eq. 6.8), 

m m

1 1

2
 

f


 
         (6.8) 

Where fm is the frequency at which the peak has appeared for a specific bias voltage. The 

measured values of relaxation time with frequency are illustrated in Fig. 6.10(c). The 

relaxation time of S(2) is lower than S(1) for specific frequency and it reflects the better 

ability of conduction for S(2). Therefore, the grain boundary response occurs towards a 

lower frequency than grain.43 Here, both grain and grain boundary relaxation times of S(2) 

are lower than S(1) (Fig. 6.10(d) and 6.10(e))and decreases with the increase of bias voltage. 

The larger grain size and lower grain boundary of S(2) may be the reason for lower 

relaxation time. 
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The electrical modulus is another representation to designate the relaxation 

mechanism of the external field in the material and provide an idea about the electrical 

response of the material.44 It is proportional to the impedance of the material and involved 

with the range of conduction and the behavior of dielectric relaxation phenomena.45, 46 The 

electric modulus can be expressed in terms of impedance as: 

* / // * // /

0 0 0     M M jM j Z Z j Z      (6.9) 

where M  and M are the real and imaginary parts of the electric modulus. 

Fig. 6.11 represents the frequency dependency on Mfor both the samples at different 

bias voltages. The 

figure illustrates 

that, both 

samples exhibit 

almost zero 

magnitude of 

Mat the low-

frequency region. 

At the higher 

frequency region 

the value of M decreases with the enhancement of applied bias voltage.  

However, a continuous dispersion in Mis observed at every bias voltage after a 

certain frequency increment for samples. It is also noteworthy that this dispersive region 

appears towards a higher frequency as the bias voltage increases. For S(1), the value of M 

increases steeply and then a sigmoidal, the increment is viewed for low bias voltage. But at 

the higher voltage, the enhancement of M follows a singular way of the uprising. Overall, the 

Mapproach towards a definite value, which is termed as M. Surprisingly, at every bias 

voltage, Mof S(2) enhances sharply, although the values at the dispersive region are quite 

congested than S(1). These whole phenomena differentiate the types of conduction ranges 

which occurred in the material. The low value of M at low frequency may be designated by 

the negligible contribution from the electrode47 wherever the dispersive behavior at the 

Fig. 6.11: M versus frequency at different bias voltage for S(1) and S(2) 
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higher frequency indicates the long-range mobility of charge carriers. The lack of restoring 

force under the external induced electric field may assist the charge carrier to mobile within 

the long-range.48 

Moreover, the approaching of M towards the M value attributes to the short-range carrier 

mobility conduction mechanism.41 Therefore, the relaxation mechanism of S(1) is influenced 

by both short and long-range ordered conduction, whereas the relaxation of S(2) is mainly 

governed by long-range ordered charge carriers’ mobility. 

Fig. 6.12 depicts the variation of M with frequency at different bias voltage for both 

samples. A distinguished nature has been observed in the frequency-dependent M for both 

samples which 

are pretty 

noteworthy 

from the 

viewpoint of 

conduction and 

relaxation 

phenomena. 

The M of S(1) 

exhibits a lower 

value at low frequency and provides two peaks towards the higher frequency for low bias 

voltage. Along with, the low-frequency peak for S(1) has shifted towards a higher frequency 

region with the enhancement of bias voltage. In concerned to frequency limit the second 

peak is not obtained for the bias voltage of greater than 700 mV. On the contrary, S(2) 

exhibits only one peak for every bias voltage, those appears at higher frequency region. 

Moreover, the spreading of spectra distribution for S(2) are quite less than other one. The 

twin peaks in S(1) at various bias voltages may arise due to the migration of charge carriers 

from short time constants to long time constants through the reduction of frequency.44 Only 

one peak has appeared (the same phenomena has occurred for S(1) at the bias voltage 

greater than 700 mV). In addition, the peak intensity of S(2) reduces with the enhancement 

of bias voltage and the opposite phenomena are observed for S(1).The shifting of peak 

Fig. 6.12: M as a function of frequency under the different bias voltage for S(1) and 
S(2) 

 



E f f e c t  o f  s i z e  … | 135 

 

frequency indicates that the conductivity relaxation is dependent on external bias voltage 

and the hopping of charge carriers plays the dominant role. In general, the shifting in 

characteristic frequency (at which the peaks are observed) at a constant peak, intensity 

indicates the variation in resistance. Change in peak intensity without shifting characteristic 

frequency implies the variation in capacitance. Here, Fig. 6.12 suggests that the synthesized 

materials undoubtedly have a combined impact of resistance and capacitance in the 

conduction procedure. From the M vs. frequency plot using the Eq. 6.8 relaxation time () 

are also deducted (Fig. 6.10(c)). These data curves exemplify the comparative relaxation 

information of S(1) and S(2) obtained from impedance data. These graphs interestingly 

illustrate a slight difference the value of relaxation times, obtained from electric modulus 

and impedance. It is illustrated previously that the dual peak in M vs frequency plot for 

lower bias indicating the existence of delocalized and localized relaxation. For the higher 

bias, those two peaks are merged and we get only one peak for S(1) and for S(2) respectively 

at all bias voltage. In overall the deviations of relaxation time obtained from electrical 

modulus and impedance are lower for S(2) sample. The difference of peak frequency for Z 

and M is originated from the short range localized relaxation behavior which leads to the 

non-ideal 

Debye 

behavior. The 

slighter 

deviation of 

relaxation 

time obtained 

from  Z and 

M(Fig 6.9(c)) 

depicts the 

delocalized long range conduction behavior of S(2). 

The frequency dependent conductivity of sample S(1) and S(2) are recorded for 

different bias voltages. Fig. 6.13 represents the curves having two distinguished regions. One 

of them is frequency independent which is known as dc conductivity (dc) and another is the 

Fig. 6.13: ac conductivity versus frequency at the bias voltage 0 mV- 1000 mV for S(1) 
and S(2) 
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frequency-dependent dispersive region, known as ac conductivity (ac). To get into the 

mechanism, relevant to transport of charge carriers, the following equation (Eq. 6.10)41 is 

employed. Equation 8 is necessarily employed to elucidate the bias voltage-dependent (at 

the bias voltage from 0 mV to 1000 mV) conductivity of both the samples as a function of 

frequency as obtained in Fig. 6.13. 

/

/ 2 / / 2
.  


total dc ac

Z d

Z Z A
       (6.10) 

Here, ‘d’ is the thickness of the film, ‘A’ is the effective area. At the lower frequency region, 

the charge carriers jump from one site to the neighbor site successfully and dominate the 

conducting behavior of the material. These hopping motions take a long time to execute the 

jumping successfully and it results in long-range translational motion in terms of frequency-

independent dc conductivity.49 The dispersive frequency-dependent conductivity at high 

frequency can only be understood by using a suitable theoretical approach such as quantum 

mechanical tunneling model, polaron tunneling model, atomic hopping model, correlated 

barrier hopping model.50 Generally, it can be illustrated by considering the occurrence of 

deep electronic states near the Fermi level, those control the ac conductivity.51 The deep or 

shallow defect centers are induced by the external electric field and generate a transition of 

charges by covering the short or long distance in the material as a function of frequency.50 

However, the dc conductivity of S(1) is found lower than S(2) (illustrated in Fig. 6.10(b)) and 

enhanced with the increment of bias voltage. On other hand, the transition from dc to ac 

conductivity happens at a higher frequency for S(2) than S(1). These two phenomena 

support the better conducting nature of S(2) and approve the impedance and electric 

modulus pattern aptly, as discussed above. 

Several possibilities can be adopted to explain the size-dependent conduction mechanism 

for the synthesized materials. Among them, the first consideration is based on traveling via 

nearest-neighbor hopping. The transport probability of a carrier is directly related to the 

crystallite size because of a larger particle needs fewer hops to cover up a finite distance.52 

Therefore, the larger particle exhibits higher conductivity. The next possibility is related to 

the energy distribution in the electronic state and its dependency on crystallite size. The 
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particle radius is inversely proportional to the width of the lowest electronic state which 

indicates the lower width of the electronic state for larger particles. It makes the interparticle 

coupling stronger as the energy distribution in the electronic state chooses the narrow 

path.53 Therefore, the conductance of S(2) has been improved than S(1). Moreover, the larger 

particle contains a smaller number of traps density as its grain boundary is lower, as well as 

fewer amounts of charges are trapped in between two grains in comparison to the smaller 

particle. 

6.4. Conclusion  

Here the influence of crystallite size of hydrothermally (at temperature5000C and 6000C) 

derived Cadmium Oxide (CdO)s upon the conduction and relaxation mechanism are 

demonstrated aptly. Impedance behavior has been studied well which approved the better 

conducting performance of CdO derived at a higher temperature. Moreover, the relaxation 

time for grain and grain boundary also decreases for the sample derived from higher 

temperatures. The electric modulus and ac conduction study in addition provide better 

aspects on the relaxation and conduction of CdO, derived at high-temperature. So, this work 

explores the experimental and theoretical view of relaxation and conduction mechanism and 

offers insightful information about the behavioral and morphological impacts of synthesized 

CdO in different aspects. So, this literature will expedite the study about CdO based signal 

network systems. 
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7.1. Summary 

In pursuit of comprehending and enhancing the performance of photo-electronic 

junction devices designed with inorganic semiconductor nanocomposites, the charge 

transfer dynamics and conduction kinetics are extremely important. Surface effects and 

quantum confinement often give rise to special electrical features of the materials. The 

theoretical understanding about carriers’ dynamics requires a thorough practical 

investigation of the interfacial interactions, electronic band structure and carrier mobility. 

In subject to understand the charge transfer mechanisms experimentally, current-voltage (I-

V) characteristics, ac impedance spectroscopy (IS) and thorough study of absorption and 

emission related spectroscopy data of the materials along with the analytical investigations 

are quite essentially examined. All the experimental deeds along with their results are 

summarized here as follows. 

This dissertation is mainly focused upon the original synthesis technique and 

characterization processes. The ternary I-III-VI2 Semiconductor CuInSe2 has been 

synthesized and characterized, and their potential applicability in thin film Schottky barrier 

diodes have been examined and demonstrated accordingly. In later part, Cadmium Oxide 

(CdO) has been synthesized by hydrothermal route and the morphological impact of the 

derived CdO on charge conduction and relaxation within Schottky diode is investigated by 

using bias-dependent impedance spectroscopy (IS). This thesis work has focused not only 

on the synthesis and characterizations of the above semiconductors but also focused on the 

optoelectronic device fabrication followed by the investigation of the charge transport 

properties via impedance spectroscopy (IS) and analysis of current-voltage (I-V) data. 

In the prolonged course of these experimental studies, first of all, the Copper Indium 

Selenide (CuInSe2) has been synthesized via solvothermal synthesis route and the structural, 

optical and electrical properties have been characterized aptly. Thereafter, Al/CuInSe2 

Schottky Diode (SD) has been fabricated and characterized. The carrier transport dynamics 

have been investigated with the help data analysis of dc current-voltage (I-V) and ac 

impedance spectroscopy (IS). Fundamental parameters of Schottky like ideality factor, 

barrier height and series resistance was obtained from conventional current-voltage 

characteristics by adopting thermionic emission theory. Metal-semiconductor interfaces are 
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properly identified by using impedance spectroscopy analysis at different dc bias under dark 

condition. Moreover, the charge transport mechanism through Al/CuInSe2 is extensively 

analyzed by employing space charge limited current (SCLC) theory. It has been observed that 

after illumination of light the mobility is increased ~5 fold. Over all, the experimental 

analysis involved me to get insights into the charge transport mechanism, and the physics of 

Schottky interfaces. 

After that, we established the successful energy quenching and resonance energy 

transfer process from P3HT to CuInSe2 via Fluorescence Resonance Energy Transfer (FRET) 

analysis by compositing P3HT:CuInSe2. The motivation has come from the study of 

absorption and emission spectra of the said composite materials. The photo-induced charge 

transport phenomenon has been successfully examined through estimation of band 

structures along with proper band diagram. This composition demonstrates the enormous 

prospective of solvothermally derived CuInSe2, as an acceptor of excitons, created from 

P3HT donor polymer. The estimate value of the Förster distance (R0) of critical energy 

transfer and thorough studies of absorption and emission spectra highly ensured the 

possibility of resonance energy transfer from P3HT to CuInSe2 in context to fabricate efficient 

photovoltaics.  

In a while, the hetero-junctions of the configuration TiO2/CuInSe2 and HF-

TiO2/CuInSe2 have been made to understand the underlined carrier dynamics for my own 

interest and it has been observed that the junctions show p-n diode like behavior. It has also 

been observed that the room temperature I-V measurement of the devices shows significant 

impact of incident white light on carrier transport mechanism and the overall performance 

of the devices. Meticulous computational investigations revealed that in compare to the first 

kind of device, the second one is more efficient towards the light response. Moreover, the 

devices under the influence of the light soaking, should offer us distinct current rectification 

and photosensitivity. The ITO/TiO2/CuInSe2/Al and ITO/HF-TiO2/CuInSe2/Al structures are 

implementing the signature of the first kind of p-n junction acting as a photo-sensing device. 

Almost all of the contemporary works, in Addition, two different crystallite size based 

Cadmium Oxide (CdO)s have been synthesized via hydrothermal route at temperature, 

5000C and 6000C. The influence of crystallite size of derived Cadmium Oxide (CdO)s upon 

the conduction and relaxation mechanism have been investigated and demonstrated aptly. 
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Impedance behavior has been studied well which approved the better conducting 

performance of CdO derived at a higher temperature. Moreover, the relaxation time for grain 

and grain boundary also decreases for the sample derived from higher temperatures. The 

work explores the experimental and theoretical view of relaxation and conduction 

mechanism and offers insightful information about the behavioral and morphological 

impacts of synthesized CdO in different aspects. Hence, the work will accelerate the research 

on signal transport network systems based on CdO. 

As a whole, this thesis illustrated the successful synthesis of Copper indium Selenide 

(CuInSe2) nanocomposite and its implication in thin film semiconductor devices. Several 

techniques were implemented to characterize the synthesized material. In order to get a 

better understanding of metal-semiconductor interfaces, the I-V characteristics and 

impedance spectroscopy analysis of the devices were thoroughly discussed. In order to 

exploit the potential of the material for the application in optoelectronic devices, the photo 

responsivity of the fabricated Schottky devices has also been investigated. The performances 

of the fabricated devices were investigated by analyzing the electrical and the charge 

transports parameters. Significant charge transport parameters like effective charge carrier 

mobility, transit time and carrier concentration of the fabricated devices have been 

estimated. So the huge improvements in thin film device performance, photoresponse and 

charge transport properties of Copper indium Selenide (CuInSe2) nanocomposites make it 

an outstanding support material for various photo-electronic junction device application. In 

Addition, two different crystallite size based Cadmium Oxide (CdO)s have been synthesized 

and the dc conductivity is also evaluated by measuring current-voltage characteristics. The 

morphological impact of derived CdO on charge conduction and relaxation has been 

investigated by using bias-dependent impedance spectroscopy (IS). 
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ANNEXURE 

 

β–CIS Phase (Cu2In4Se7 and CuIn3Se5) 

Various nomenclatures are used by different researchers to describe the β–CIS 

compounds. They are sometimes referred to as P-chalcopyrite, a term created by Hönle and 

co-workers when they concluded that the structure possesses P42c symmetry.1 These 

structures are also sometimes referred to generically as “Ordered Defect Compounds” 

(ODC’s).2, 3 β-CIS is a high-pressure polymorph of CuInSe₂ as it has been observed under 

conditions of high pressure and temperature.4, 5 The structure of β-CIS is less well-defined 

compared to α-CIS, but it is known to have a higher density due to the more compact 

arrangement of atoms. The high-pressure phase tends to adopt a rock-salt or distorted rock-

salt structure, where Cu and In atoms are randomly distributed in the cation sub-lattice. Each 

Se atom is octahedrally coordinated by Cu and In atoms, leading to different electronic 

properties. The band gap in β-CIS is typically narrower than in α-CIS due to the increased 

overlap of atomic orbitals under high pressure. 

 

γ–CIS Phase (CuIn5Se8) 

γ-CIS refers to a defect version of the chalcopyrite structure, where some of the cation 

sites are either vacant or occupied by different atoms, leading to a non-stoichiometric 

composition.6 The lattice constants are similar to those of α-CIS but slightly varied due to the 

presence of defects. Defects can lead to disordered regions within the chalcopyrite lattice, 

affecting the overall symmetry and periodicity.7 The presence of vacancies or interstitials 

alters the local coordination environment around Se atoms. Defect chalcopyrite structures 

often exhibit localized states within the band gap, which can influence electronic and optical 

properties. 

 

δ–CIS Phase (Sphalerite) 

δ-CIS is an ordered vacancy compound (OVC) phase, characterized by a specific 

arrangement of vacancies within the crystal structure. δ-CIS typically adopts a structure with 

a larger unit cell compared to α-CIS to accommodate the ordered vacancies. The vacancies 
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are ordered in a regular pattern, often leading to a superlattice structure. The ordered 

vacancies create a unique coordination environment for the Se atoms, with some tetrahedral 

sites being vacant. The presence of ordered vacancies can lead to band gap narrowing and 

the introduction of mid-gap states. 
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A B S T R A C T   

Copper Indium Selenide (CuInSe2) has been synthesized by solvothermal synthesis method. The Schottky diode 
(SD) has been fabricated by using the material and the interface characteristics of Al/CuInSe2/ITO have been 
investigated with the help of ac impedance spectroscopy (IS) analysis (under dark condition) and dc current- 
voltage (I–V) measurements (under both dark and photo condition). IS is a very important and powerful tech
nique to investigate and analyze the impedance at the boundary regions of SDs. Ac impedance spectra of Al/ 
CuInSe2 SD have been recorded in the wide range of frequency from 40 Hz to 20 MHz during dc bias scanning 
from − 0.5 V to 0.5 V under dark condition. From forward I–V characteristics, important parameters such as 
ideality factor (η), photosensitivity, barrier height (Φb), series resistance (RS) of SD were obtained under dark and 
photo condition. The photosensitivity of the Al/CuInSe2 SD was found to be 3.36. For better realization of charge 
transport phenomena through the MS junction, space charge limited current (SCLC) theory has been employed. 
The effective mobility of the carrier is evaluated in dark and photo condition as 0.42 × 10− 3 m2V− 1s− 1 and 2.11 
× 10− 3 m2V− 1s− 1 respectively. It has been observed that the mobility is improved 5 times under illumination 
compared to the dark condition.   

1. Introduction 

For the sake of conservation of energy, a low cost sustainable power 
source is extremely essential for the well being of the human kind [1]. 
The conventional solar cells being very costly, it requires a search for 
materials for solar energy conversion. Photovoltaic cells based on 
I–III–VI compounds have shown a lot of promises for solar energy har
vesting. Copper indium selenide (CuInSe2) is one of those promising 
materials and a ternary chalcopyrite IB-IIIA-VIA compound semi
conductor. It (CIS) has been one of the most potential absorber materials 
because few of its alluring characteristics for photovoltaic application 
such as high optical absorption coefficient, suitable band gap [2,3] that 
can harvest a wide range of visible lights which are ideal for the 
development of photovoltaic devices. This material has gained much 
attention for the researchers everywhere throughout the world also 
because of its good stability under radiation, low toxicity and high 

efficiency of PV devices [4]. Furthermore, one can reduce the absorption 
layer up to a several micrometers and by substituting of In3+ by Ga3+ the 
band gap can be adjusted from 1.00 eV to 1.68 eV [2]. In view of such 
optical and electrical properties it has became one of the most significant 
photovoltaic materials. Various researchers have paid their attention for 
the measurements of thermal conductivity, optical absorption, Raman 
spectra and magneto-resistance on both single and polycrystalline 
samples [5–9]. R. Bouferra et al. [10] reported the AC conductivity of 
n-CulnSe2 material utilizing impedance spectroscopy (IS) over a broad 
range of temperatures [80 K–300 K] and frequencies [20 Hz-1 MHz]. 
The report also provided some useful insight about the conduction 
mechanism in the material. However, metal-semiconductor (MS) con
tacts are mostly used as rectifying junction for different electronic de
vices like solar cells, ICs and photosensitive detectors [11–15]. As the 
MS junction plays a pivotal role in different microelectronic devices, the 
study of the influence of this material on the performance of electronic 
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A B S T R A C T   

This letter reports the paramount fluorescence resonance energy transfer mechanism for photo induced charge 
transfer from P3HT to solvothermally derived CuInSe2. The HOMO (-4.85 eV) and LUMO (-3.38 eV) energy states 
of CuInSe2 (electrical conductivity = 1.1x 10-7 Scm− 1) are determined from cyclic voltammetry and optical 
study. This HOMO-LUMO position agrees to select P3HT polymer as possible donor of excitons. Steady-state 
luminescence study of composite (P3HT:CuInSe2) demonstrates possibility of successful charge transfer. 
Stern–Volmer analysis of absorption and emission spectroscopy ensures static energy quenching phenomena. The 
Förster distance (R0) of critical energy transfer is estimated as 3.61 nm. The average distance between 
donor–acceptor (ravg = 4.71 nm) is<8 nm and within the range 0.5R0 < r < 1.5R0 (1.81 nm < r < 5.42 nm), 
which ensures energy transfer from P3HT to CuInSe2.   

1. Introduction 

In recent past CuInSe2 (CIS) composite and its application as electron 
acceptors in photovoltaics has become more popular because of its 
semiconductor nature with narrow band gap, non-toxicity, high repro
ducibility, tuneable optical energy gap, and good stability [1]. In order 
to attain higher performance of organic–inorganic solar cell, conjugated 
polymer like poly(3-hexylthiophene) (P3HT) is appreciated yet as 
electron donor. Extensive studied had been performed by several sci
entists and researchers on energy harvesting from the P3HT: CuInSe2 
composite based solar cells [2]. The understanding of underline physics 
of resonance energy transfer by quenching phenomena is an obvious 
commissioning task of charge transfer from donor to acceptor. However, 
the underline charge transport mechanism by fluorescence resonance 
energy transfer theory within this composite is not reported so far. 
Hence the field remain unexplored. 

In this letter the solvothermally derived CuInSe2 is composited with 
P3HT to study the state of quenching which is highly responsible for 
understanding the hopping of excitons from donor to acceptor [3]. Even 
though CIS’s applications in Schottky diode has been reported earlier 
[4], perhaps this is the first approach to report the quenching phe
nomena and photo-induced charge transfer by utilizing FRET 

mechanism within the composite P3HT:CuInSe2. 
In this context, solvothermally derived CIS is characterized accord

ingly and the energy band positions are determined to find out the 
organic P3HT as appreciable donor with respect to CIS one. To get better 
insight the mechanism of energy quenching and the physics behind of 
hopping of excitons from donor to acceptor, the optical spectral (ab
sorption and emission) analyses are performed pertinently. The analysis 
deserves a thorough inspection which is carried out by employing Stern- 
Volmer theory and Förster’s equation for non-radiative energy transfer 
[5,6]. 

2. Materials & methods 

Poly(3-hexylthiophene) (P3HT) purchased from Sigma-Aldrich. 
Flake like CuInSe2 is derived by Solvothermal technique (reported 
elsewhere) [4]. 

FESEM and EDAX spectroscopy are performed with a FEI make 
Inspect F-50 scanning electron microscope equipped with energy- 
dispersive X-ray analysis system. Bruker D8 Advanced PXRD is used to 
record diffraction. The absorption spectra are obtained from Perkin 
Elmer Lambda 365 spectrophotometer. Fluorescence spectra are recor
ded via Perkin Elmer LS-45 fluorimeter. The electrical conductivity (σ) is 
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Effect of size of CdO on bias dependent conduction and relaxation 
mechanism by means of impedance spectroscopy: Experimental and 
theoretical studies 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hydrothermal Synthesis of CdO fol
lowed by different annealing 
temperature. 

• Impedance spectroscopy analysis for the 
CdOs under different dc bias voltage. 

• Study of relaxation and conduction 
mechanism of grain and grain 
Boundary. 

• Study of electrical modulus and ac con
ductivity for conduction mechanism. 

• The improvement in charge trans
portation for larger crystallite size.  

A R T I C L E  I N F O   

Keywords: 
Nanostructured CdO 
Impedance spectroscopy 
Grain and grain boundary 
Electrical modulus 
AC conductivity 

A B S T R A C T   

In this report, the morphological impact of hydrothermally derived CdO on charge conduction and relaxation is 
investigated by using bias-dependent impedance spectroscopy (IS). The work of art is the findings of the impact 
of grain and grain boundaries of CdO on the frequency-dependent electric conductivity and relaxation mecha
nism followed by the crystallite size. In this regard, two different crystallite size based CdOs are derived from 
hydrothermal route at different temperatures. Materials are characterized by XRD, FESEM, UV–vis absorption 
spectra. The dc conductivity is also evaluated by measuring current-voltage characteristics, and bias-dependent 
Impedance Spectroscopy at room temperature, which spectacles the CdO with larger crystallite size dominate the 
conduction mechanism.   
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Performance of Schottky diode of structured FTO/TiO2/Al employing 
hydrogen fluoride treated TiO2: Qualitative and quantitative analysis 
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A B S T R A C T   

Having ascertained the improvement of band gap and conductivity of the synthesized TiO2 after HF treatment 
under consideration, it occurred to us that the materials may perform as the better Schottky barrier diode. To 
verify our presumption, we studied the I-V characteristic of the device fabricated in a sandwich configuration of 
FTO/sample/Al. The comparative studies show better potentiality of the material in subject to study the qual
itative and quantitative measures of the Schottky devices. The work is concluded by examined the various 
characteristic parameters related with performance of device that is fabricated with HF treated and untreated 
TiO2.   

1. Introduction 

In subject to high oxidation power, non-toxicity, long term stability 
and more over low synthesis cost, titanium dioxide (TiO2) is a promising 
inorganic material. Though it is inefficient to harvest visible solar 
spectrum due to its larger band gap, but enormous effort had been given 
to make it applicable for photovoltaic devices by their entire work of 
pronounced scientists and researchers [1–6]. To improve the efficiency 
of absorption under visible light, numerous attempts have been made to 
modify the electronic structure of titanium dioxide by doping with 
various transition element (Zn, Ni, Co, Mn, Sn) [1–3] and group element 
(N, C, B, S, P) [4–6]. 

In recent years, much attention has been given in doping TiO2 with 
halogen. Since Fluorine doping with TiO2 improve the efficiency of 
stronger absorption in the UV–Vis region with decrease in band gap 
energy [7], it becomes a promising material in advance research of 
optoelectronics. Studies of F-doped TiO2 reveals that F doping lowers the 
conduction band edge of TiO2 [7,8]. 

Titanium oxide (TiO2) nanoparticle has emerged as a superior ma
terial of interest for application of dye sensitized solar cell (DSSC)s, due 
to its wide band gap and n-type semiconducting property [9–12]. The 
performance of DSSC depends critically on the morphology, size, 
dimension and the doping concentration, which determines the elec
trical and thermal transport properties in addition to optical and me
chanical properties [10]. To improve the energy conversion efficiency of 

DSSCs the understanding of the behavior of injected electron in TiO2 is 
very much important. This is also depending on TiO2 structure and its 
architectural development. Another important factor that can optimize 
the energy conversion efficiency of device is the thickness of TiO2 film. 
To optimize the important factors, significant scientific and engineering 
effort has been examined and implemented [13]. To enhance the ab
sorption ability, hence device performance, various TiO2 nano- 
composites with different architecture have been synthesized by 
adopting different synthesis techniques [14,15,16]. In order to investi
gate the effect of interfacial layers on electrical behavior an enormous 
effort have been given in study of TiO2 based Schottky junction [17,18]. 

In this present study, to improve the absorption ability of TiO2, 
Hydrogen fluoride (HF) treatment by a novel technique is performed on 
hydrothermally derived TiO2 nanoparticle. It is noticed that the elec
trical conductivity of TiO2 has been significantly improved. The optical 
band gap energy has also been reduced after HF treatment, that signifies 
high absorption coefficient, which would have a better impact on carrier 
transport followed by tunneling through Schottky barrier. This HF 
treated TiO2 is applied in fabrication of metal–semiconductor junction 
based Schottky diode with aluminium (Al) as metal, having work 
function 4.1 eV. These synthesized and treated materials are charac
terized by powder X-ray diffraction, SEM, BET surface area measure
ment and UV–Vis absorption spectroscopy. The quality improvements as 
well as the performance of FTO/sample/Al based Schottky devices have 
been investigated through electrical characterization part followed by 
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ABSTRACT: Nitroterephthalic acid (NTA)-based supramolecular Co(II)/Cu(II) metallogels were precisely achieved. NTA as the
low molecular weight gelator is stoichiometrically combined with respective metal salts to construct Co-NTA and Cu-NTA
metallogels in N,N′-dimethylformamide (DMF) medium. The mechanoelastic properties of both metallogels have been meticulously
established through the assessment of rheological parameters. The microstructural arrangements within the xerogel samples are
intricately elucidated through field emission electron scanning microscopy (FESEM), and this depicts distinct interconnected
stacked-like morphological configurations within the supramolecular metallogels. Verification of persisting elements contributing to
the metallogel formation is achieved through comprehensive EDX elemental analyses. FTIR spectroscopic analyses dictate the
signature of noncovalent interactions for offering an individual stable metallogel network. The possible major repeating unit within
the metallogel network is ascertained with the utmost precision through exhaustive ESI mass spectral analyses. The semiconducting
behavior of the fabricated metallogels has also been executed. Remarkably, these metallogels exhibit nonlinear J−V characteristics,
accompanied by rectification ratios of 102.82 (Co-NTA) and 211.52 (Cu-NTA), underscoring exceptional charge transport
attributes for both metallogels. Notably, insights into the Schottky diode parameters of both metallogels and Cu-NTA material
display enhanced effective interface mobility, conductivity, and transit time, collectively implying an improved conduction
mechanism.
KEYWORDS: Co(II) and Cu(II)-metallogel, FESEM, rheology, Schottky diode device, space-charge limited conduction (SCLC),
non-Ohmic

1. INTRODUCTION
Beyond the world of covalent interactions, noncovalent facets
have been manifested through the domain of supramolecules.1

In supramolecular chemistry, multitudes of versatile non-
covalent interactions (electrostatic interactions, hydrogen
bonding, hydrophobic interactions, van der Waals interaction,
metal ion coordination modes, etc.) participate in building
synthetic chemical architectures from a discrete number of
molecules.1 This rapidly growing branch of chemistry has
witnessed a tremendous surge in contemporary technological
advances and related works during the past decade.2 The
marvelous attributes and adaptability of supramolecular
systems permit their incorporation in endless fields of research
across all branches of science and technology.2 In terms of the

progress of supramolecular research, gel earns a key focus.3

The current decade is overwhelmed by the use of huge
research works, which are being materialized by the molecular
self-assembling process of gel science and technology through
the use of LMWGs (compounds having molecular mass less
than 3000) in the gelation process for their numerous
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An insight into the non-covalent interactions in
the solid state structures of dinuclear cobalt(II)
complexes with N,O-donor ligands: application of
the complexes in the fabrication of Schottky
devices†

Rabi Sankar Sarkar, a Animesh Biswas, bc Partha Pratim Ray, *c

Rosa M. Gomila,d Michael G. B. Drew,e Snehasis Banerjee, f

Antonio Frontera *d and Shouvik Chattopadhyay *a

Two new dinuclear cobalt(II) complexes, [(H2O)CoIIL1(μ-O2CR
1)CoII(NCS)] (1) and [(DMSO)CoIIL2(μ-O2CR

2)

CoII(NCS)] (2) (H2L
1 = (2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-methoxyphenol), H2L

2 =

(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-ethoxyphenol), R1CO2H = 3-methyl-4-

nitrobenzoic acid, and R2CO2H = 4-methyl-3-nitrobenzoic acid), were synthesized using multidentate N,

O-donor ligands with two pockets. Each complex was characterized using single crystal X-ray diffraction

and spectral analysis. The noncovalent interactions were analyzed using density functional theory (DFT)

calculations. In addition, the optical properties of the complexes were studied with a focus on the band

gaps. Both complexes were utilized for the fabrication of semiconducting Schottky devices.

Introduction

The 1 : 2 condensation of various diamines and
salicylaldehyde produces H2salen-type (sal = salicylaldehyde
and en = 1,2-diaminoethane) Schiff bases, the di-negative
anionic forms of which have been widely used by synthetic
inorganic chemists as tetradentate N2O2-donor chelating
ligands for the synthesis of mono-, di- and poly-nuclear
complexes of several transition and non-transition metals.1–10

It is also a very common strategy of synthetic inorganic
chemists to exploit the interesting bridging ability of the
phenoxo oxygen atoms of the mononuclear complexes of

transition metals with salen ligands for the synthesis of
hetero-nuclear complexes, where the mononuclear metal–
salen moieties can be used as metallo-ligands.11–15 Another
common way to develop di- and poly-nuclear complexes with
salen-type ligands is to use 3-alkoxysalicylaldehyde (instead of
salicylaldehyde), so that compartmental N2O2O2′-donor Schiff
bases, which may accommodate smaller metal ions in their
inner N2O2 cavity and the relatively large cations in their
outer O4 cores, can be produced.16–20 The salen-type Schiff
bases can easily be reduced with a mild reducing agent to
form the corresponding reduced Schiff base ligands, which
are essentially secondary diamines and may be more
beneficial due to their greater flexibility and stability over a
wider range of solvents as well as in oxidizing and reducing
conditions.21–25

The unusual physical properties of several di- and poly-
nuclear complexes with salen-type Schiff base ligands and
their reduced analogues and their ability to mimic the
biological functions of different metalloproteins have
attracted the interest of coordination chemists to synthesize,
characterize and explore new complexes in salen and reduced
salen families.26–29 Additionally, multi-metallic complexes
containing paramagnetic metal centers are important for
their interesting magnetic properties and applications as
magnetic materials.30–34 Another leading area of modern
research is the study of the opto-electronic properties of these
complexes. The production and transportation of charge

1006 | CrystEngComm, 2023, 25, 1006–1017 This journal is © The Royal Society of Chemistry 2023
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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.
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Elucidation of Inhomogeneous Heterojunction
Performance of Al/Cu5FeS4 Schottky Diode With

a Gaussian Distribution of Barrier Heights
Sayantan Sil , Rajkumar Jana, Animesh Biswas, Dhananjoy Das, Arka Dey,

Joydeep Datta, Dirtha Sanyal, and Partha Pratim Ray

Abstract— Here, we analyze inhomogeneities in the bar-
rier height (BH) of Al/Cu5FeS4 Schottky device from the
electrical (I–V ) measurements with a temperature range
between 303 and 408 K. The temperature-dependent per-
formance of our fabricated device is analyzed by using
the thermionic emission (TE) theory. Some important diode
parameters like BH (�bo), ideality factor (η), and series resis-
tance (RS) are evaluated from the forward current–voltage
characteristic curves. The calculated η and RS of the Schot-
tky barrier diode (SBD) decrease, whereas the �bo of the
device increases with the increase in temperature. The value
of Richardson constant (A∗) for our material is obtained as
1.94 × 10−4 A cm−2 K−2 in the temperature range 303–408 K,
which is found as much lesser than the theoretical value
of 29.90 A cm−2 K−2. The discrepancy of A∗ from the theo-
retical value has been well explained by TE theory with the
assumption of Gaussian distribution (GD) of BHs due to the
existence of BH inhomogeneities at metal semiconductor
(MS) junction. The obtained values of the mean BH �bo and
the standard deviation σs are 1.026 eV and 173 mV in the
corresponding temperature range. The mean BH (1.199 eV)
and Richardson constant (29.73 Acm−2K−2) are determined
from the modified Richardson plot depending on the inho-
mogeneity of BHs. Apparent BH consists of mean BH ( �bo )
and standard deviation (σs). The σs contributes significantly
to the modification of Richardson constant and mean BH.
The calculated value of the modified Richardson constant
is in close agreement with the theoretical value. From

Manuscript received January 12, 2020; accepted March 23, 2020. Date
of publication April 10, 2020; date of current version April 22, 2020. The
work of Partha Pratim Ray was supported by the Science and Engineer-
ing Research Board-Department of Science and Technology (SERB-
DST), Government of India under Grant EMR/2016/005387. The review
of this article was arranged by Editor J. Mateos. (Corresponding author:
Partha Pratim Ray.)

Sayantan Sil, Rajkumar Jana, Dhananjoy Das, Joydeep Datta, and
Partha Pratim Ray are with the Department of Physics, Jadavpur Uni-
versity, Kolkata 700032, India (e-mail: partha@phys.jdvu.ac.in).

Animesh Biswas is with the Department of Physics, Jadavpur Univer-
sity, Kolkata 700032, India, and also with the Department of Physics,
Sreegopal Banerjee College, Hooghly 712148, India.

Arka Dey is with the Department of Condensed Matter Physics and
Material Sciences, S. N. Bose National Center for Basic Sciences,
Kolkata 700106, India.

Dirtha Sanyal is with the Variable Energy Cyclotron Center,
Kolkata 700064, India, and also with the Training School Complex,
Homi Bhaba National Institute, Mumbai 400094, India (e-mail:
dirtha@vecc.gov.in).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TED.2020.2983489

C–V measurements built-in voltage and effective BH of this
structure were calculated as a function of frequency.

Index Terms— Al/Cu5FeS4 Schottky diode, barrier inho-
mogeneities, Gaussian distribution (GD), I–V characteris-
tics, Richardson constant.

I. INTRODUCTION

THE ternary chalcogenide materials have enjoyed much
attention and plenty of prospects in the field of material

science due to its promising physical properties [1], [2].
Bornite (Cu5FeS4) is a common and widespread copper sulfide
mineral that has been well known for many years due to
its fascinating electrical and magnetic properties [3], [4].
The current conduction mechanism of Schottky barrier diodes
(SBDs) is dependent on various parameters, such as the device
temperature, process of surface preparation, inhomogeneities
of barrier height (BH) at metal semiconductor (MS) interface,
the series resistance of the device, and applied bias voltage [5],
[6]. Many researchers have paid their attention to study the cur-
rent transport properties through the SBD at room temperature,
but the information about the conduction process or the nature
of barrier formation at the MS interface could not be described
with room temperature I–V analysis [7], [8]. Therefore, it is
crucial to study the temperature-dependent analysis of SBDs,
which allows us to realize the different views of conduction
mechanisms and barrier formation at MS interface [9], [10].
In this article, the forward bias I–V measurements have been
carried out in the temperature range 303–408 K on Al/Cu5FeS4

SBDs. On the other hand, to the best of our knowledge,
the temperature-dependent analysis of Al/Cu5FeS4 SBD has
not yet been reported. The unusual behavior of the temperature
dependence SBD parameters, such as BH, ideality factor,
Richardson’s constant, and series resistance, is evaluated on
the assumption of a Gaussian distribution (GD) of BHs.

II. EXPERIMENTAL SECTION

A. Materials and Synthesis

All the analytical reagent (AR) grade reagents are purchased
from Sigma–Aldrich. All reagents are used as it is procured.
Cu5FeS4 (Bornite) is prepared by the hydrothermal synthesis
technique. The synthesis procedure is reported in the previous
work [2].

0018-9383 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: JADAVPUR UNIVERSITY. Downloaded on August 23,2023 at 06:13:10 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-4232-376X
https://orcid.org/0000-0003-4616-2577


 



Vol.:(0123456789)

https://doi.org/10.1007/s10854-024-12876-y

J Mater Sci: Mater Electron  (2024) 35:1143

Investigation of charge transfer in optoelectronic 
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ABSTRACT
This study outlines the synthesis of copper sulfide (CuS) nanoparticles and their 
composites with carbon nanotubes (T-CuS) via a solvothermal reaction. X-ray 
diffraction techniques were employed to characterize the crystal structure of the 
synthesized materials. Thin films of both CuS and T-CuS were deposited using 
vacuum coating techniques to construct Schottky devices. Atomic force micros-
copy (AFM) and field emission scanning electron microscopy (FESEM) were 
utilized to examine the topography and surface morphology of the deposited 
films, enabling analysis of metal–semiconductor (MS) junction formation. The 
interfacial characteristics of MS junctions in Al/CuS and T-CuS/ITO designs were 
investigated using AC impedance spectroscopy (IS) over a frequency range of 
40 Hz to 10 MHz. Bias-dependent impedance spectroscopy within a ± 1.0 V range 
was conducted to determine the equivalent circuit for the MS junction Schottky 
diodes (SDs). Parameters such as on/off ratio, series resistance, ideality factor, and 
barrier height of the fabricated diodes were derived from current–voltage (I–V) 
characteristics. Additionally, characteristics related to charge transport, includ-
ing photosensitivity and conductivity, were calculated. The results indicate an 
enhanced performance of carbon nanotube-based Schottky devices, likely attrib-
uted to the strong interaction and synergy between CNTs and CuS nanoparticles.

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 solutions [1]. Copper metal 
chalcogenide semiconductors, exemplified by copper 
oxide (CuO), copper selenide (CuSe), and copper tel-
luride (CuTe), have garnered attention owing to their 
favorable attributes, encompassing low environmental 
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Abstract
In this study, we have reported the temperature-dependent relaxation and hopping conduction
mechanismof the hydrothermally synthesized nanoflake like cupric oxide (CuO) by employing
complex impedance spectroscopy technique. The non-Debye type relaxationmechanismhas been
explored from the impedance andmodulus formalism. Frequency dependent ac conductivity analysis
suggests that thematerial follows correlated barrier hopping (CBH)model and also satisfies the
Jonscher’s universal power law at various temperatures.Moreover, the density of localized states of the
synthesizedmaterial near Fermi level was estimated at different frequency.Wehave also elucidated the
activation energy, the hopping distance and themaximumbarrier height of thematerials. It has been
observed that the scaling behavior of the conductivity isotherms can be explained by the time
temperature superposition (TTS) principle. Two important parameters of the synthesized sample
such as the number density of the charge carrier and the charge carriermobility are also calculated.
This study has tried to enlighten the behaviour of relaxation and conductionmechanismofCuO
nanoflake at various temperatures and explained it from the theoretical point of view.

1. Introduction

Among the various transitionmetal oxides, cupric oxide (CuO) has attracted considerable attention because of
its environment-friendly nature, easy and low cost processability of the compound in its pure form. It is a very
promising semiconducting typematerial havingmany unique features [1, 2] and potential application
possibilities in the various fields such as field effect transistors [3], gas sensors [4] catalysis [5], biosensors [6] and
dye-sensitized solar cell [7] and so on. Additionally, in recent times, CuO shows promise in the field of
microelectronics due to its giant dielectric behavior [8]. It is alreadywell established that the particle size-shape
and the dielectric constant of CuO strongly dependent on the synthesis procedure and conditions [9]. Therefore,
the investigations of the structural and optical properties of CuOnanostructures have drawn considerable
attention to the researchers. The dielectricmeasurements of the semiconductingmaterial can enlighten the
underlying relaxationmechanism of charge carriers. Exploration of the electrical properties is necessary to
predict the dynamical behaviour of the charge carriers present in thematerial. Themeasurements of ac
conductivity have beenwidely used to get a true picture about the conduction process in thematerial. The
complex impedance spectroscopy (CIS) technique is an exceptional and informative characterization tool to
study the contributions of grains, grain boundaries, the contact effects and the impurities inside the sample
[10, 11]. In particular, there are very fewworks reported on the temperature dependent relaxation and
conductionmechanismdominated by the carrier hopping inCuOnanoflake (NF). To understand the hopping
mechanism, various theoreticalmodels, such as quantummechanical tunneling (QMT) [12], non overlapping
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Bias dependent conduction and relaxation mechanism study 
of Cu5FeS4 film and its significance in signal transport network
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Abstract
Here we have reported the electric and dielectric properties of a Bornite (Cu5FeS4) film using non-destructive complex 
impedance spectroscopy (CIS) in the frequency range 40 Hz–20 MHz and bias voltage range 0–0.8 V. A typical hydrothermal 
reaction was carried out to obtain the Cu5FeS4 material. Thereafter, we fabricated the film of the synthesized material and 
analysed its various properties as a function of frequency and dc bias voltages. The CIS analysis at room temperature (303 K) 
for different forward dc bias voltages shows that the bulk resistance plays a predominant role in conduction mechanism. 
The complex impedance (Nyquist) plots are well modelled with grain and grain boundary resistance by introducing proper 
ac equivalent circuit. The impedance loss spectra showed that the relaxation peak shifts towards the higher frequency with 
increasing bias voltages, which implies the possibility of a charge hopping between the localized charge states. Furthermore, 
we find that dielectric constant ( �′ ), dielectric loss ( �′′ ), electrical modulus ( M∗ ) and ac/dc conductivity of the Cu5FeS4 
film are strongly frequency dependent. The values of �′ and �′′ decreases whereas ac conductivity increases with increasing 
frequency. High frequency and low frequency dielectric constant of the material are found to be 3.48 and in the order of 104 
respectively. Electrical modulus study is introduced for better explanation of conductivity relaxation phenomenon. Finally, 
we investigated the variation of ac/dc conductivity with forward dc bias voltages. This confirmed the presence of a hopping 
mechanism for electrical transport in our system, which can be best explained on the basis of jump relaxation model. Overall, 
this extensive study based on complex impedance spectroscopy demonstrates the dielectric relaxation behaviour of Cu5FeS4 
film and also shed light on hopping induced conduction mechanism.

1  Introduction

Recently, metal chalcogenide semiconductor nanoparti-
cles are being intensively studied in solar energy conver-
sion devices because of their great light absorbing capac-
ity [1], high conversion efficiency and low toxicity [2]. 

Metal sulphides exhibit a fascinating diversity in struc-
tural chemistry as well as in electrical, magnetic and other 
physical properties [3–6]. In the ternary system Cu–Fe–S, 
Chalcopyrite (CuFeS2) and Bornite (Cu5FeS4) is impor-
tant for their applications in the arena of materials science 
due to the presence of major copper minerals [7]. A large 
variety of experiments in this sulphide mineral have been 
done in the presence of bacteria and as electrodes in elec-
trochemical cells [8–10]. Many researchers have explained 
the magnetic behaviour of Bornite, vacancy clustering, 
super paramagnetic relaxation [11, 12], thermo electric 
properties [13] and also provided the information about 
valence state of copper (Cu) and iron (Fe2+, Fe3+) [14, 15]. 
Bornite (Cu5FeS4) has three polymorph phases referred 
to as high cubic phase, intermediate cubic phase and low 
orthorhombic phase [16]. Crystal structures of Bornite 
(Cu5FeS4) are based on a cubic closest packed array of 
sulphur (S) atom (antifluorite-type cell) with space group 
Fm3m [13] and metal atoms (Cu and Fe) are randomly 
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A B S T R A C T

In this work, MoS2 and MoS2-Graphene (MGC) composite have been synthesized by hydrothermal process fol-
lowed by their structural, optical and electrical characterization. The current density-voltage measurements
have been performed at room temperature by fabricating Al/MoS2 and/or MGC/ITO configured sandwich
structured metal-semiconductor (MS) thin film Schottky devices. Under light and dark conditions, various
parameters of our synthesized material based devices like rectification ratio, series resistance, barrier height, etc.
have been measured and compared between the two. All the measured electrical properties show improvement
for the composite based diodes, noteworthy the photosensitivity which has been increased by almost 33 times,
signifying its potential application in photosensitive devices.

1. Introduction

In the last few years two dimensional (2D) atomic crystal like
Graphene, black phosphorus, MoS2 have attracted great attention of the
researchers for their unique physical and chemical properties like great
mechanical flexibility, high thermal stability and a very good range of
electrical conductivity [1–3].Graphene has a potential for the use in a
wide range of applications like Li-ion batteries, supercapacitors, fuel
cells, photovoltaic and others [4]due to its properties like large surface
area [5], excellent electrical conductivity and high mechanical strength
[6]. Also, a wide range of applications of transition-metal dichalco-
genide material in areas like photosensing devices, solid lubricant,
electrochemical devices, and capacitors are already in progress [7].
Molybdenum Disulphide (MoS2) has a two-layered sandwiched struc-
ture of the Mo layer between two S layer held together by weak Vander
Walls interaction [8,9]. However, in order to enhance the electrical
conductivity of MoS2and to overcome various other deficiencies, there
has been a recent focus on the synthesis of MoS2 Graphene composites
(MGC) to make use of the potentiality of Graphene as a highly con-
ducting material. In the context of the metal-semiconductor junction,
there has been a widespread application of bulk MoS2 or Graphene in
Schottky device. However, the implementation of semiconducting MGC
in Schottky Barrier Diode (SBD) and its effects on electrical parameters

should be studied in detail.
In this work, pure MoS2 and MGC have been synthesized by using

hydrothermal process and the structural, optical and electrical char-
acterization has been done. Using MoS2 and MGC as the basic structure,
the detailed analysis of the fabricated SBDs has been done. The mea-
sured electrical conductivity, photosensitivity, and rectification ratio of
MGC based devices show large improvement compared to devices made
with pure MoS2 or Graphene as semiconducting material. The calcu-
lated Schottky Diode parameters like barrier height, ideality factor,
diffusion coefficient and diffusion length for MGC based devices also
show better performance.

2. Experimental Section

2.1. Synthesis of MoS2

The MoS2nanocomposite has been synthesized by the hydrothermal
method as per the procedure mentioned elsewhere [10]. In short, 2.19 g
of Na2MoO4.2H2O and 2.07 g of H2NCSNH2have been added in 70mL
of deionized water with vigorous stirring for about 10min. After ad-
justing the pH value to less than 1 with12M HCl, the mixture has been
transferred into a 100mL Teflon lined stainless steel autoclave and
heated at 200 °C for 24 h.

https://doi.org/10.1016/j.materresbull.2019.110507
Received 9 December 2018; Received in revised form 29 May 2019; Accepted 29 May 2019

⁎ Corresponding author.
E-mail address: partha@phys.jdvu.ac.in (P.P. Ray).

Materials Research Bulletin 118 (2019) 110507

Available online 30 May 2019
0025-5408/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00255408
https://www.elsevier.com/locate/matresbu
https://doi.org/10.1016/j.materresbull.2019.110507
https://doi.org/10.1016/j.materresbull.2019.110507
mailto:partha@phys.jdvu.ac.in
https://doi.org/10.1016/j.materresbull.2019.110507
http://crossmark.crossref.org/dialog/?doi=10.1016/j.materresbull.2019.110507&domain=pdf


 



 

Available online at www.sciencedirect.com 

ScienceDirect 
Materials Today: Proceedings 11 (2019) 776–781 

 

 

www.materialstoday.com/proceedings 

 

2214-7853©2019 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of Conference Committee of the  2nd International Conference on Emerging Materials: 
Characterization and Application (EMCA 2017). 

2nd International Conference on Emerging Materials: Characterization and Application                    
(EMCA-2017) 

Enhanced charge transport properties of rGO-TiO2 based Schottky 
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Abstract 

Here we report the fabrication of Al/rGO-TiO2 Schottky barrier diodes (SBD) and the effect of graphene content on charge 
transport properties. The SBDs showed better performance after graphene incorporation and the best result was obtained for 5% 
rGO. We employed space charge limited current (SCLC) theory to estimate the carrier mobility, carrier concentration and 
diffusion length. For 5% rGO, we achieved a carrier mobility of 0.065 cm2V-1s-1, which is almost a 15 fold increase on pure TiO2 
and the diffusion length improved by 35%. The study demonstrates improved charge transport by tuning rGO content, which can 
be beneficial for device applications. 
 
©2019 Elsevier Ltd. All rights reserved. 
Selection and peer-review under responsibility of Conference Committee of the 2nd International Conference on Emerging 
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Keywords: Metal-semiconductor junction, Schottky barrier diode, rGO-TiO2, Charge transport 

1. Introduction 

Formation of Schottky barrier diode (SBD) at a metal-semiconductor (MS) junction and the charge transport 
analysis has attracted much interest recently.[1] SBDs are a key part in modern electronics due to their usability in 
power and frequency control circuits.[2] The performance and reliability of a SBD is closely related to many factors 
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