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PREFACE 

In today’s era; Scientific and Technological Innovation have always played a 

driving role in the advancement of human civilization and the associated societal 

transformation. With the constant evolution of humankind, new trends in scientific 

advancement and technological exploration materialize, offering ground-breaking 

solutions to the societal challenges. Research in physical science and material science 

holds incomparable significance for the scientific and technological development of 

humankind. 

This book, Physical and Material Science Innovation and its Societal impact, 

highlights some of the most innovative advancements of physical science and material 

science researchers to collaborate under one roof in order to advance for some 

relevant impact on the society. This book brings together prominent academic 

scientists, researchers, and research scholars of physical and material sciences to 

discuss and share their knowledge and research findings on different areas of physical 

and material science. Our goal is to provide a great platform for the basic and 

advanced outstanding research from the most fundamental theoretical and practical 

works in the relevant field. 

The chapters in this book cover a diverse range of fields, each contributing to 

the relevant theme of scientific innovation. Whether it is physical science or material 

science or any interdisciplinary field; the research presented in this book demonstrates 

unique approaches of recent physical science and material science research by 

qualified academicians of reputed higher educational institutions.  

We anticipate this book serves as a resource for academicians, practitioners, 

and educators to present and debate the latest discoveries, trends, concerns, practical 

difficulties, solutions in their domains to adopt innovative approaches in their own 

work. By embracing the spirit of innovation, we can collectively bring new possibilities 

to construct a brighter, more sophisticated future for physical science and material 

science researchers. 

 

- Editors 
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Abstract: 

A new Non-linear optical material L-tyrosine Guanidine Carbonate single crystal is 

synthesized by slow evaporation solution growth technique at room temperature using water as 

solvent. Good transparent LTGC crystal is sized. Single crystal X-ray diffraction reveals the 

crystal belongs to the Tetragonal P structure and a space group of P41212. The sharp intense 

peak in Powder XRD analysis confirms the good crystalline nature and purity of the crystal. The 

presence of various functional groups and their modes of vibration were identified by FTIR 

spectral analysis. The UV-Vis spectroscopic study shows that the lower cut-off wavelength is 

234.6 nm with wide transparency range and very low absorbance. The optical band gap spectrum 

shows the Energy gap of the crystal is about 5.6 eV. The LTGC was subjected to fluorescence 

analysis and it was ascertained that the maximum emission was in green region at 532.4 nm. The 

mechanical behavior was studied by Vickers microhardness test.  

Keywords: Single Crystal XRD, Microhardness, Fluorescence. 

1. Introduction: 

The researchers are encouraged in the recent days to grow a nonlinear optical (NLO) 

material due to their high optical transparency, high laser damage threshold, extremely high 

optical response, wide phase angle and high mechanical strength [1-3]. Wide range of 

applications in the field of optical switching optoelectronics, optical data storage, optical 

communication and telecommunication etc., are in the current research of NLO material [4-6]. 

For NLO applications the amino acids are interesting organic nonlinear optical material, a 

compound with improved NLO activity and mechanical, thermal stability is formed when the 

amino acids are coordinated with strong acids or metallic bonds [9]. Some organic NLO 

materials having less environmental stability, poor optical and mechanical property, low laser 

damage threshold and poor phase matching property due to their weak Vander Waal bonds. The 

growths of semi-organic crystal were used to overcome this difficulty second order optical non-
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linearity, high transparency range, high nonlinear co efficient, high mechanical stability and high 

laser damage threshold etc. [5]. By slow evaporation method the semi-organic crystal was grown 

and which is crystallized by monoclinic system with non-Centro symmetric space group P41212. 

 KDP, ZnO4 doped Zno4 are inorganic materials potassium lithium niobite, are niobite crystals 

borate crystals like lithium triborate have been already reported to NLO active materials. 

Materials like glycine selenite proves to be highly NLO active. Lithium sulphate family are 

excellent NLO materials also many new crystals in the material. Compounds is already reported 

and the title is detailed structure and analyzed [10]. Remarkable changes in the properties of 

inorganic crystals recently it confirmed that the effect of dopants. The properties of the material 

such as transparency, reflectance, refractive index, optical electrical conductivity, electrical 

susceptibility, dielectric constant, Mayer’s number, stiffness constant, yield strength, fracture 

toughness and brittle index is varied by adding dopants to the undoped inorganic crystals.  

In advanced laser technology and telecommunication applications the ferromagnetic and 

nonlinear optical material plays a huge role. In the field of electronic industries, the NLO 

material have a vast range of demand, so to enhance the properties of a material it is require to 

synthesis a new NLO. Considering all the above facts, L-tyrosine and guanidine carbonate single 

crystals have been synthesized and grown at low cost. L-tyrosine, a natural amino acid, is a 

major nutrient having a phenolic hydroxyl group [8]. L-tyrosine is a centrosymmetric molecule, 

when coordinated with metal ions it becomes non-centrosymmetric materials and these metal-

organic coordination compounds have attracted attention for their considerable high NLO 

coefficients, favor physico-chemical properties [9]. Guanidine is a strong base that readily 

protonated by most organic acids with the resulting guanidine species being useful for molecular 

assembly purposes, forming hydrogen bonding associations through its six donor protons [10]. 

 The grown crystal was subjected to powder X-ray diffraction due to the single crystal X-ray 

diffraction the crystalline system and space groups are determined and the functional groups are 

analyzed with help of FTIR. Using a UV-Visible analysis, the optical transmission and optical 

absorption was studied and the fluorescence study exhibits that material having a green color 

emission.  

2. Experimental procedure: 

  The L-tyrosine was prepared in an equimolar ratio of 1:1, diluted in distilled water using 

a magnetic stirrer and filtered through Whatman filter paper. Guanidine carbonate, on the other 

hand, was produced at an equimolar ratio of 1:1 and dissolved in distilled water using a magnetic 

stirrer before being filtered through Whatman filter paper [11]. The filtered L-tyrosine and 

Guanidine carbonate solutions were then combined in a single beaker and agitated for 1 hour 

before being filtered again with Whatman filter paper. For the slow evaporation procedure, the 

solution was held at a steady temperature. 
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Fig. 1: Photograph of L-tyrosine Guanidine carbonate single crystals 

3. Characterization studies: 

3.1. Single crystal XRD 

Single crystal XRD studies are carried out to obtain reliable details on lattice 

characteristics that are comparable to powder XRD research. For the xrd analysis and cell 

parameter calculations, a fitting crystal size was chosen [12]. The Tetragonal P system is 

associated with L-tyrosine and Guanidine carbonate crystals, according to a single XRD result.  

Bruker D8 VENTURE SC-XRD equipped with MoKα radiation was used to collect the unit cell 

dimensions and X-ray intensity data of LTGC [8]. The crystal belongs to the Tetragonal P 

structure, with unit cell dimensions of a=6.982 Å; b=6.982 Å; c=19.635 Å; α=90°; β= 104.24°; 

γ=90° and a space group of P41212. The obtained lattice parameters are displayed in table 1. 

Table 1: Lattice Parameters. 

 Identification code   Crystal system 

 Crystal system   Tetragonal P 

 Space group   P41212 

  Unit Cell dimensions   a=6.982Å, b=6.982Å, c=19.635Å,  

 α=90°, β=104.24°, γ=90° 

 Volume  957.173 Å 3 

 

3.2 Powder XRD analysis 

Powder XRD was performed on L-tyrosine and Guanidine carbonate crystals using a 

Rich Seifert diffractometer with CuK radiations of wavelength 1.5418 [15]. The powder XRD 

pattern of LTGC is shown in the figure 2. The peaks detected in the XRD spectrum were 

analyzed and indexed, and the produced crystals belong to the orthorhombic system, with the 

computed lattice parameters agreeing well with the data acquired from a single XRD.  
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Fig. 2: Powder X-Ray diffraction pattern for LTGC 

3.3. FTIR Analysis  

 

Fig. 3: FTIR spectrum of LTGC 

Table 2: FTIR analysis 

 S. No.   Wave Number (cm-1)    Functional group 

  1   528    C-C-C (Bending) 

  2   805   NH2 (Stretching)  

  3   877  CH2 (Stretching) 

  4   990   CH (Stretching) 

  5  1390   OH (Bending) 

  6   1658   (C(N)=O) (Carbonyl Stretching) 

  7   3147   OH (Stretching) 
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Spectral analysis is used in Fourier Transform Infrared spectrometers to analyses 

molecule structure and chemical bonding. 3000 cm-1 – 2500 cm-1 stretching vibration of OH 

band in H2O absorbed by a sample can be attributed to the sample that occurs at the peak. The 

peak is attributed to the stretching vibration CH2 band at 2441 cm-1 and 2239 cm-1. The carbonyl 

stretching vibration of (C(N)=0) bands produces the peak attributed to 1665 cm-1. 

3.4 UV-Visible spectral analysis 

 

Fig. 4: UV-Visible Absorbance spectrum of LTGC 

The absorbance of L-tyrosine and Guanidine carbonate crystal is shown in the diagram 

above. In the region of 200-1200 nm, the L-tyrosine and Guanidine carbonate crystal absorbs 

light[16]. The lower cutoff wavelength for the absorption spectrum is 234.6 nm. The spectrum 

demonstrates that it will absorb a specific wavelength of light from the source while transmitting 

all other visible wavelengths. The crystal's low absorption indicates that it can transmit a laser 

beam in the 200-1200 nm range. It demonstrates the crystal's transparency. 

3.5 UV -Visible band gap spectrum LTGC crystal  

 

Fig. 5: UV-Visible spectrum of band gap for LTGC 
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The wavelength of the optical cut-off is found to be 234.6 nm. We may use the formula 

to get the absorption coefficient using that cut-off wavelength value. 

α = 
2.3023 log 1 

t 

where, α – absorption co-efficient, T – transmittance, t – thickness of the crystal. 

The band gap of a LTGC crystal is determined by using a following relation, 

Eg = (αhv)2/hv 

The LTGC crystal has a large optical band gap of 5.6eV, making it appropriate for 

optoelectronics applications. 

3.6 Fluorescence Study 

L-tyrosine and Guanidine carbonate crystals were identified from the fluorescence 

spectrum. With the help of a VARIAN CARY ECLIPSE fluorescence spectrometer, the sample 

is placed at ambient temperature. The fluorescence emission spectra were measured in the 500-

700 nm range [17]. The big peak and the tiny peak are both GREEN in color. The tiny peak's 

range is around 582.4 nm, while the high peak's range is around 532.4 nm. 

 

Fig. 6: Fluorescence study of LTGC 

3.7 Micro Hardness Analysis 

 

Fig. 7: Load P and Vs Hardness number of LTGC 
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A micro hardness tester is used to investigate the mechanical properties of the LTGC 

single crystal. The hardness of a material is a measure of its resistance to deformation. The micro 

hardness characterization is just as important as the device fabrications, and this investigation of 

the produced LTGC crystals was done at room temperature using the Vickers hardness test.  

The generated crystal's Vickers hardness number was estimated using the formula  

Hv = (1.854P)/d2 Kg/mm2. 

Where Hv is the Vickers hardness number in kilograms per square meters, and 

Kg/mm2 is the Vickers hardness number in kilograms per square metre. 

P denotes the applied load in kilograms. 

D is the indentation mark's average diagonal length in millimeters. 

The hardness number (Hv) and the applied load P were shown on a graph. The graph shows that 

the value of toughness increases as the number of people increases. 

4. Conclusion 

A new nonlinear semi – organic material of L–tyrosine with Guanidine carbonate was 

synthesized by slow evaporation method. The functional group and molecular structure of the 

material was concluded by FTIR analysis. The single crystal XRD confirmed that the grown 

LTGC crystal was said to be TETRAGONAL P system and it exhibit a P41212 space group and 

lattice parameters a=6.982Å, b=6.982Å and c=19.635Å. The UV cutoff wavelength was found to 

be 234.2 nm and it shows that material has a good candidate of NLO. The emission spectrum of 

LTGC is around 532.4 nm which exhibit a green color emission. 
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Abstract: 

Nanomaterials, defined by their nanoscale dimensions (typically less than 100 

nanometers), exhibit unique physical, chemical, mechanical, and optical properties that differ 

significantly from their bulk counterparts. These materials form the foundation of 

nanotechnology and are classified into various types, including nanoparticles, nanotubes, 

nanowires, and nanocomposites. Their high surface area, quantum effects, and tunable properties 

enable diverse applications in medicine, electronics, energy, and environmental science. 

Understanding the fundamental principles of nanomaterials, including their synthesis, 

characterization, and behaviour, is essential for harnessing their potential in advanced 

technological and industrial applications. Nanomaterials, characterized by their nanoscale 

dimensions and unique physicochemical properties, have gained significant attention due to their 

wide-ranging applications. The synthesis of nanomaterials involves various techniques, including 

physical, chemical, and biological methods, each influencing their size, shape and functional 

properties. Characterization techniques such as electron microscopy, spectroscopy, and X-ray 

diffraction are essential for analyzing their structure, composition and performance. These 

materials have transformative applications in medicine, electronics, energy storage, catalysis and 

environmental remediation. Understanding the synthesis, characterization and applications of 

nanomaterials is crucial for advancing nanotechnology and developing innovative solutions 

across multiple scientific and industrial domains. 

Keyword: Nanomaterial, Properties, Characterisation, Synthesis.  

      1. Introduction: 

The term "nano" originates from the Greek word "nanos," meaning dwarf. In scientific 

terms, "nano" refers to one-billionth of a meter (10⁻⁹ meters). Materials display special qualities 

at this extraordinarily small scale that are very different from those of their bulk counterparts. 

This field, known as nanotechnology, involves the manipulation, control, and application of 

materials and devices at the nanometer scale [1]. Nanotechnology is the scientific discipline that 
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deals with materials, systems and devices at the nanometer scale, typically ranging from 1 to 100 

nanometers. It involves the manipulation and control of matter at the atomic and molecular levels 

to develop new materials with unique properties. Nanotechnology has revolutionized various 

scientific fields, including medicine, electronics, energy and environmental science. The 

fundamental principle behind nanotechnology is that when materials are reduced to the 

nanoscale, their physical, chemical and biological properties change dramatically compared to 

their bulk counterparts. This is due to the increased surface area-to-volume ratio, quantum effects 

and altered electronic structure. The development of nanotechnology has led to the creation of 

highly efficient catalysts, advanced drug delivery systems, high-performance materials and 

miniaturized electronic components [2]. The interdisciplinary nature of nanotechnology, 

integrating physics, chemistry, biology, and engineering, has accelerated its applications in 

various sectors, offering promising solutions for global challenges. 

Nanomaterials, the building blocks of nanotechnology, are materials that exhibit unique 

nanoscale properties due to their reduced dimensions. These materials can be classified into 

various types based on their composition, structure, and dimensionality. For instance, carbon-

based nanomaterials like graphene and carbon nanotubes exhibit remarkable electrical 

conductivity, mechanical strength and thermal stability, making them ideal for applications in 

flexible electronics, energy storage and structural reinforcement. Similarly, metallic and 

semiconductor nanoparticles such as gold, silver and zinc oxide possess optical, antibacterial and 

photocatalytic properties, which are widely used in medical imaging, drug delivery and 

environmental remediation [3]. The synthesis of nanomaterials can be achieved through top-

down (e.g., lithography, milling) or bottom-up (e.g., chemical vapor deposition, self-assembly) 

approaches, each offering different advantages in terms of precision and scalability. Despite the 

remarkable benefits of nanomaterials, concerns related to toxicity, environmental impact, and 

long-term stability must be addressed to ensure their safe and sustainable use. 

The impact of nanotechnology and nanomaterials on modern industries and daily life is 

profound. In medicine, nanotechnology has paved the way for targeted drug delivery systems, 

allowing for precise treatment of diseases such as cancer while minimizing side effects. In 

electronics, nanomaterials have enabled the development of faster, smaller and more efficient 

transistors, memory devices and flexible displays. The energy sector has also benefited from 

nanotechnology, with advancements in solar cells, batteries and fuel cells improving energy 

efficiency and sustainability. Additionally, nanotechnology plays a critical role in environmental 

protection, offering solutions for water purification, air filtration and waste management. 

However, as nanotechnology continues to evolve, ethical considerations, regulatory frameworks 

and risk assessments must be addressed to mitigate potential hazards associated with 

nanomaterials. Future research in this field aims to develop greener synthesis methods, improve 
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the biocompatibility of nanomaterials and harness their potential for solving pressing global 

issues such as climate change, disease prevention and resource scarcity [4-6]. 

      2. Understanding the Nanoscale 

2.1What is the Nanoscale? 

The nanoscale refers to a size range typically between 1 and 100 nanometers (nm), where 

materials exhibit unique physical, chemical and biological properties different from their bulk 

counterparts. A nanometer is one-billionth of a meter, making nanoscale objects incredibly 

small—comparable to the size of individual molecules and atoms. At this scale, the behavior of 

materials is governed by quantum mechanics rather than classical physics, leading to significant 

changes in optical, electrical and mechanical properties [7]. The high surfacearea-to-volume ratio 

at the nanoscale enhances reactivity, making nanomaterials highly effective in applications such 

as catalysis, drug delivery and energy storage. For example, gold, which appears yellow in the 

bulk form, can exhibit different colors at the nanoscale due to changes in its electron behavior 

and light absorption properties [8]. 

The significance of the nanoscale extends across various scientific and technological 

fields, including medicine, electronics and environmental science. In nanomedicine, 

nanoparticles are used for targeted drug delivery, allowing precise treatment of diseases while 

reducing side effects. In electronics, nanoscale transistors enable the development of smaller, 

faster and more efficient devices such as smartphones and quantum computers. Additionally, 

nanoscale materials contribute to the advancement of renewable energy technologies, including 

high-efficiency solar cells and supercapacitors [9]. However, working at the nanoscale presents 

challenges, such as controlling material properties, potential toxicity concerns and difficulties in 

large-scale manufacturing. Understanding and harnessing the nanoscale is crucial for the 

continued development of nanotechnology, enabling groundbreaking innovations that impact 

various aspects of modern life. 

The following table provides a comparison of the sizes of various materials 

Table 1: Size Comparison of Materials 

Material Approximate Size 

Water molecule ~0.3 nm 

DNA strand ~2 nm 

Virus ~20-300 nm 

Bacteria ~500-5000 nm 

Red blood cell ~7,000 nm 

Human hair ~80,000-100,000 nm 

Grain of sand ~500,000 nm 
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Table 2: A table highlighting significant discoveries in nanoscience and nanotechnology 

that have been recognized with Nobel Prizes 

Year Discovery Nobel Laureates Nobel Prize 

Category 

1996 Discovery of fullerenes (C₆₀), a new 

form of carbon molecule. 

Harold Kroto, Richard 

Smalley, Robert Curl 

Chemistry 

2007 Discovery of giant magnetoresistance, 

a quantum mechanical effect in thin 

film structures. 

Albert Fert, Peter 

Grünberg 

Physics 

2010 Isolation of graphene, a single layer 

of carbon atoms with exceptional 

properties. 

Andre Geim, Konstantin 

Novoselov 

Physics 

2016 Design and synthesis of molecular 

machines, paving the way for 

advancements in nanorobotics. 

Jean-Pierre Sauvage, 

Fraser Stoddart, Bernard 

Feringa 

Chemistry 

2023 Discovery and synthesis of quantum 

dots, nanoparticles with size-

dependent optical properties. 

MoungiBawendi, Louis 

Brus, Alexei Ekimov 

Chemistry 

2.2 Unique Properties at the Nanoscale 

Materials at the nanoscale exhibit size-dependent properties, including: 

(a) Enhanced Strength: Nanomaterials often exhibit superior mechanical strength compared to 

their bulk counterparts, primarily due to their high surface area-to-volume ratio and nanoscale 

interactions. At the atomic level, reducing the size of a material alters its structural properties, 

making it less prone to defects such as dislocations, which are common in bulk materials. For 

example, carbon nanotubes and graphene possess extraordinary tensile strength, making them 

ideal for reinforcing composite materials used in aerospace, automotive and construction 

industries. Additionally, nanoceramics and nanometals display enhanced hardness and wear 

resistance, contributing to their application in protective coatings and biomedical implants. The 

improved strength of nanomaterials not only extends the lifespan of materials but also reduces 

their weight, leading to innovations in lightweight yet durable materials[10]. 

(b) Optical Properties: At the nanoscale, materials exhibit unique optical properties due to 

quantum confinement effects, which alter their interaction with light. Unlike bulk materials, 

nanoparticles can display distinct colors and fluorescence based on their size, shape and 

composition. For instance, gold nanoparticles, which appear yellow in bulk form, can exhibit red, 

blue, or even green hues at the nanoscale due to localized surface plasmon resonance (LSPR). 

Similarly, semiconductor quantum dots, such as cadmium selenide (CdSe), emit different colors 
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when excited by light, making them valuable in bioimaging, display technologies and light-

emitting diodes (LEDs). These unique optical behaviors enable the development of advanced 

imaging techniques, high-efficiency solar cells and innovative sensors with enhanced sensitivity 

and accuracy [11]. 

(c) Electrical Conductivity: Nanomaterials have revolutionized the field of electronics due to 

their exceptional electrical conductivity. Materials like graphene, carbon nanotubes and silver 

nanowires exhibit high electron mobility, enabling faster and more efficient electronic devices. 

Graphene, for instance, has nearly zero electrical resistance, making it an excellent candidate for 

next-generation transistors, flexible electronicsand transparent conductive films. Carbon 

nanotubes, known for their unique one-dimensional structure, provide superior conductivity and 

thermal stability, making them suitable for nanoelectronic circuits and high-performance 

batteries [12]. The integration of these nanomaterials into semiconductor and computing 

technologies has the potential to enhance processing speeds, reduce energy consumptionand 

enable the development of ultra-miniaturized electronic components. 

(d) Chemical Reactivity: One of the most significant advantages of nanomaterials is their 

enhanced chemical reactivity, which stems from their high surface area-to-volume ratio. This 

property makes them highly effective catalysts in chemical reactions, improving efficiency in 

applications such as drug delivery, environmental remediation and industrial processing. For 

example, titanium dioxide (TiO₂) nanoparticles are widely used as photocatalysts for breaking 

down pollutants in water and air purification systems. In medicine, silver nanoparticles exhibit 

strong antibacterial properties, making them valuable in wound dressings, coatings and 

antimicrobial agents [13]. Additionally, nanomaterials play a crucial role in energy storage and 

conversion, such as in fuel cells and hydrogen production, by facilitating faster and more 

efficient reactions. However, their increased reactivity also raises concerns about toxicity and 

environmental impact, necessitating further research to ensure their safe and sustainable use. 

      3. Principles of Nanotechnology: 

(a) Quantum Effects: At the nanoscale, quantum mechanics governs the behavior of materials, 

leading to unique and unpredictable properties compared to their bulk counterparts. Unlike 

classical physics, where electrons move in continuous energy bands, nanoscale materials exhibit 

discrete energy levels due to quantum confinement. This significantly impacts their electrical, 

optical and magnetic properties. For example, semiconductor quantum dots emit different colors 

of light depending on their size, making them valuable in bioimaging and display technologies. 

Similarly, nanomaterials like graphene and carbon nanotubes exhibit exceptional electrical 

conductivity due to altered electron movement, making them highly suitable for advanced 

nanoelectronics and energy applications. Quantum effects enable the development of highly 
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efficient nanoscale devices, pushing the boundaries of technology in computing, communication 

and medicine [13,14]. 

(b) Surface Area-to-Volume Ratio: One of the most defining principles of nanotechnology is 

the dramatic increase in the surface area-to-volume ratio as the size of a material decreases. This 

means that a greater proportion of atoms or molecules are exposed at the surface, making 

nanomaterials highly reactive and efficient in various applications [14]. For example, 

nanoparticles used as catalysts in chemical reactions have significantly enhanced reactivity 

compared to bulk materials, improving industrial processes such as fuel production and 

environmental remediation. Similarly, nanomaterials in medicine, like drug carriers, interact 

more effectively with biological systems, enabling targeted drug delivery. This principle also 

plays a crucial role in adsorption-based applications, such as water purification and air filtration, 

where nanomaterials efficiently trap and remove contaminants. 

(c) Self-Assembly: Nanotechnology leverages the natural phenomenon of self-assembly, where 

molecules and nanoparticles spontaneously organize into well-defined structures without 

external manipulation. This principle is particularly significant in biological systems, where 

proteins and DNA naturally fold into functional structures essential for life processes. In 

nanofabrication, self-assembly enables the creation of nanoscale devices with precision and 

efficiency, reducing the need for complex manufacturing techniques. For instance, block 

copolymers can self-assemble into nanostructures useful in developing high-density storage 

devices and advanced coatings [14]. Additionally, self-assembly is being explored in tissue 

engineering and regenerative medicine, where nanoscale scaffolds help guide the growth of cells 

into functional tissues. This approach paves the way for cost-effective, scalableand sustainable 

advancements in nanotechnology. 

      4. Types of Nanomaterials: 

Nanomaterials are classified based on their composition and structural characteristics, 

leading to diverse applications in fields such as medicine, electronics, energy and environmental 

science. These materials exhibit unique physical and chemical properties that differ from their 

bulk counterparts, making them highly useful in advanced technologies. The three primary 

categories of nanomaterials include carbon-based nanomaterials, metal and metal oxide 

nanoparticles and polymeric and composite nanomaterials. Each type possesses distinct 

structural configurations and functionalities, allowing for their tailored use in specific 

applications [15]. 

4.1 Carbon-Based Nanomaterials 

Carbon-based nanomaterials are composed entirely of carbon and exhibit remarkable 

electrical, mechanical and thermal properties. These materials have revolutionized 

nanotechnology due to their exceptional strength, conductivity and flexibility. 
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Fullerenes are spherical carbon molecules arranged in a cage-like structure, resembling a soccer 

ball. They possess unique electrical and mechanical properties, making them suitable for 

applications in superconductors, drug delivery and nanomedicine. Their hollow structure allows 

them to be used as carriers for delivering drugs and other therapeutic agents. 

Carbon Nanotubes (CNTs) are cylindrical structures composed of rolled graphene sheets. They 

have extraordinary tensile strength, lightweight characteristics and superior electrical and 

thermal conductivity. CNTs are widely used in reinforced composites, nanoelectronics, and 

energy storage devices such as batteries and supercapacitors. 

Graphene is a single layer of carbon atoms arranged in a hexagonal lattice. It is known for its 

flexibility, exceptional electrical conductivity and mechanical strength. Graphene is utilized in 

flexible electronics, transparent conductive films, high-performance batteriesand biomedical 

applications. Due to its superior properties, graphene has the potential to revolutionize multiple 

industries, including computing, energy and biomedicine [16]. 

4.2 Metal and Metal Oxide Nanoparticles 

Metal and metal oxide nanoparticles consist of metallic elements or their oxides, 

exhibiting diverse functionalities such as optical, catalytic and antimicrobial properties. These 

nanoparticles have significant applications in medicine, environmental science and consumer 

products. 

Gold and Silver Nanoparticles are widely used in medicine, electronics and sensors due to their 

biocompatibility and antimicrobial properties. Gold nanoparticles are commonly employed in 

targeted drug delivery, cancer therapy and biosensing, while silver nanoparticles are incorporated 

into antimicrobial coatings, textiles and medical devices. 

Titanium Dioxide (TiO₂) Nanoparticles are extensively used in sunscreens, cosmeticsand 

photocatalytic applications. They provide effective UV protection in skincare products and serve 

as powerful photocatalysts in environmental remediation by breaking down pollutants in water 

and air. 

Zinc Oxide (ZnO) Nanoparticles are well known for their antibacterial and UV-blocking 

properties. They are used in sunscreens, transparent electronics and antimicrobial coatings for 

healthcare and food packaging applications. ZnO nanoparticles also play a crucial role in 

photocatalysis and energy harvesting technologies. 

4.3 Polymeric and Composite Nanomaterials 

Polymeric and composite nanomaterials are designed by integrating nanoscale polymers 

with other nanomaterials to enhance their mechanical, thermal and functional properties. These 

materials find applications in drug delivery, coatings and high-performance materials. 

Dendrimers are branched polymeric nanostructures with a well-defined, tree-like architecture. 

They have a high degree of surface functionality, making them ideal for drug delivery, gene 
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therapy and nanomedicine. Their ability to encapsulate drugs and target specific sites in the body 

has made them a promising tool in pharmaceutical research. 

Nanocomposites are hybrid materials that incorporate nanoparticles into polymer matrices to 

improve their mechanical strength, electrical conductivity and thermal stability. These materials 

are used in automotive components, aerospace structures and packaging materials. 

Nanocomposites enhance product durability while reducing weight, making them ideal for 

applications requiring lightweight yet strong materials [17]. 

   5. Classification of Nanomaterials Based on Structural Dimensions: 

Nanomaterials are categorized into four main types based on their structural dimensions: 

zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) and three-dimensional 

(3D). Each of these classifications is determined by the number of dimensions within the 

nanoscale range (1–100 nm), which influences their unique properties and applications. These 

materials play a crucial role in advanced technologies, including electronics, medicine, energy 

storage and environmental remediation. 

5.1 Zero-Dimensional (0D) Nanomaterials 

Zero-dimensional (0D) nanomaterials have all three spatial dimensions confined within 

the nanoscale (1–100 nm). Due to their quantum confinement effects, these materials exhibit 

unique optical, electrical and chemical properties that differ significantly from their bulk 

counterparts. 

Examples of 0D nanomaterials include nanoparticles and quantum dots. Quantum dots 

are semiconductor nanocrystals that emit light at specific wavelengths depending on their size, 

making them valuable for applications in bioimaging, display technologies and solar cells. Metal 

nanoparticles, such as gold and silver, exhibit enhanced catalytic and antimicrobial properties, 

making them widely used in medical treatments, sensors and antibacterial coatings. Additionally, 

magnetic nanoparticles, such as iron oxide, are used in targeted drug delivery and imaging 

techniques in the medical field. The small size and high surface area of 0D nanomaterials make 

them highly reactive and efficient in various applications. 

5.2 One-Dimensional (1D) Nanomaterials 

One-dimensional (1D) nanomaterials have two dimensions within the nanoscale range, 

while the third dimension is significantly larger. These materials exhibit unique mechanical, 

electrical and optical properties, making them essential for nanoelectronics, photonics and 

energy storage applications. 

Examples of 1D nanomaterials include nanowires, nanorodsand nanotubes. Carbon 

nanotubes (CNTs) are cylindrical structures composed of rolled graphene sheets, known for their 

exceptional strength, electrical conductivity and thermal stability. They are widely used in 

lightweight composite materials, flexible electronics and energy storage devices like batteries 
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and supercapacitors. Nanowires, such as silicon and gold nanowires, are used in nanoelectronic 

circuits, sensors and photodetectors due to their superior electrical properties. Nanorods, often 

made of gold or semiconductor materials, are applied in medical imaging, targeted drug delivery 

and catalysis. The high aspect ratio of 1D nanomaterials allows for efficient charge transport, 

making them essential for high-performance electronic devices. 

5.3 Two-Dimensional (2D) Nanomaterials 

Two-dimensional (2D) nanomaterials have one dimension confined within the nanoscale 

while the other two dimensions extend beyond 100 nm. These materials exhibit exceptional 

electrical, mechanical and optical properties due to their high surface area and atomic-scale 

thickness. 

Examples of 2D nanomaterials include thin films, nanolayers and graphene sheets. 

Graphene, a single layer of carbon atoms arranged in a hexagonal lattice, is one of the most well-

known 2D nanomaterials. It has extraordinary electrical conductivity, mechanical strength and 

flexibility, making it ideal for applications in flexible electronics, transparent conductive films 

and energy storage. Transition metal dichalcogenides (TMDs), such as molybdenum disulfide 

(MoS₂), exhibit semiconducting properties and are used in transistors, optoelectronic devices, 

and photodetectors. Thin films and nanocoatings are widely employed in protective coatings, 

anti-reflective surfaces and photovoltaic cells. The unique properties of 2D nanomaterials enable 

advancements in nanotechnology, particularly in miniaturized electronic and optical devices. 

5.4 Three-Dimensional (3D) Nanomaterials 

Three-dimensional (3D) nanomaterials are not confined to the nanoscale in any single 

dimension but contain nanostructured features that enhance their properties. These materials 

often consist of interconnected nanostructures that improve mechanical strength, porosity and 

functionality. 

Examples of 3D nanomaterials include nanoporous materials, nanocomposites and 

aerogels. Nanoporous materials, such as metal-organic frameworks (MOFs) and mesoporous 

silica, have high surface areas and tunable pore structures, making them useful for gas storage, 

catalysis and drug delivery. Nanocomposites are hybrid materials that combine nanoparticles 

with polymers, ceramics, or metals to enhance mechanical, thermal and electrical properties. 

These materials are used in aerospace, automotive and biomedical applications. Aerogels, ultra-

lightweight porous nanostructures, provide excellent thermal insulation and are used in energy-

efficient building materials and space applications. The hierarchical structures of 3D 

nanomaterials make them highly versatile for various industrial and scientific applications [18]. 
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      6. Synthesis of Nanomaterials: 

Nanomaterials exhibit unique properties that distinguish them from their bulk 

counterparts, primarily due to their size, shape and controlled synthesis conditions. The ability to 

manipulate these properties through synthesis techniques has enabled advancements in fields 

such as electronics, medicine, energy storage and environmental applications. The synthesis of 

nanomaterials is broadly categorized into two main approaches: bottom-up and top-down 

methods. Bottom-up approaches involve assembling nanomaterials from atomic or molecular 

precursors, while top-down methods involve reducing bulk materials to the nanoscale. Each 

method offers distinct advantages and the selection depends on factors such as material type, 

precision, scalability and intended application [19].  

6.1 Bottom-Up Approaches 

Bottom-up approaches focus on assembling materials from atomic, molecular, or 

nanoscale building blocks to form nanostructures. These techniques provide precise control over 

the size, shape and composition of the nanomaterials, allowing for the design of highly tailored 

structures. 

(a) Chemical Vapor Deposition (CVD): This method involves introducing gaseous 

reactants into a reaction chamber, where they undergo chemical reactions on a substrate 

to form a solid thin film or nanostructure. CVD is widely used in the production of 

carbon nanotubes, graphene and semiconductor nanowires. Its advantages include high 

purity, uniformity and scalability, making it a preferred method in nanoelectronics and 

coatings. 

(b) Solvothermal and Hydrothermal Methods: These methods utilize high-pressure and 

high-temperature environments within a liquid medium to facilitate the controlled growth 

of nanocrystals. Hydrothermal synthesis occurs in aqueous solutions, while solvothermal 

synthesis involves organic solvents. These methods are commonly used for the 

production of metal oxide nanoparticles, quantum dots and other nanostructures, offering 

control over crystallinity, size and morphology. 

Other bottom-up techniques include molecular self-assembly, electrodeposition and 

biosynthesis, each of which provides unique benefits for specific applications in nanotechnology. 

6.2 Top-Down Approaches 

Top-down methods involve starting with bulk materials and progressively breaking them 

down to the nanoscale. These approaches often utilize physical and mechanical processes to 

shape or fragment materials into nanoparticles or nanostructures. 

(a) Mechanical Milling: This process involves using mechanical forces, such as ball 

milling, to break down bulk materials into nanoscale particles. Mechanical milling is 

widely used for producing nanopowders and is particularly effective for creating metal 
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and ceramic nanoparticles. However, this method may result in structural defects and 

require post-processing treatments to enhance material properties. 

(b) Lithography: Lithographic techniques, such as electron beam lithography, enable the 

patterning of nanoscale structures with high precision. This method is essential in 

semiconductor fabrication, where nanostructures are designed for microchips, transistors 

and other electronic components. Although lithography allows for precise structuring, it 

is often limited by high costs and complex fabrication processes. 

Other top-down approaches include laser ablation, etching and high-energy radiation techniques, 

which are employed in advanced nanofabrication for various high-performance applications [20]. 

      7. Characterization of Nanomaterials: 

Characterization of nanomaterials is essential for understanding their unique properties 

and optimizing their applications in various fields, including electronics, energy storage, 

catalysis, and nanomedicine. Due to their extremely small size and high surface area-to-volume 

ratio, nanomaterials exhibit distinct physical, chemicaland optical properties that require 

specialized analytical techniques for accurate measurement. These techniques help determine 

critical parameters such as size, morphology, crystallinity, composition, surface chemistry and 

charge. A comprehensive characterization ensures the reproducibility, stability and functionality 

of nanomaterials for specific applications. 

7.1 Microscopy Techniques 

Microscopy techniques are crucial for analyzing the morphology, size and structural 

features of nanomaterials at the nanoscale. These techniques provide high-resolution imaging 

and allow for direct visualization of nanoparticles and nanostructures. 

Transmission Electron Microscopy (TEM): TEM uses electron beams to penetrate ultrathin 

samples, producing high-resolution images that reveal internal structures, crystallinity and 

particle size. It is widely used for analyzing nanoparticles, nanowires and quantum dots. 

Scanning Electron Microscopy (SEM): SEM scans a focused electron beam across the sample 

surface, generating detailed images of surface morphology and topographical features. It is 

commonly used for assessing the shape and dispersion of nanomaterials. 

Atomic Force Microscopy (AFM): AFM operates by scanning a sharp tip over the sample 

surface to measure topography and surface roughness. It provides three-dimensional profiling 

and can manipulate individual nanoparticles, making it valuable for nanomechanical studies. 

7.2 Spectroscopic Techniques 

Spectroscopic techniques help determine the chemical composition, molecular 

interactions and electronic properties of nanomaterials. These techniques are essential for 

understanding functional groups, oxidation states and optical behaviors. 
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X-ray Diffraction (XRD): XRD identifies the crystalline structure and phase composition of 

nanomaterials by analyzing diffraction patterns produced when X-rays interact with atomic 

arrangements. It is widely used in materials science and semiconductor research. 

Fourier Transform Infrared Spectroscopy (FTIR): FTIR detects molecular vibrations and 

functional groups, providing insights into the surface chemistry of nanomaterials. This technique 

is essential for studying surface modifications and interactions with biomolecules. 

X-ray Photoelectron Spectroscopy (XPS): XPS analyzes surface elemental composition and 

oxidation states by measuring the energy of emitted photoelectrons [21]. It is crucial for 

understanding surface coatings, chemical bonding and electronic properties. 

7.3 Particle Size and Surface Area Analysis 

Nanomaterial performance is strongly influenced by particle size and surface area, making it 

essential to measure these parameters accurately. 

Dynamic Light Scattering (DLS): DLS measures the hydrodynamic size and size distribution 

of nanoparticles in liquid suspension. It is widely used in pharmaceutical and colloidal studies to 

assess nanoparticle stability. 

Brunauer-Emmett-Teller (BET) Analysis: BET measures the specific surface area of 

nanomaterials based on gas adsorption. This is particularly important for applications in 

catalysis, adsorption and energy storage, where surface interactions play a key role. 

7.4 Optical and Electronic Characterization 

Nanomaterials exhibit unique optical and electronic properties that require specialized 

techniques to analyze their absorption, emission and electronic structures. 

UV-Visible Spectroscopy: This technique examines optical absorption and band gap properties, 

essential for applications in optoelectronics, photovoltaics and sensors. It is widely used to study 

quantum dots, metal nanoparticles and semiconductor nanomaterials. 

Photoluminescence (PL) Spectroscopy: PL spectroscopy analyzes the emitted light from 

nanomaterials after excitation, providing information about electronic structures, defect states 

and energy transitions. It is extensively used in LED and display technologies. 

7.5 Surface Charge Analysis 

Surface charge plays a crucial role in nanoparticle stability, aggregation and interactions in 

biological and chemical systems. 

Zeta Potential Measurement: Zeta potential determines the electrostatic charge on the surface 

of nanoparticles, providing insights into colloidal stability and aggregation behavior [22]. A 

higher absolute zeta potential value indicates better stability, which is important for drug delivery 

and nanofluid applications. 
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      8. Applications of Nanotechnology: 

Nanotechnology is transforming multiple industries by introducing innovative solutions 

at the molecular level. Its unique ability to manipulate materials at the nanoscale has led to 

groundbreaking advancements in medicine, electronics, energyand environmental science. By 

enhancing efficiency, precision and functionality, nanotechnology is paving the way for new 

scientific discoveries and practical applications. 

8.1 Medicine and Healthcare 

Nanotechnology has made significant contributions to medicine, particularly in drug 

delivery, diagnostics and regenerative medicine. 

Targeted Drug Delivery: Traditional drug treatments often affect healthy cells along with 

diseased ones, leading to side effects. Nanocarriers, such as liposomes and polymeric 

nanoparticles, enable targeted drug delivery by directing therapeutic agents precisely to diseased 

cells, improving treatment efficacy and minimizing adverse effects. This approach is particularly 

beneficial in cancer therapy. 

Medical Imaging: Nanoparticles and quantum dots enhance imaging techniques such as MRI, 

fluorescence imaging and computed tomography (CT) scans. These nanoparticles improve 

contrast and resolution, enabling early disease detection and more accurate diagnoses. 

Tissue Engineering: Nanoscale scaffolds made of biocompatible materials, such as 

biodegradable polymers and hydrogels, promote cell growth and tissue regeneration [23]. These 

scaffolds mimic the natural extracellular matrix, supporting the development of artificial organs 

and wound healing applications. 

8.2 Electronics and Computing 

Nanotechnology has revolutionized the electronics industry by enabling the development 

of smaller, faster and more energy-efficient devices. 

Nanochips and Transistors: The miniaturization of electronic components, such as transistors 

and semiconductor chips, has led to the creation of powerful and compact devices. 

Nanotechnology allows for increased computing power while reducing energy consumption, 

enhancing the performance of smartphones, computers, and other digital devices. 

Flexible Electronics: Materials like graphene and silver nanowires enable the development of 

bendable and stretchable electronics. These advancements have given rise to wearable 

technology, flexible displays and foldable smartphones, enhancing user convenience and device 

durability [23]. 

8.3 Energy Sector 

Nanotechnology plays a crucial role in improving energy generation, storage and 

efficiency. 
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Efficient Solar Cells: Conventional solar cells face limitations in energy conversion efficiency. 

Nanomaterials, such as perovskite nanoparticles and quantum dots, enhance light absorption and 

charge transport, significantly improving the efficiency of photovoltaic cells. This innovation 

makes solar energy more viable and cost-effective [24]. 

Nanobatteries: The development of nanostructured electrodes and electrolytes enhances the 

performance of rechargeable batteries. Nanobatteries store more energy in smaller, lightweight 

designs, improving the longevity and capacity of electric vehicle batteries, wearable devices and 

grid storage solutions. 

8.4 Environmental Science 

Nanotechnology offers innovative solutions for addressing environmental challenges, including 

pollution control and resource conservation. 

Water Purification: Nanofilters, composed of nanomaterials like carbon nanotubes and silver 

nanoparticles, effectively remove contaminants such as heavy metals, bacteria and toxins from 

water sources. These nanofilters enhance filtration efficiency and provide clean drinking water in 

areas facing water scarcity. 

Pollution Control: Nanocatalysts accelerate the breakdown of toxic chemicals and pollutants, 

reducing environmental harm. They are used in air purification systems, industrial wastewater 

treatment and catalytic converters in vehicles to minimize harmful emissions [25,26]. 

      9. Challenges and Ethical Considerations: 

Despite its vast potential, nanotechnology presents several challenges related to safety, 

environmental impact, ethical concerns and regulatory frameworks. Addressing these issues is 

crucial to ensuring responsible development and implementation of nanotechnology in various 

fields. 

9.1 Safety and Toxicity 

The interaction of nanomaterials with biological systems and the environment raises 

concerns about their potential toxicity. 

Health Risks: Due to their small size, some nanoparticles can penetrate biological membranes, 

accumulate in organs and disrupt cellular functions. Studies have suggested that prolonged 

exposure to certain nanomaterials, such as carbon nanotubes and metal nanoparticles, may cause 

inflammation, oxidative stress, or even DNA damage, posing risks to human health. More 

research is needed to fully understand their long-term effects. 

Environmental Impact: Nanoparticles can persist in air, water and soil, potentially disrupting 

ecosystems. Their small size and high surface reactivity may cause unintended consequences, 

such as bioaccumulation in aquatic organisms or toxicity in beneficial microbes. Proper disposal 

and recycling methods must be developed to minimize environmental contamination. 
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9.2 Ethical and Regulatory Issues 

As nanotechnology continues to evolve, it raises ethical and regulatory challenges that 

require careful consideration. 

Privacy Concerns: The integration of nanosensors in surveillance and tracking devices has 

raised concerns about personal privacy and data security. These advanced sensors can be 

embedded in everyday objects, leading to potential misuse in monitoring individuals without 

their consent. Clear ethical guidelines must be established to prevent such violations. 

Regulation Challenges: The rapid growth of nanotechnology has outpaced the development of 

comprehensive regulations. Governments and organizations face difficulties in assessing risks, 

ensuring safety standards and enforcing responsible usage. Updated policies and international 

cooperation are needed to create uniform regulations for nanotechnology applications in 

medicine, industry and consumer products. 

      10. Future Prospects of Nanotechnology: 

The future of nanotechnology is filled with exciting possibilities, with continuous 

advancements shaping various fields. 

Nanorobotics: The development of microscopic robots (nanobots) for medical applications 

could revolutionize healthcare. These nanorobots could navigate the bloodstream, deliver drugs 

with precision, repair damaged tissues and even assist in non-invasive surgeries. Such 

innovations hold the potential to significantly improve disease treatment and recovery times. 

Quantum Computing: Nanoscale quantum dots and transistors are paving the way for ultra-fast 

quantum computing. Unlike traditional computers, which use binary bits (0s and 1s), quantum 

computers operate on quantum bits (qubits), enabling complex calculations at unprecedented 

speeds. This technology could transform fields such as cryptography, artificial intelligence and 

material science. 

Sustainable Nanotechnology: Researchers are focusing on eco-friendly nanomaterials for 

renewable energy, pollution control and green manufacturing [27]. Innovations such as 

nanostructured catalysts for carbon capture, biodegradable nanomaterials and energy-efficient 

nanocoatings could contribute to sustainability and climate change mitigation. 

      11. Conclusion: 

Nanotechnology has emerged as a transformative scientific discipline, offering 

groundbreaking advancements across diverse fields such as medicine, electronics, energy and 

environmental science. By manipulating materials at the nanoscale, scientists and engineers have 

unlocked unique properties—enhanced strength, superior electrical conductivity and remarkable 

optical behaviors—that were previously unattainable with bulk materials. These innovations 

have paved the way for applications like targeted drug delivery, flexible electronics, high-



Bhumi Publishing, India 

24 
 

efficiency solar cells and advanced water purification techniques, ultimately improving the 

quality of life and driving technological progress. 

However, alongside these advancements, nanotechnology presents significant challenges 

that require careful consideration. Issues related to the toxicity of nanoparticles, their long-term 

environmental impact and ethical concerns about privacy and surveillance must be addressed to 

ensure responsible and safe implementation. The rapid evolution of nanotechnology also poses 

regulatory challenges, necessitating updated policies and global cooperation to establish 

standardized safety guidelines. As research continues, a balance must be maintained between 

innovation and ethical responsibility, ensuring that nanotechnology serves humanity without 

compromising health or environmental sustainability. 

Looking ahead, the future of nanotechnology is exceptionally promising, with emerging 

fields such as nanorobotics, quantum computing and sustainable nanomaterials set to 

revolutionize industries. Whether through precision medicine, ultra-fast computing, or eco-

friendly innovations, nanotechnology is poised to drive the next era of scientific and industrial 

advancements. By fostering interdisciplinary collaboration, prioritizing safetyand addressing 

ethical considerations, society can harness the full potential of nanotechnology, unlocking new 

frontiers of discovery while ensuring a sustainable and responsible future. 
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Abstract: 

The atomic structure plays a crucial role in the physical, chemical, thermal and electrical 

properties of the material. Even, the material cost and use depend on its crystal structure, atomic 

packing factor, and stacking fault. This chapter includes the arrangement of atoms in a unit cell, 

the role of unit cell in a crystal, sharing of atoms, atomic radius, atomic packing factor, 

imperfections in the crystal structure, and properties of metals. Additionally, it provides the 

overall knowledge about crystal structure andformation of metals.  

Keywords: Crustal Structure, Atomic Packing Factor, Unit Cell, Imperfections. 

1. Introduction: 

Since the development of civilization, men are using different vital materials for day-to-

daylife. Initially, humans were dependent on the materials available in natural form. This age of 

civilization was called as Stone Age[1]. With the development of science and technology, a wide 

variety of materials have been developed and the civilization moved towards Bronze Age and 

Iron Age. Based on the materials we are using today, the civilization is called as Tailor Made 

Materials Age. In the modern era the materials can be defined as, substances whose constituent 

atoms or molecules are arranged in a systematic pattern. Till date, the materials available are said 

to be made from 118 types of elements (atoms) and their arrangement to form a particular 

structure. As per the available scientific literature the human body has been made from 25-27 

types of elements in which oxygen atom alone is present 65% by weight. It is very much 

important to note that 90% mass of human body is made from oxygen, carbon, nitrogen, 

hydrogen, calcium and phosphorus. So it is the era in which the scientists and engineers are able 

to create or develop the materials by playing with Nano size particles.  

There are three basic state of materials at atmospheric conditions i.e., solid, liquid and 

gas. The state of a material can be changed by changing their surrounding atmospheric 

conditions. Materials in solid state may be termed as metals and nonmetals. On the basis of 

crystalline structure, the metals (solid materials) may be crystalline or non-crystalline 

(amorphous). In case of solid materials, there may be solids having single crystal structure or an 

aggregate of all crystals to form polycrystalline structure. In every crystal, atoms are arranged in 
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similar pattern. The boundary where this pattern changed is called crystal boundary and the metal 

is non as polycrystalline metal. So, the metals can be crystalline or polycrystalline [2]. Atoms are 

the main constituents to form a material. A metal may be made from single atom or it may have 

more than one atom. Metals with more than one atom are called alloys (such as steel).  

2. Arrangement of Atoms: 

The metals such as steel, aluminum, copper etc., which are being used in our daily life, 

are extracted from their raw materials available in the crust of our Earth. Initially, these metals are 

in liquid state at the time of extracting process. During extraction process, the metal in liquid state 

has to be cooled following some cooling rate [3]. This process of transformation from liquid to 

solid phase is called solidification. The type of atom and its atomic structure plays a very 

significant role in the development of any crystal structure of metals. In the process of 

solidification, the atoms of liquid metal reach to static position (equilibrium) to from solid and 

they get freeze at lattice point [4]. As per the bonding theory such as metallic bond in metals; the 

atoms freeze at some distance from each other in space lattice and this way a unit cell is formed. 

On the base of parameters of this unit cell, the lattice structure can be anyone of the proposed 

Bravais lattices; such as cubic in case of copper, iron and aluminum.  

3. Role of Unit Cell: 

A unit cell is the building block of any crystal in a metal (crystalline or polycrystalline) 

[5]. When the atoms of a liquid start to get arranged in a unit cell; the transformation starts to 

form solid. Now, if unit cell is considered to be cubic as in case of gold (Au), it will be having its 

dimensions in all three coordinates (X, Y and Z) and these dimensions have to be at some angles 

(α, β and γ)[3]. These dimensions and angles are called parameters of a unit cell. As per Bravais, 

there are fourteen (14) possible space lattices and maximum materials existing in our surrounding 

are based on them.  

The atoms are regarded as rigid sphere and are identical in size for a particular metal. In 

case of metals the most common types of unit cell are given below [6].  

i) Body centered cubic (BCC) unit cell (Mo, Va, Mn, Nb, Cr, α-Fe etc.) 

ii) Face centered cubic (FCC) unit cell (Al, Cu, Au, Ag, Pb, γ -Fe, etc.) 

iii) Hexagonal closed packed (HCP) unit cell (Be, Ca, Mg, Zn, Cd, Ti, etc.) [7] 

In the development of unit cell the atoms are supposed to be at the lattice points. These 

lattice points in a unit cell are shown for FCC structure in Figure 1.  

In the development of unit cell the atoms are supposed to be at the lattice points. These 

lattice points in a unit cell are shown for FCC structure in figure 1.  

Figure-1The FCC unit cell is shown in the diagram in Cartesian coordinates.The side of 

the cube is shown by “p” equal for all sides [8]. In the figure letters a, b, c, d, e, f, g and h are the 

lattice points, where the atoms are supposed to occupy these sites.There are six sites, at the 
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diagonal of faces and atoms will occupy these sites also. Total Number of atoms: 04, APF: 0.74 

[9]. 

 

Fig. 1: Structure of unit cell 

4. Arrangement of Atoms in Unit Cell: 

In a unit cell at room temperature the arrangement of atoms can be in such way as shown 

in Figure-2 & Figure-3 

i) In case of every cubic unit cell there is one atom at each corner of it.  

ii) In case of BCC unit cell, one atom at the center of it. 

iii) In case of FCC unit cell, one atom at the center of every face of it [10]. 

iv) In case of HCP unit cell, one atom at each corner and one atom at the center of upper and 

bottom face three atoms at the center plane; parallel to the bottom and upper face [11]. 

5. Sharing of Atoms in Unit Cell: 

Sharing of atoms of in a unit cell is explained below in different possible ways. So, the 

number of atoms in unit cell can be calculated by following it. 

i) In every cubic unit cell, the atom at every corner shares with eight adjoining unit cells [12]. 

ii) In case of BCC unit cell, the atom at center of the body shares all atoms at corner  

iii) In case of FCC unit cell, the atom at the face shares half of it and half to the adjoining unit 

cell 

iv) In case of HCP unit cell; each corner atom shares six adjoining unit cell. The atom at the 

top face and bottom faces, shares half to adjoining unit cell. There are three atoms in the 

center plane of a unit cell [13]. 
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Fig. 2: A FCC unit cell, showing atomic 

arrangement on one face and touching 

corner atoms. At other faces the atoms 

will be arranged in same way. 

Fig. 3: A BCC Unit Cell, showing how the 

atom at body centre, touching the corner 

atom and other corner atoms will also 

touch this, which are not shown. 

 

6. Number of Atoms in a Unit Cell: 

Based on above rules the number of atoms in a unit cell can be found out as below; 

In case of BCC = (1/8) x 8 (corners) + 1 (at the center of body) = 2 

In case of FCC = (1/8) x 8 (corners) + (1/2) x 6 (at the center of face) = 4 

In case of HCP = 2{(1/6) x 6 (corners)} + (1/2) x 2 (at the center of upper and bottom face) + 

3 (at the center of cell) = 6[14]. 

7. Atomic Radius: 

Apart from the sharing of atoms, some specific rules are there for atoms in different unit 

cell. In body centered cubic (BCC) unit cell the atom at the center; touches the atoms at the 

corner of it. In another case the atom at the center of a face centered cubic (FCC) unit cell 

touches the four atoms at the corner of the same face [15].  

So based on the above rule; considering atom as sphere the atomic radius of it can be find out. 

(Figure-2 and figure- 3). 

8. Atomic Packing Factor:  

The atomic packing factor of a unit cell is the ratio of volume occupied by the atoms in a 

unit cell. It can be found out with the help of the relation between atomic radius and the 

dimension of the unit cell; and the number of atoms in a unit cell. In case of BCC, FCC and HCP 

unit cell it is 0.67, 0.74 and 0.74 respectively. 

This way, development and the role of a unit cell can be understood very well. The 

internal atomic structure can be studied by X-ray diffraction method [16]. 
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9. Crystal Structure and Imperfections:  

A crystal is one in which all the atoms are arranged in a particular geometry, following 

the repetition of the unit cells. Sometimes a crystal is also known as grain. In actual practice; at 

the start of the atomic arrangement, number of unit cells start to form at various locations in 

different orientations. These unit cells are known as the nuclei and they grow with adjoining 

number of unit cells simultaneously at different locations in the molten material. This process of 

unit cells growing is called nucleation and growth.  

With this phenomenon of the nucleation growth, these crystals meet with the nearby 

crystals and a boundary among them is formed, which is called crystal boundary (Figure-4). As 

the crystals are also known by grains; so crystal boundary are also known as grain boundary. In 

polycrystalline metal there are number of crystals which are separated from each other. These 

crystal structures and their boundaries can be seen by electron diffraction method and X-rays 

[17].  

The properties of the materials are directly dependent on its structure. Scientists and 

Engineers are continuously in search of new materials; or creating new structures which are 

possible only on the basis of knowledge of earlier available structures [18]. This way the new 

materials are developing since the Stone Age to Tailor Made Materials Age [19].  

 

Fig. 4: A polycrystalline structure: Showing grain boundaries 

The main objective of materials scientist is to investigate the relationships between the 

structure and the properties of a material.  

9.1. Imperfection in Crystal Structure 

In actual practice it is very difficult task to achieve the perfect structure of a material. 

There is always some defect or disorder in the structure of a metal. The defects or imperfections 

may be developed during solidification process. The disorder in the crystal structure may be with 

zero, one, two or three dimensions [20]. Generally; the imperfections (defects) are classified in 

following ways; 

i) Point Imperfection (Zero dimensional defect) 

ii) Line imperfection or Dislocations (One dimensional defect) 

iii) Surface or Grain Boundary Imperfection (Two dimensional defect) 

iv) Volume Imperfection (Three dimensional defect) 



Physical and Material Science Innovation and its Societal Impact 

 (ISBN: 978-93-48620-63-7) 

31 
 

In the interest of the development of metals, it is always made sure that there should not 

be any kind of imperfection in the crystal structure. Some time there is a need to create the 

impurities in an existing structure of a material; but actually, it is not in sense of the defect rather 

it is the requirement of the designed material with some specific properties. Steel is an alloy of 

iron; in which the element carbon is added to increase the hardness and strength of it. There are 

number of alloys which are developed to achieve some specific properties for engineering 

purposes.  

10. Properties of Metals:  

Materials are required to be tested with proposed standards to know their structure and 

the properties before use. The selection of material is very important task for an engineer, which 

is done based on the knowledge of the properties of materials. There are some important 

properties of engineering materials; such as physical, chemical, mechanical, electrical, thermal, 

magnetic and optical properties.  

This way it is very important to know about how the materials are developed and used 

based on their properties.  

11. Conclusion: 

This chapter concludes that the unit cell is the smallest unit of the structure. Although, the 

physical, chemical, and electrical properties depend on the structure of the atoms inside the 

molecules. Additionally, three types of crystal structures are represented by the molecules that 

are BCC, FCC, and HCP. Moreover, imperfection is a defect that may be at the level of point, 

line, surface, and volume. The number of metal particles are added inside the material to 

strengthen the material like adding the carbon to enhance the hardness of the steel.  
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Abstract: 

This chapter reviews the current state of research on cluster radioactivity, focusing on the 

recent experimental and theoretical findings. Different theoretical methods were briefly 

explained and compared with the latest experimental results for various clusters. This chapter 

also highlights the different regions in which cluster radioactivity occurs. This provides a short 

summary of earlier studies of cluster radioactivity in the trans-lead and trans-tin regions. 

Additionally, an overview of semi-empirical formulas, latest developments in cluster 

radioactivity, and research on super-heavy nuclei are presented. 

Keywords: Cluster Radioactivity, Nuclear Structure, Alpha Decay, And Half-Life. 

1. Introduction: 

The study of radioactive decay has greatly helped scientists to understand the structure of 

atomicnuclei. Henri Becquerel made the discovery of radioactivity in 1896, and the Curie pair 

verified it in 1898. Radioactivity, also known as nuclear decay, is a process by which an unstable 

atomic nucleus loses energy by producing radiation. By examining radioactivity around the start 

of the 20th century, scientists were able to make their first observations of the atomic nucleus. 

Alpha, beta, and gamma are the three primary forms of radioactive decay that were discovered 

by early studies. In 1940, a different kind of decay was identified, where heavy atomic nuclei 

split into two approximately equal pieces [1]. We call this process spontaneous fission. 

In 1980, Poenaru, Sandulescu, and Greiner [2, 3] introduced a new type of radioactive 

decay called cluster radioactivity. This form of decay involves the nucleus releasing a fragment 

that is larger than an alpha particle but smaller than the smallest fission fragment. During this 

process, a parent nucleus (A, Z) splits into two parts: a daughter nucleus (A1, Z1) and the emitted 

cluster (A2, Z2), following the relations A = A1 + A2 and Z = Z1 + Z2. The term "cluster 

radioactivity" was created in similar to other types of radioactive decay. When a nucleus releases 

a proton, this is called proton radioactivity. When an alpha particle is emitted, it is called alpha 

radioactivity. Similarly, when a nucleus releases a small group of particles (a cluster), it is called 

the cluster radioactivity. 

Cluster decay is different from nuclear fission because, in cluster decay, a small cluster of 

particles is thought to already exist inside the nucleus before it escapes by overcoming the 
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nuclear force barrier. In contrast, during fission, the nucleus gradually changes shape until it 

reaches a critical point (called the saddle point), where the sizes and charges of the two resulting 

fragment is determined. From there, the fragments separate due to the repelling force between 

their charges. Experiments that measure both cluster decay and spontaneous fission at the same 

time show that spontaneous fission happens more quickly than cluster decay. This indicates that 

there is no relationship between the two processes. A further significant difference is that only 

the lighter particles emitted during cluster decay are quantified, whereas both lighter and heavier 

pieces are detected during fission. We can characterize a radioactive nucleus as one that decays 

by releasing a variety of particles, such as clusters heavier than alpha particles, alpha particles 

themselves, beta particles, gamma rays (when the nucleus is in an excited state), or any 

combination of these, since cluster decay competes with alpha decay but differs completely from 

fission. This idea was suggested by Gupta [4] and is illustrated in Figure 1.  

 

Fig. 1: Diagram illustrating various possible modes of spontaneous radioactive decay in the 

nucleus. 

2. A Short Summary of the Experimental Study on Cluster Radioactivity: 

Cluster decay was first observed experimentally in 1984 by Rose and Jones [5] at Oxford 

University, who detected the spontaneous emission of 14C from the decay of 223Ra using a solid-

state counter telescope. The probability of 14C emission relative to alpha decay in 223Ra is 

(8.5±2.5)×10-10, meaning that for every alpha particle emitted, approximately (8.5±2.5)×10-10 

carbon nuclei are also released. However, the reduced width (or preformation probability) of 14C 

is lower by a factor of ~105 to 106, indicating that carbon emissions are significantly less likely 

than alpha decay. Aleksandrov et al. [6] confirmed the spontaneous emission of ¹⁴C decay from 

²²³Ra parent isotopes. In this process, the branching ratio for ¹⁴C decay relative to alpha decay 

was determined to be (7.6 ± 3.0) × 10⁻¹⁰. The researchers employed a ΔE-E detection system to 

analyze the emitted ¹⁴C particles emitted from the source. Subsequently, this discovery was 

independently verified by S. Gales et al. [7] and Price et al. [8]. 
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Experimental observations have confirmed the decay of nuclear clusters such as 14C, 20O, 

24Ne, 28Mg, and 32Si [9,10], which predominantly transform into daughter nuclei in the trans-lead 

region, specifically into doubly magic 208Pb or its neighboring nuclei. Additionally, theoretical 

predictions suggest the existence of another region of cluster radioactivity (CR) in the trans-tin 

region, where emitted clusters decay into daughter nuclei near doubly magic 100Sn [11]. 

Notably, heavier cluster emissions, such as 24Ne from 231Pa, 233U, and 230Th, were first 

detected by Sandulescu and colleagues [12] in Dubna. Bonetti et al. [13] experimentally studied 

the spontaneous emission of neon clusters (22Ne and 24Ne) from 230U using glass track detectors. 

Several research groups worldwide have reported observations of specific cluster decays, 

including 14C emission from 221Fr, 221−224,226Ra, and 225Ac; 20O emission from 228Th; 23F emission 

from 231Pa; 24Ne emission from 230,232Th, 231Pa, and 232−236U; 28Mg emission from 232−236U, 237Np, 

and 236,238Pu; 30Mg emission from 238Pu; 32Si emission from 238Pu; and 34Si emission from 

238,240Pu, 241Am, and 242Cm [14, 15]. 

3. A brief summary of earlier theoretical research on cluster radioactivity in various 

regions: 

Poenaru et al. [16] proposed that all stable nuclei with atomic numbers (Z) > 40, lighter 

than lead, are in a metastable state when it comes to spontaneous cluster decay, based on an 

analytical super-asymmetric fission model. They reported half-lives ranging from 1040 to 1050s 

for nuclei with Z > 62. The authors concluded that parent nuclei with Z > 60 were likely to 

undergo cluster decay, emitting clusters such as 12C, 16O, 30Si, 32Si, 48Ca, 50Ca, and 68Ni. These 

decays, with half-lives T1/2 > 1040s, would result in the formation of daughter nuclei with atomic 

numbers Z = 50-58 and neutron numbers N = 78-82. 

Poenaru, Greiner, and Gherghescu [17] used the ASAFM model to predict a new region 

of proton-rich parent nuclei undergoing spontaneous cluster emission. They calculated the half-

lives and branching ratios for the emissions of 12C, 16O, 28Si, and several other clusters decayed 

from nuclei with proton numbers ranging from Z=56 to 64 and neutron numbers between N=58-

72. Their findings led them to conclude that cluster decay from these proton-rich parent isotopes 

results in the formation of a doubly magic daughter nucleus, 100Sn. 

Gupta et al. [18] investigated possible exotic cluster decay modes of certain stable nuclei 

within the atomic number range of 50 to 82 using the preformed cluster model (PCM). Their 

study revealed that some deformed nuclei, located near the spherical magic numbers at Z = 50 

and 82 and the deformed stable shell at N = 108, exhibit significant instability against various 

heavy cluster decay modes. The authors provided predicted half-life estimates for specific decay 

processes, including the decay of 𝐵𝑎56
120  via 12C and 16O, and the decay of 𝐻𝑔80

186  via8Be, with 

half-lives of approximately ~1022, 1026, and 1028 s respectively. 
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In 1994, Satish et al. [19] studied cluster emissions from 112−120Ba nuclei using a PCM model. 

Their findings indicated that the emission of 4He and 12C from 112Ba was the most probable 

decay mode, with a half-life of approximately 104 s. They identified the shortest half-life for 

112Ba decay via 12C emission, emphasizing the importance of the doubly magic 100Sn daughter 

nucleus in the trans-tin region. 

In 1996, Satish et al. [20] used the PCM model to study cluster decays from neutron-rich 

nuclei such as 146Ba, 152Ce, 156Nd, 160Sm, and 164Gd. These nuclei appeared to be resistant to 4He 

and 10Be decay based on their examination of the shell effects on the binding energies and 

relative preformation probability. Furthermore, they discovered that decays that resulted in the 

daughter being a doubly magic 132Sn nucleus had the shortest half-lives for non-alpha-like 

metastable decays with Q > 0. 

A study on the half-lives of ¹²C decay from Ba isotopes was carried out in 1999 by 

Santhosh et al. [21] who used the Coulomb and proximity potential model (CPPM) to define the 

potential energy barrier. In contrast to the experimentally determined value of 5.620 × 103 s, their 

calculations produced a half-life of 6.020 × 103 s for the ¹²C decay of ¹¹²Ba. The most probable 

decay mode, according to the study, was ¹²C emission from ¹¹²Ba. 

The logarithmic half-lives for the decay of 4He, 8Be, 12C, 20Ne, 24Mg, and 32S from 

different isotopes of the Nd parent were predicted by Santhosh et al. [22] using the CPPM 

model. The 16O and 20Ne emissions from 120Nd had the shortest half-lives, at 1010 s, according to 

their findings. The authors emphasized the significance of the doubly magic 100Sn daughter 

nucleus in the trans-tin region in light of these findings. They also contrasted their estimated 

half-life values for various cluster decay modes with those published by Satish et al. using the 

PCM model, Poenaru et al. using the ASAFM model, and Shanmugam et al. using the CYEM 

model. 

In 2009, Sushil Kumar [23] conducted a study on the decay of 118−132,140−170Ce nuclei, 

focusing on the closed-shell configuration of the daughter nucleus Sn. The study revealed that 

the half-lives of the cluster decay were at their lowest when the neutron number of the daughter 

nucleus (Nd) was 50 or 82, corresponding to a closed-shell configuration. For the Oxygen cluster 

decay from 118−132,140−170Ce isotopes, the shortest decay half-lives were observed at the magic 

numbers Nd=50 and 82. The findings indicate that the minimal half-lives for cluster decay modes 

leading to 100Sn and 132Sn demonstrate the high stability of these nuclei against such decay 

processes. 

Santhosh et al. [24] investigated the influence of neutron magicity on the cluster 

radioactivity. Using the CPPM model, they analyzed the cluster decay half-lives of 15N from 206–

230Ac, 23F from 212–238Pa, 25Ne from 217–240U, and 29Mg from 217–239U. Their findings were 

compared with the results from UNIV, UDL, and Horoi's Scaling Law. This study highlighted 
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the importance of the doubly magic daughter nucleus 208Pb in cluster radioactivity. Moreover, it 

was observed that neutron shell closure played a more significant role than proton shell closure 

in this process. 

In 2013, Santhosh et al. [25] analyzed the stability of isotopes 248−254Cf against alpha and 

cluster decay using the CPPM model. Their study revealed that these nuclei remain stable against 

the emission of light clusters but are unstable when it comes to the emission of heavier clusters 

(A2 ≥ 40). They observed that heavy cluster emissions from these isotopes typically lead to the 

formation of a doubly magic 208Pb nucleus or a closely related nucleus. The authors concluded 

that in most cases of cluster decay, the inclusion of quadrupole deformation (β2) reduces both the 

width and height of the barrier, leading to shorter half-lives. However, they found that 

hexadecapole deformation had no effect on the half-life. 

The decay of 4He, 12C, 16O, 20Ne, and 24Mg from proton-rich platinum isotopes was 

investigated by Deepthy et al. [26] using the efficient liquid drop model. The most likely of these 

decay modes, according to their results, is 4He emission from 166Pt. Additionally, they 

determined that because 12C decay has the shortest logarithmic half-life among platinum 

isotopes, it is the most likely mode. A shell closure effect was also predicted by the study for the 

decays of 16O, 20Ne, and 24Mg at neutron number N=82, also referred to as a magic number. 

Yonghao et al. [27] investigated the possibility of cluster radioactivity (CR) in trans-tin 

region neutron-deficient nuclei in 2020. Several analytical formulas, the GLDM, and the ELDM 

served as the foundation for their analysis. The half-lives of these decays are affected by the 

existence of a Q-value shell effect (shell closure) at Nd = 50 (100Sn), according to this study. 

Additionally, daughter nuclei with Nd = 50 had the shortest cluster decay half-lives, according to 

the investigators. The half-lives of α-like cluster decays that produce isotopes with Nd = 50 are 

also simpler to quantify than those of non-α-like decays, they reported. 

In 2022, Joshua et al. [28] studied the cluster decay half-lives of even-even isotopes of 

barium (112–122Ba) in both their ground and intrinsic excited states along the proton drip line. 

They calculated the decay half-lives using the preformed-cluster decay model (PCM) and 

determined the penetration probability from the interaction potential using the Wentzel-Kramers-

Brillouin (WKB) approximation. Their results showed that the shortest half-lives for the cluster 

decay of 12C from 112–122Ba isotopes occurred when the decay led to the formation of the 

daughter nucleus 100Sn.Additionally, they observed that while excitation plays a role, it does not 

overshadow or negate the effect of nuclear magicity. The study concluded that the calculated 

decay half-lives using both the relativistic R3Y NN potential and the M3Y potential are in 

reasonably good agreement with the experimental lower limit observed for 114Ba. 
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4. Empirical formulas can be used to determine the half-lives of cluster decay: 

Numerous empirical formulas, such as the Royer formula [29], KPS formula [30], UNIV 

formula [31], Ni-Ren-Dong-Xu (NRDX) formula [32], BKAG formula [33],VSS formula [34], 

UDL formula [35], Horoi formula [36,37,38] Viola-Seaborg-Sobiczewski (VS) formula [39], and 

TM formula [40], are commonly used to estimate and predict alpha and cluster decay half-lives. 

In this chapter, we explore the calculation of half-lives using the empirical UDL formula [35] 

proposed by C. Qi et al., the Viola-Seaborg (VS) formula, the scaling law introduced by Horoi et 

al., and the TM formula, which is discussed in detail below. 

4.1 Viola-Seaborg formula (VS) 

Viola and Seaborg proposed the Viola-Seaborg semi-empirical formula, which includes 

various parameters, as expressed in the following form, 

log10T1/2(VS) = (aZP + b)𝑄𝛼
−1/2

 + (cZP + d) + hlog, 

The atomic number of the parent nucleus is denoted as ZP. The four parameters, a, b, c, 

and d are fitting constants with values 1.66175, -8.5166, -0.20228, and -33.9069, respectively. 

The hindrance factor (hlog)is assigned as follows: 

hlog=0 when both Z (proton number) and N (neutron number) are even.hlog=0.722 when Z is odd 

and N is even.hlog=1.066 when Z is even and N is odd.hlog=1.114 when both Z and N are odd. 

4.2 Universal Decay Law (UDL) 

The Universal Decay Law (UDL) for alpha and cluster decay was introduced by C. Qi et 

al., based on the R-matrix theory [41]. This formula applies to the monopole radioactive decay of 

all the clusters. The model depends on the mass and charge numbers of the daughter nucleus and 

the emitted cluster, as well as the Q value. The UDL formula is expressed as follows. 

Log10T1/2(UDL)= aZeZd√
𝜇

𝑄
+ b

√𝜇𝑍𝑒𝑍𝑑(𝐴𝑒

1

3 + 𝐴𝑑

1

3 ) + C 

The reduced mass, denoted as μ given by μ= 
𝐴𝑒𝐴𝑑

𝐴𝑒+𝐴𝑑
where Adand Aerepresent the mass 

numbers of the daughter nucleus and the emitted cluster, respectively. 

4.3 Scaling law of Horoi et al. 

We have determined the half-life of alpha and cluster decays using the empirical formula 

proposed by M. Horoi et al. [36,37,38]. This formula is expressed in terms of the reduced mass 

(μ), with the coefficients a, b, c, and d as predefined constants. 

log10T1/2(Horoi) = (a𝜇0.146+ b)[(ZeZd)
(0.613)/√𝑄 − 7] + (c𝜇0.416 + d); 

where Ze and Zd stand for the atomic numbers of the emission and daughter nuclei, and 

T1/2 is the cluster decay half-life. a = 9.1, b = -10.2, c = 7.39, and d = -23.2 are the four sets of 

factors. 
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5. Conclusions:  

This chapter discusses past theoretical and experimental studies on cluster radioactivity, 

especially in elements beyond the trans-tin and trans-lead regions.Scientists have developed 

various empirical formulas (models) to describe alpha and cluster emissions.Some of these 

include the Royer formula, BKAG formula, TM formula, VSS formula, UNIV formula, UDL 

formula, Viola-Seaborg-Sobiczewski (VS) formula, Horoi formula, KPS formula, and NRDX 

formula.The study of magic numbers in nuclei and their shell structures is important for 

understanding the cluster radioactivity. According to the nuclear shell model and other 

theoretical studies, nuclei with a specific number of protons and neutrons (magic numbers) are 

more stable. Research has mainly focused on doubly magic nuclei, as predicted by the nuclear 

shell model. Cluster decay often results in doubly magic daughter nuclei like 100Sn and 208Pb, 

which are experimentally easier to observe. This was confirmed experimentally. 
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Abstract: 

In this research work, we studied the modified gravity models. In these models, we 

focused on f(R) gravity models in which we generalize the General Theory of Relativity. Other 

modified gravity models on which my research is focused, are Scalar-Tensor theories, 

Braneworld models etc. We studied the chameleon mechanism for some viable f(R) gravity 

models. We use the Gravitational Waves as a tool to constrain our models. The study of 

polarization modes of Gravitational Waves in modified gravity models is very important. 

1. Introduction: 

Einstein's General Theory of Relativity (GTR) predicts the existence of the Gravitational 

Waves (GWs). The observation of GWs is also a test of GTR. But the dark energy and dark 

matter problems in cosmology require the modification of GTR. We have many observational 

evidences of dark energy like Supernovae type Ia, Baryon Acoustic Oscillation (BAO), Cosmic 

Microwave Background anisotropies, weak gravitational lensing etc. [1-3]. Dark energy 

accelerates the expansion of the present universe. The approaches to modify the GTR are broadly 

classified in two classes (i) modified gravity models (ii) modified matter models. In modified 

gravity models [4-10], we modify the gravitational part of the Einstein-Hilbert action in different 

ways. There are many modified gravity models like f(R) theory, Scalar-Tensor theories, 

Braneworld models, Gauss-Bonnet dark energy models etc.[12-19,27]. In modified matter 

models an extra component of matter is added in the energy momentum tensor of GTR. 

Quintessence, k-essence and phantom dark energy models etc., are examples of modified matter 

models [20-24]. The standard model of cosmology also known as Lambda Cold Dark Matter 

(ΛCDM) model is a perfect model to explain the late time cosmic acceleration but it faces the 

problems with cosmological constant Λ. 

The observation of flat rotation curves of galaxies [10,11] and gravitational lensing 

indicate the presence of new matter often known as dark matter. Rather strangely, this matter 

does not experience the electromagnetic interaction, even though it has the gravitational 

interaction with the normal matter and radiation. The fundamental nature of the dark matter is 

still mysterious. There are some famous candidates of dark matter like weakly interacting 
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massive particles (WIMPs). At the same time, there exist several alternative approaches to 

explain the effects of dark matter in modified gravity theories. Dark matter and dark energy 

problems are explained by scalar field in several references [23, 25]. Some authors studied the 

oscillations of the scalar field [24, 26]. 

𝑓(𝑅)gravity is one of the simplest modified gravity model. In this model, we mainly 

study the dark energy problem of the Cosmology. Beside the dark energy problem, we study the 

inflation and dark matter problem in 𝑓(𝑅) models. Till now we do not have complete form of 

𝑓(𝑅), which can explain the whole evolution of the universe. Different observations like Cosmic 

Microwave Background, Lensing, Large Scale Structure etc. are used to constrain the theoretical 

models of gravity and 𝑓(𝑅) gravity models also. 

Since GWs can act as a tool in constraining the different gravity models, it is important to 

study the GWs in 𝑓(𝑅) gravity. Authors have used the data of observed GW170817 and 

GRB170817A to impose the conditions on the parameters of different modified gravity models 

along with 𝑓(𝑅) models [28, 29]. The polarization modes and speed of GWs in 𝑓(𝑅) models and 

other modified gravity models have been studied in some references [30-32]. It is found that 

these parameters of GWs in modified gravity are different from those in the General Relativity 

(GR). In General Theory of Relativity (GTR), we have two polarization modes + and × of 

gravitational waves. Speed of GWs is equal to that of the speed of light in GTR. In 𝑓(𝑅) gravity 

we have an extra scalar mode of polarization and a breathing mode of GWs. 

The detection of recently observed gravitational waves by the Laser Interferometer 

Gravitational-Wave Observatory (LIGO) Scientific Collaboration and VIRGO Collaboration 

further supports Einstein’s General Relativity (GR) and provides a new tool to study 

gravitational physics [33]. In order to confirm gravitational waves predicted by GR, it is 

necessary to determine the polarization of gravitational waves. This can be done by the network 

of ground-based detectors such as the LIGO (United States), VIRGO (France-Italy), GEO 

(Germany-United Kingdom), and KAGRA (Japan). They are geared to operate in the range of a 

few tens of Hz to kHz range. There are also plans for future ground-based detectors in Australia 

(AIGO) and in our country India (INDIGO). The Laser Interferometric Space Antenna (LISA) is 

also a proposed space mission to observe low-frequency GW in the range of 0.1 MHz to 0.1 Hz. 

In the recent GW170814, the Advanced VIRGO detector joined the two aLIGO detectors, so 

they were able to test the polarization content of gravitational waves for the first time. The 

polarization of a wave gives information about the geometrical orientation of oscillations. A 

common method to discuss polarization modes (PMs) of GWs in the linearized theory consists of 

metric perturbations around Minkowski background. 

In GR, the gravitational wave propagates at the speed of light and it has two polarization 

states, the plus and cross modes. 
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Because of the advancement of GW probes, several scientists attempted to test the 

deviation in the Einstein-Hilbert gravity action integral by studying the properties of GWs. It is 

usually started by assuming Einstein’s GR as a null hypothesis and then considering 

deformations away from GR. It is started from a particular modified gravity model, developing 

its equations and solutions, and it predicts certain observables that then might or might not agree 

with the experiment. With alternate theories of gravity, one has complete control over the theory 

under study and is able to write down the full equations of motion, answer questions about the 

well-posedness and stability of solutions, and predict observables in the context of planned future 

probes. 

2. Lambda Cold Dark Matter (𝜦CDM) Model: 

To study the GWs in ΛCDM model and modified gravity theories, we take perturbation 

in the field equations of these theories. Here, we will give some basic equations, that will be used 

in our analysis. 

The action for ΛCDM model is:  

𝐴 =  
1

16𝜋𝐺
∫ 𝑑4𝑥(𝑅 − 2𝛬) + 𝐴𝑚  (1) 

where 𝐺 is the universal gravitational constant, 𝐴𝑚  is the action of matter fields and 𝑅 is 

the Ricci scalar. The variation of the action (1) with respect to metric tensor 𝑔𝜇𝜈 gives the field 

equations as: 

𝑅𝜇𝜈 −  
1

2
𝑔𝜇𝜈𝑅 +  𝛬𝑔𝜇𝜈 = 8𝜋𝐺𝑇𝜇𝜈 (2) 

where 𝑅𝜇𝜈 is the Ricci tensor and 𝑇𝜇𝜈 is the energy-momentum tensor of the matter. 

On taking the perturbation in the space-time metric 𝑔𝜇𝜈, we get the perturbation 

equations of the field equations (2). The tensor modes of GWs in 𝑓(𝑅) models are same as those 

in the General Theory of Relativity (GTR). Therefore, we would focus on the scalar modes of 

GWs in modified gravity theories. To make a comparative study of the gravitational waves in 

𝛬CDM model and modified gravity, we would study perturbation in the field equations of these 

theories. 

3. 𝒇(𝑹) gravity models: 

𝑓(𝑅)gravity is one of the simplest modified gravity model. There are three formalisms to 

derive the field equations of 𝑓(𝑅) gravity, (i) metric formalism (ii) Palatini formalism and (iii) 

metric-affine formalism. As the number of polarization modes of GWs are different in metric 

and Palatini formalisms, from the observations of GWs, we would find out the suitable 

formalism in 𝑓(𝑅) gravity. The action of the 𝑓(𝑅) model is given as 

𝐴 =  
1

16𝜋𝐺
∫ 𝑑4𝑥𝑓(𝑅) + 𝐴𝑚  (3) 
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where 𝑓(𝑅) is a general function of Ricci scalar.  

The variation of the action (3) w.r.t. 𝑔𝜇𝜈 gives  

𝐹(𝑅)𝑅𝜇𝜈 −  
1

2
𝑔𝜇𝜈𝑓(𝑅) −𝛻𝜇𝛻𝜈 𝐹(𝑅) + 𝑔𝜇𝜈 ⎕𝐹(𝑅) = 8𝜋𝐺𝑇𝜇𝜈 (4) 

Where 𝐹(𝑅) =  
𝜕𝑓(𝑅)

𝜕𝑅
, 𝛻𝜇 is the covariant derivative and ⎕ is the D’Alembertian 

operator. The trace of the field equation (4) is given by 

3⎕𝐹(𝑅) +  𝐹(𝑅)𝑅 − 2𝑓(𝑅) = 8𝜋𝐺𝑇 (5) 

where 𝑇 =  −𝜌 + 3𝑝. Here 𝜌 and 𝑝 are the energy density and pressure of the matter, 

respectively. In the form of Klein-Gordon equation, the potential of the scalar field depends upon 

the trace of the energy-momentum tensor. The mass of the scalar field particle becomes larger in 

the high density region of the non-relativistic matter. 

We rewrite the action (3) in the form 

𝐴 =  
1

16𝜋𝐺
∫ 𝑑4𝑥 (

𝐹(𝑅)𝑅

2𝜅2
− 𝑈) + 𝐴𝑚  (6) 

where 𝑈 =
𝐹(𝑅)𝑅−𝑓(𝑅)

2𝜅2 . For the solution of dark matter problem we consider the Einstein 

frame. It is possible to derive an action in the Einstein frame under the conformal transformation 

 𝑔𝜇𝜈̃ =  𝛺2 𝑔𝜇𝜈 (7) 

where 𝛺2 is the conformal factor and a tilde denotes the quantities in the Einstein frame. 

Thus, the action (6) under the conformal transformation is transformed as 

𝐴 =  
1

16𝜋𝐺
∫ 𝑑4𝑥√−𝑔̃ [

1

2𝜅2
𝐹(𝑅)𝛺−2(𝑅̃ + 6⎕̃𝜔 − 6𝑔𝜇𝜈̃𝜕𝜇𝜔𝜕𝜈𝜔) − 𝛺−4𝑈] + 𝐴𝑚  (8) 

where 𝜔 = 𝑙𝑛𝛺; 𝜕𝜇𝜔 ≡  
𝜕𝜔

𝜕𝑥𝜇̃  

The action (8) becomes linear in 𝑅̃ by choosing  

  𝛺2 = 𝐹(𝑅) (9)  

We consider a new scalar field 𝜙 defined by 

 𝜅𝜙 = √
3

2
𝑙𝑛𝐹 (10) 

Using these relations the action in Einstein frame is given as 

𝐴 =  
1

16𝜋𝐺
∫ 𝑑4𝑥√−𝑔̃ [

1

2𝜅2
𝑅̃ −

1

2
𝑔𝜇𝜈̃𝜕𝜇𝜙𝜕𝜈𝜙 − 𝑉(𝜙)] + 𝐴𝑚  (11) 

where 𝑉(𝜙) =  
𝑈

𝐹2 =  
𝐹𝑅−𝑓

2𝜅2𝐹2. 

4. Gravitational Waves in 𝒇(𝑹) gravity models: 

To derive the equations of GWs, we take perturbations in the metric tensor 𝑔𝜇𝜈 and scalar 

field 𝜙 given as 

  𝑔𝜇𝜈 = 𝑏𝜇𝜈+ ℎ𝜇𝜈 (12)  
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 𝜙 = 𝜙𝑚𝑖𝑛 + 𝜑 (13) 

where 𝑏𝜇𝜈 is the background metric and ℎ𝜇𝜈 is the small perturbation in the background 

metric. 𝜙𝑚𝑖𝑛 is the value of the scalar field at which the effective potential of the scalar field is 

minimum and 𝜑 is the small perturbation. 

Now taking the first order perturbation in field equation, we get the perturbed equation 

given as  

(𝛻𝜇
𝑏𝛻𝜈

𝑏 − 𝑏𝜇𝜈⎕𝑏 −  𝑅𝜇𝜈
𝑏 )𝜑 =  𝜙𝑚𝑖𝑛 𝛿𝑅𝜇𝜈 −  

1

2
𝜙𝑚𝑖𝑛𝛿𝑅𝑏𝜇𝜈 −

1

2
𝑓(𝑅𝑏)ℎ𝜇𝜈 

 −
1

2
𝑏𝜇𝜈(2∇α

bℎ𝜌
𝛼 − ∇ρ

bℎ)∇𝑏
𝜌

𝜙𝑚𝑖𝑛 − 𝑏𝜇𝜈ℎ𝛼𝛽∇α
b∇β

b𝜙𝑚𝑖𝑛 

 + 
1

2
(∇μ

bℎ𝜈𝜌 +  ∇ν
bℎ𝜇𝜌 − ∇ρ

bℎ𝜇𝜈)∇b
ρ

𝜙𝑚𝑖𝑛 (14) 

where the covariant derivatives are calculated in the background metric. Now taking the 

perturbations in the trace equation, we get 

(⎕𝑏 −  𝑚𝜑
2 )𝜑 =  −

1

3
𝜙𝑚𝑖𝑛ℎ𝜇𝜈𝑅𝜇𝜈

𝑏 +
1

6
 𝑓(𝑅𝑏)ℎ +

1

2
(2∇μ

bℎ𝜌
𝜇

− ∇ρ
bℎ)∇b

ρ
𝜙𝑚𝑖𝑛 +

4

3
ℎ𝜇𝜈∇μ

b∇μ
b𝜙𝑚𝑖𝑛 (15) 

The mass of the scalar mode of the GWs (𝑚𝜑) is given as 

𝑚𝜑
2 =  

1

3
(

𝑓′(𝑅𝑏)

𝑓′′(𝑅𝑏)
−  𝑅𝑏) (16) 

  where 𝑓′(𝑅𝑏) and 𝑓′′(𝑅𝑏) are first and second derivatives of 𝑓(𝑅) with respect to 𝑅 at 

the value of Ricci scalar for background metric. Since the mass of the scalar mode depends upon 

the form of 𝑓(𝑅) models, we would investigate the different cosmologically viable 𝑓(𝑅) model. 

Here, we have neglected the perturbation in the energy momentum tensor. But, if we do not take 

matter into account, chameleon mechanism will not work. We can consider the matter and see its 

effect on the GWs through chameleon mechanism. We have studied the dark matter as scalaron 

in 𝑓(𝑅) =
𝑅1+𝛿

𝑅𝑐
𝛿  gravity model [54], in which the mass of the scalar field particle is environment 

dependent.  

In modified gravity, the energy density of the non-relativistic matter in the environment 

plays an important role. In ΛCDM model, the mass of the scalar field becomes infinite and 

propagation of the scalar mode ceases. While in the 𝑓(𝑅) models, the mass of the scalar mode is 

finite but increases with the increase in the energy density of non-relativistic matter. Therefore, 

the detection of scalar modes is possible in 𝑓(𝑅) or modified gravity models. In the earth's 

environment, the mass of the scalar field particle becomes very high and the propagation of the 

scalar mode of GWs ends. Thus, the scalar mode of GWs is suppressed in the earth's atmosphere 

and we get only tensor modes of GWs. The results of the space based GWs detectors will be very 

useful for results of our proposed research. 



Bhumi Publishing, India 

48 
 

The Indian Initiative in Gravitational-wave Observations (INDIGO) is actively involved 

in establishing the GW detectors in India [34-40]. The Institute of Plasma Research (IPR) in 

Bhat, the Inter-University Centre for Astronomy and Astrophysics (IUCAA) in Pune, and the 

Raja Ramanna Centre for Advanced Technology (RRCAT) in Indore are the three leading 

national institutes in the INDIGO partnership. INDIGO presently has over 100 scientists on 

board, with members hailing from a variety of countries. The group wants to use them to learn 

more about gravity's core physics and to advance the discipline of gravitational wave science as 

an astronomical discovery tool [41-48]. 

The hunt for general deviations in Einstein's GR theory is being fueled by future GW 

probes, which has become a very active topic in recent years [49-53]. 

5. Conclusions and future directions: 

Our study will give us knowledge about a viable theory of gravity. So far we have a lot of 

research on the production of GWs in ΛCDM model. We do not know what new properties of 

GWs will arise in a modified gravitational theory. My proposed research will attempt to answer 

this question. It will crucially decide, which of the two theories-GR or the modified gravity 

represents the correct model for the evolution of the universe. In future observations, if we are 

able to find the scalar modes of polarization in GWs, it will favor the modified gravity. My 

research will make a significant contribution in answering these questions which are unknown at 

present. In the proposed research work, I will investigate the modified gravity models in dealing 

with dark energy and dark matter problems. The importance of the proposed study lies in the fact 

that it will attempt to answer the crucial questions about the evolution of the universe by 

resolving the conflict in the choice of the cosmological models. It is known that the Lambda 

Cold Dark Matter model has been quite successful in explaining the dynamics of the universe 

across the early to present epochs, but the puzzles of the dark matter, dark energy and the 

cosmological constant problem (why its present value as the dark energy is too small?) are 

unsolved in this model. The problem of dark matter mainly cropped up seriously after the 

galactic rotation profiles were found as flat, and this model could explain it only by assuming the 

existing of an exotic form of matter, known as dark matter. Similarly, the Supernovae type I 

observations in 1998 indicated an accelerated expansion of the universe, which this model 

explained by assuming as being driven by a cosmological constant, or by dynamical dark energy, 

in some of its variants. Neither dark matter nor dark energy has so far been detected in 

experiments.  

The well known cosmological constant problem within this model further complicates the 

issue, which remains unsolved. Being motivated to avoid the need of dark matter and dark 

energy, the Principal Investigator and his group have already worked in the alternative modified 

versions of Einstein's gravity that would give rise to modified cosmological models. These 
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models are based on very small modification in the geometric part of the Einstein-Hilbert action 

and produce their own scalar field that can be seen to be minimally coupled in Einstein's frame. 

Our past work has shown that this approach of understanding gravity can reproduce well the 

effects conventionally attributed to the hitherto unknown dark matter and dark energy as 

mentioned above. This was shown to be supported by the astrophysical observations of galactic 

rotation profiles and light deflection angles etc. 

Of course, that is not enough and we need some strong physical perspective to prefer our 

model to the Lambda Cold Dark Matter model. Searching for this perspective, we soon realized 

that the gravitational waves, first discovered at the advanced LIGO and Virgo detectors in 2015 

and subsequently for various objects including neutron star mergers etc., could provide a 

powerful tool for observational diagnostics leading to a viable cosmological model. 

The present proposal is set to sail in this state of uncertainty and confusion, and therein 

stands the strong urge to distinguish among the cosmological models. We plan to study the 

gravitational waves, especially their polarization and various effects that the scalar fields produce 

in modified gravity. Of course, such effects would be absent in Lambda Cold Dark Matter 

model. Thus, the scalar modes in gravitational waves, if detected in future observations at India-

LIGO or elsewhere, will clearly go in favour of modified gravity. On the other hand, if they are 

not detected at the earth-based detectors, we can further constrain the models with some kind of 

chameleon mechanism, that may act as a screening mechanism. 

Our stuy provides us knowledge about a viable theory of gravity, may also save money in 

searches for candidates as dark matter and dark energy. At present, we have a lot of research on 

the production of GW's in ΛCDM model, but we do not know much which new properties of 

GW's will arise in a modified gravity.  

Our research will also attempt to answer this important question. It will crucially decide, 

which of the two theories - GR or the modified gravity at cosmic scales represents the correct 

model for the evolution of the universe. The study will also open several questions to be settled 

by future experiments in gravitational waves leading to the concordance model. Our research 

will make a significant contribution by answering these questions which are unanswered at 

present. 
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Abstract: 

Smart Manufacturing attempts to maximize the capabilities of sustainable 

competitiveness considering the following parameters that are cost, quality, quantity, delivery, 

and flexibility. In this study the typical characteristics of smart manufacturing are discussed 

which includes collaboration and integration network, service-oriented manufacturing, 

knowledge-intensive innovation, customer oriented and other approaches. Smart manufacturing 

presents the following key characteristics contributing to shaping the future of manufacturing 

enterprises. SM realizes collaborative design, distributed manufacturing, collective innovation, 

virtualization of resources, customer and service oriented with environmental, economical, and 

social sustainability. Smart manufacturing based on an open platform, open architecture, and 

open marketplace which is flexible, affordable and accessible to all. Smart manufacturing 

provides standardized services over collaborative networks, no need to buy hardware and 

software but services. 

Keywords: Smart Manufacturing System; Characteristic. 

1. Introduction: 

Smart Manufacturing Systems (SMS) attempt to maximize cost delivery flexibility and 

quality by using advanced technologies that promote rapid flow and widespread use of digital 

information within and between manufacturing systems. SMS use information and 

communication technologies along with intelligent software applications to optimize the use of 

labor, material, and energy to produce customized, high quality products for on time delivery 

with faster, more responsive and closer to customers and quickly respond to changes in market 

demands and supply chains. SMS is also characterized by distributed, decentralized, and 

networked compositions of autonomous systems [1]. Digitization of every manufacturing part for 

interoperability and enhanced productivity. The typical characteristics of factories of the future 

shown in Fig. 1. 
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Fig. 1: Characteristics of factories of the future [2] 

2. Collaboration and Integration Network: 

Smart Manufacturing cloud based open access platform provide highly accessible, 

industry driven, and enabling infrastructure. The SM platform, architecture, and marketplace 

supports real time, high value applications for manufacturers to optimize production systems and 

value chains to radically improve sustainability, productivity, innovation, quality, and customer 

service. It presents a transformative business model, enabling companies of all sizes to gain easy, 

affordable, and timely access to an infrastructure and modeling, simulation and analytical 

technologies that can be tailored to meet cross industry business case requirements [3].  

 

Fig. 2: Collaboration and integration platform of SM [4] 

As shown in Fig. 2, distributed manufacturing resources are interconnected through a 

cyber infrastructure and providing a shared open platform to promote cooperation. Through 

interoperability data can be share by software and hardware on different machines from different 
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vendors in network enterprises [5]. Cloud based SM platform create a cyber business 

environment, where any suppliers or prosumers can easily find cooperative partners meeting 

their requirements [6]. This can be achievable by the digitization and virtualization of 

manufacturing resources. SM system predicts, solves, improves, manages, and controls problems 

of production and link to actual one in virtual environment [7]. IoT based collaborative 

manufacturing can be realized using various networking technologies which enabled the 

collaboration and sharing of manufacturing resources for geographically or remote users. 

Different types of industries can converge in the SM open platform which can produce 

innovative products and services [8]. Distributed manufacturing resources can be interconnected 

to provide a shared platform for cooperation in humans-computers-things collaborative 

manufacturing environments [9]. Virtual pool of diverse manufacturing resources can be used 

through convenient and flexible pay as you go mode. Similarly, cloud system facilitates the 

management and sharing of manufacturing data and information in the SM environment [6]. 

 

Fig. 3: Quirky collaborative and integration business model [8] 

Social platform in enterprise environments enables through social networks and social 

media for social interaction and business collaboration. Integrating social media technology with 

customer relationship management makes easier and immediate collaboration, internally or 

externally in enterprises. One of the examples is open platform Quirky as shown in Fig.3, turns 

people’s ideas into products through interaction between online global communities and their 

expert product design staff with consumer to provide collaborative or open innovation in global 

context. Anyone can submit an idea and communities can vote the ideas and offers comments. If 

the idea passes through community evaluation, then design, prototype, outsourcing for 

manufacturing the product which can sold directly through Quirky website as well as through 

retail chains [8]. 
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3. Service-oriented Manufacturing: 

High quality services in manufacturing enterprises can be realized through cloud based 

smart manufacturing system [1]. Goods and services are becoming indistinguishable and are co-

produced as servgoods in real time mass customization of SM environment where consuming 

customers are at the same time the co-producing producers. In addition SM is about integration 

of demand and supply chain or we can say supply chain becomes demand driven chain.Smart 

manufacturing services can be considered as ‘manufacturing as service’ [6] because it includes 

infrastructure as a service (IaaS), platform as a service (PaaS), software as a service (SaaS), 

workflow as a service, marketplace as a service, design as a service, production as a service, 

testing as a service, and logistic as a service as shown in Fig.4. SM environment provides almost 

all services through open platform with the help of cheaper and affordable emerging networks. It 

also provides standardized services over collaborative networks, no need to buy hardware and 

software but services. Virtual pool of diverse manufacturing resources can be used through 

convenient and flexible pay as you go mode. Similarly, cloud system facilitates the management 

and sharing of manufacturing data and information in the SM environment [6]. Open architecture 

of workflow as a service provides IT resources, cloud resources, enable enterprise modeling, and 

accessible infrastructure in heterogeneous manufacturing environment. 

 

Fig. 4: Manufacturing as a Service [6] 

Smart manufacturing opens up new ways of creating value and employment, for example 

through downstream services. In order to provide innovative services smart algorithms can be 

applied to the big data recorded by smart devices. There are particularly significant opportunities 

for SMEs and business to business (B2B) services for smart manufacturing. SM provides global 

services through global manufacturing [6]. The current workforce will get continuous improving 
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training and also smart manufacturing is supporting next generation workforce to create flexible 

workforce environment, and also provides distributed capacity for skill formation in young 

people. Service oriented smart manufacturing adopted the idea of service oriented architecture 

(SoA) National institute of standards and technology is developing service oriented architecture 

for smart manufacturing to include cloud, on premise, and hybrid service oriented systems with 

scalable mechanisms of manufacturing resources in real time. And also performing 

composability analysis of software and physical manufacturing resources. 

4. Knowledge-intensive Innovation: 

Smart Manufacturing emphasizes the importance of knowledge that encourages 

knowledge reuse in innovative manufacturing, since innovation has become one of the most 

critical factors in manufacturing enterprises competitions [9]. Best use of knowledge helps to 

establish and achieve efficient and effective production of products and services in the SM 

environments. SM is the knowledge based intelligent manufacturing which helps in wisdom 

generation. In addition, intelligent processing and real-time decision making for wisdom 

generation is enabling by artificial intelligence (AI), for example evolutionary algorithm and 

neural networks. Wisdom is to establish and achieve goals using the knowledge. Wisdom 

manufacturing is featured by the best use of knowledge with blended intelligence [8]. 

 

Fig. 5: Cloud based knowledge intensive manufacturing [4] 

As shown in Fig. 5, knowledge and AI technologies are pervasive to providing support 

for product and service life cycle. It plays important role in promoting innovation and improving 

efficiency in all stages of product life cycle and also cloud services for whole life cycle. 

Knowledge may come from any cloud users ranging from craftsman to professionals. 

Manufacturing cloud provides a social platform for communicate and share ideas through which 

collective innovation or social innovation can be achieved [1]. 
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5. Customer Oriented and other Approach:  

Smart manufacturing is connecting and integrating customers in a new ways. Data and 

information gathered through intelligent products and services can enable manufacturers to better 

understand their customers and provides improve the aftermarket experience and Market and sell 

products and services more intelligently. More transparent interaction of object and customer to 

produce personalized tailor made products and services [10][8]. Customer can know the status of 

their product in the manufacturing plant. Other characteristics includes plug and produce, which 

is similar to plug and play computing concept, scalability of manufacturing resources and 

services through model based manufacturing, modularity where smart factory are assembled 

from flexible production modules connected to standardized infrastructure to meet changing 

requirements and capacity needs [7], multimodal interaction in augmented reality manufacturing 

environment, safety, security and more confidence manufacturing [6]. 

6. Conclusions 

Major concluding remarks on characteristics of smart manufacturing are given below: 

• Dynamic collaboration and seamless integration with efficient interoperability can be 

achievable in smart manufacturing environments. 

• Through open, affordable, and accessible SM platform to marketplace transforming the 

manufacturing industry from a product oriented to service-oriented manufacturing.  

• Manufacturing cloud act as a knowledge cloud in which multidisciplinary knowledge is 

polled that will promote knowledge intensive collaborative innovation in smart 

manufacturing environment 
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Abstract: 

One innovative photovoltaic technology that has cheap production costs, excellent power 

conversion efficiency, and ease of manufacturing is perovskite solar cells (PSCs). The 

construction of cells uses metal halide perovskite materials because of their remarkable 

optoelectronic properties, which include an adjustable bandgap characteristic, high absorption 

capacity, and extended carrier diffusion lengths. With rapid advancements over the last decade, 

PSCs now have power conversion efficiency comparable to that of actual silicon solar cells. 

Before PSCs can be widely used, they must solve the issues of lead pollution's effects on the 

environment, system scalability needs, and durability limits. The principles of perovskite solar 

cells are thoroughly covered in this chapter, along with updates on new materials and devices 

and methods to extend their lifetime and operational power. This discussion also focuses on 

future opportunities for PSC deployment with tandem devices, different compositions, and 

scalable deposition methods. Recent technological developments and existing constraint 

solutions promise that perovskite solar cells will transform the future of renewable energy 

generation. 

Keywords: Perovskite Solar Cells (PSCs), Photovoltaics, Stability and Degradation, Fabrication 

Techniques, Perovskite Absorber Layer. 

1. Introduction: 

Renewable energy is still important for two primary reasons: it contributes to better living 

conditions in local economies, enhances national power networks, and regulates climate trends 

[1]. As the world's energy consumption rises and its finite resources diminish, the shift to 

renewable energy is essential for sustainable development. This shift reduces adverse 

environmental impacts, promotes technological advancements, and generates job possibilities 

[2]. Renewable energy sources, such as solar, wind, and hydropower, are essential for reducing 

greenhouse gas emissions because they effectively lower the risks associated with climate 
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change [3]. The global carbon footprint is reduced when these renewable energy sources are used 

more widely because they lessen a country's reliance on fossil fuels for energy [4]. The 

implementation of renewable energy improves energy security by diversifying energy sources 

and reducing reliance on imported fuels. Due to the substantial rise spurred by the growing 

interest in renewable energy investments, 86% of global power output increased in 2023 [5]. In 

addition to improving social development and lowering poverty rates nationwide, the renewable 

energy industry is a major employer. Green technology evaluations spur economic growth, 

which in turn supports creative industries and increased market competitiveness [5]. Despite its 

well-established benefits, renewable energy confronts a number of obstacles, including high 

upfront costs, the need to build infrastructure, and limited market accessibility. The successful 

resolution of persistent operational issues is necessary for the full realization of sustainability 

through renewable sources [6]. In order to generate sustainable energy from solar energy, which 

has enormous potential as a renewable power source, photovoltaic technology is crucial [7]. The 

evolution of solar cells advanced significantly with the creation of perovskite solar cells (PSCs) 

[8].These cells are the subject of scientific research due to their excellent functioning, low-cost 

manufacturing processes, and tunable optoelectronic properties. Perovskite materials are defined 

by the AMX3 crystal structure as a collection of chemicals that are present in this structure [9]. 

Methylammonium (MA), formamidinium (FA), and cesium (Cs) are among the organic or 

inorganic cations that make up the "A" ingredient of perovskite under this structure. The "X" 

element denotes a halide anion composed of iodide (I⁻), bromide (Br⁻), or chloride (Cl⁻), while 

the "M" component represents a metal cation, such as lead (Pb) or tin (Sn) [10]. Perovskite's 

unique raw material combination enables the materials to efficiently absorb light energy and 

transfer charges in the direction of solar energy conversion. PSCs were first presented in 2009 by 

research by Kojima et al., which yielded an initial efficiency of 3.8% [11]. Since 2009, the 

research field has advanced astronomically, leading to PSC efficiency above 26% [12]. This 

significant increase in efficiency puts perovskite solar cells on par with conventional silicon solar 

cells, suggesting that solar technology approaches will likely be replaced in the future [13]. 

Researchers have demonstrated ongoing PSC progress, demonstrating their significance in 

creating cost-effective, efficient renewable energy solutions. Researchers who examine the 

scalability and stability of perovskite solar systems can help expand the use of solar energy, 

improving environmental sustainability worldwide [14]. This chapter explores the basic ideas, 

current developments, and prospective future applications of PSCs, providing information on 

their potential for broad commercialization. 

2. The Role of Solar Cells in Clean Energy Solutions: 

The role of solar cells in clean energy solutions is pivotal, as they harness sunlight to 

generate electricity, contributing significantly to sustainable energy systems. Recent 
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advancements in solar technology, including developmentof various types of solar cells, have 

enhanced their efficiency and economic viability.  

2.1 Types of Solar Cells 

• First-generation Solar Cells:The first-generation solar cell in PV technology is a single-

junction cell made of wafers composed of single crystals or polycrystals[15]. Silicon-

based solar cells are currently leading the PV market due to their "reasonable" processing 

cost and efficiency of 26% or higher[16]. Nevertheless, the drawback of silicon-based 

solar cells is their high cost and rigorous preparation requirements. 

• Second-generation solar Cells: The amorphous silicon CIGS and CdTe, as well as thin-

film photovoltaic devices, constitute the foundation of second-generation solar cells. 

Conversely, thin-film methods based on III-V semiconductors demonstrated high 

efficiency[17]. Consequently, this technology is less expensive; yet, the drawback of 

thin-film technology is that its power conversion efficiency (PCE) is comparatively lower 

than that of traditional crystalline silicon technology. 

• Third-generation Solar Cells: Dye-sensitized solar cells (DSSCs), organic, quantum dot 

cells, polymer, and perovskite solar devices are all included in third-generation PV 

technology[18]. Perovskite materials' benefits, including their low raw material costs, 

superior PV performance, and simple production conditions, are driving study. The 

current study is predicated on perovskite solar cells. 

2.2. Crystal Structure and Material Properties 

 

Fig. 1:Shows the crystal structure of perovskite materials [19]. 
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A mineral having the chemical formula CaTiO3 (calcium titanium oxide) is referred to as 

having a perovskite crystal structure. This mineral was named after Russian mineralogist L. A. 

Perovski by Gustav Rose, who discovered it in the Ural Mountains of Russia in 1839. This 

identical crystal structure can be found in materials with the general chemical formula AMX3, 

where X is an anion and M and A are cations with varying ionic radii, with "M" being smaller 

than the "A" atoms. The perfect perovskite structure (AMX3) is made up of a cubic cell with the 

M cation in the octahedral form 6-fold coordinated by X anions and the A octahedrally 

coordinated at the cubic cell's corners via 12-fold cuboctahedral coordination (Fig. 1) [20][21]. 

Chlorine (Cl), bromine (Br), or iodine (I) can be the X anion for the halide-based perovskite. The 

M cations are Sn (Sn2+), Germanium (Ge2+), or lead (Pb2+). EA (ethylammonium, 

CH3CH2NH3+), Rubidium (Rb+), MA+ (methylammonium, CH3NH3
+), FA (formamidinium 

NH2CH = NH3
+), and Cesium (Cs+) are examples of M cations [22]. The stability of the crystal 

structure in the perovskite cubic structure is greatly dependent on the relative ion size.  

Perovskite solar cells (PSCs), which are distinguished by their distinct optoelectronic 

characteristics and promise for high efficiency at low production costs, represent a substantial 

breakthrough in photovoltaic technology. Due to the worldwide interest in this discovery, 

significant advancements in stability, efficiency, and marketing tactics have been made. The 

salient features of this development are delineated in the subsequent sections. 

3 Unique Properties and Efficiency 

Perovskite materials exhibit high light absorption coefficients and long carrier diffusion 

lengths, enabling impressive power conversion efficiencies [23]. Recent advancements have seen 

efficiencies surpassing traditional silicon cells, particularly in tandem configurations [24]. 

3.1 Integration and Stability Challenges 

The integration of PSCs with energy storage systems has been challenging due to 

electrical mismatches and stability concerns.Innovations such as solid-state electrolytes have 

been developed to enhance stability and efficiency in integrated systems [25]. 

3.2 Commercialization Efforts 

The transition from laboratory to commercial production faces hurdles, including 

scalability and reproducibility of manufacturing processes.Automation and machine learning are 

being leveraged to optimize material combinations and streamline production [24]. 

At present, perovskites are being actively investigated wherein the power conversion 

efficiency has surpassed 25% (Fig.2). The fact that the power conversion efficiency has 

advanced so quickly in such a short time that it is starting to catch up to other technologies 

(silicon (Si) and thin film) is even more remarkable. It was even more impressive to see these 

results. Research on novel materials that exhibit PV effects and low-cost device architectures that 

allow for exceptional efficiency has been ongoing for several years. It has demonstrated 
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exceptional performance in solar cell applications, according to reports. Accordingly, there are a 

few explanations for the tremendous efficiency of perovskite solar cells and their widespread 

appeal. They have been used as active materials due to their long charge carrier lifetime, high 

optical absorption (~105 cm-1), low exciton binding energy (∼10 meV), long carrier diffusion 

lengths (>1 μm), high open-circuit voltage, adjustable band gap (1.2 to 3.0 eV) (mixed halide 

(X= Cl, Br, I) perovskites), charge carrier mobility (∼10 cm2 V-1 s-1), and low fabrication 

costs.[27][28][29].Despite the encouraging developments in PSC technology, issues like long-

term stability and large-scale production continue to be major obstacles to its broad use. 

Realizing perovskite solar cells' full potential in the field of renewable energy will require 

resolving these problems. 

 

Fig. 2: Power conversion efficiency trend with different technologies from NREL map [26]. 

4. Principles of Perovskite Solar Cell Operation: 

 

Fig. 3: Shows an architect of a Perovskite solar cell. 
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PSCs use perovskite-structured materials as light absorbers and work on the basis of the 

photovoltaic effect; their distinctive optoelectronic characteristics, like high light absorption and 

tunable band gaps, contribute to their high efficiency and low cost of production. The basic idea 

is that sunlight is absorbed, creating electron-hole pairs that are subsequently separated and 

transported to the appropriate electrodes; the quality of the perovskite layer and the interfaces 

with transport layers affect this process. 

• Light Absorption: Because of their high absorption coefficient, perovskite materials are 

effective at absorbing sunlight[30]. 

• Charge Generation: Excitons, or electron-hole pairs, are produced when light is 

absorbed and need to separate into free carriers[31]. 

• Charge Transport: The electron transport layer (ETL) and hole transport layer (HTL) 

are used to move the produced electrons and holes, respectively. For efficiency, the 

dynamics of this transfer are essential[32]. 

4.1 Efficiency Factors 

• Material Quality: The lifetime and mobility of charge carriers are influenced by the 

crystal quality of perovskite films, and interface imperfections provide a major 

obstacle[33]. 

• Interface Engineering: Recombination losses can be decreased and charge extraction 

improved by optimizing the interfaces between the transport and perovskite layers [34]. 

5. Fabrication Techniques 

The focus has been on perovskite solar cells (PSCs) due to their economical 

manufacturing approach as well as their efficient operation. The enhancement of manufacturing 

technology for PSCs includes techniques developed for manual and automated methods of 

production. Important approaches for making PSCs are discussed in detail throughout the 

following sections. 

5.1 Low-Temperature Fabrication 

The focus of recent developments is on low-temperature synthesis for superior perovskite 

thin films, which are essential for enhancing charge carrier transport layers[35]. By eliminating 

the requirement for high-temperature treatments, methods like solution processing make it 

possible to create functional layers that improve performance and stability. 

5.2 Manual Deposition Methods 

Researchers may conduct experiments without costly equipment thanks to the 

accessibility and affordability of manual procedures including drop casting, blade coating, and 

spray coating. [36].These techniques form the basis for creating automated procedures that can 

subsequently improve accuracy and scalability. 
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5.3 Printing Techniques 

The possibility of several printing techniques, including as inkjet, screen, and slot die 

printing, in large-scale production has been investigated [37][38]. 

These methods provide benefits in terms of controlling film formation and material utilization, 

both of which are critical for economic viability. 

5.4 Innovative Material Integration 

It has been demonstrated that using new materials, including reduced graphene oxide and 

formamidinium lead iodide, increases productivity and lowers costs in the production of 

PSCs[39].This integration tackles issues with solar technology performance and sustainability. 

Even while PSC manufacturing technology developments are encouraging, issues like 

material stability and repeatability still need to be thoroughly studied. For perovskite solar 

technology to be widely used, these problems must be resolved. 

6. Future Directions and Innovations: 

6.1 Lead-free and hybrid perovskite solar cells 

Perovskite solar cells (PSCs) with hybrid and lead-free designs have a bright future 

because to advancements meant to improve stability and efficiency while tackling environmental 

issues. Alternative materials and architectures that potentially perform better than conventional 

lead-based PSCs are the subject of increased research. The main developments and possible 

paths for this technology are described in the parts that follow. 

Multi-Absorber Structures:MASnI3/CsGeI3 and other multi-absorber heterojunctions have 

shown great potential with a power conversion efficiency (PCE) of 16.15% under optimal 

conditions[40]. This strategy optimizes solar spectrum utilization, which is essential for 

enhancing the performance of lead-free PSCs. 

Alternative Materials:Perovskites based on cesium-bismuth, such as CsBiSCl2, have shown an 

impressive stability with a PCE of 10.38%, losing just 3% of their efficiency after 150 days in 

air[40].It is crucial to investigate elements like Sn, Ge, and Bi since they have qualities 

comparable to lead but are less hazardous [41][42]. 

Inorganic Components:All-inorganic lead-free perovskites are becoming more popular; 

materials such as RbSnCl3 have PCEs of over 33.61% when paired with effective electron 

transport layers [43].This shift towards inorganic materials aims to enhance environmental 

stability and reduce degradation in humid conditions[42]. 

The development of lead-free PSCs is encouraging, but there are still obstacles in the way of 

reaching efficiencies on par with those of their lead-based counterparts. For this technology to 

reach its full potential and overcome these obstacles, more research is necessary. 
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6.2 Integration with Other Solar Technologies (Tandem Cells) 

The integration of tandem solar cells with other solar technologies presents significant 

opportunities for enhancing efficiency and reducing costs in photovoltaic systems. Future 

innovations are likely to focus on optimizing material compatibility, improving manufacturing 

processes, and expanding application versatility. The following sections outline key directions 

for this integration. 

• Advances in Material Compatibility 

Hybrid Structures:Studies on hybrid tandem arrangements, such organic/CIGS and 

perovskite/silicon, show promise for complementing absorption spectra, which might result in 

increased power conversion efficiency [44][45]. 

Interconnection Layers:By reducing energy loss at interfaces—a critical component in 

attaining high efficiency—new connectivity layers can improve hybrid tandem performance[46]. 

• Manufacturing Innovations 

Scalable Production:Scalable processing approaches, including solution-based procedures for 

perovskite layers, are necessary to assure cost-effectiveness when moving from laboratory to 

industrial-scale manufacturing[44]. 

Reliability Testing:Commercial viability requires the establishment of strong testing procedures 

for performance and durability under real-world circumstances[44]. 

• Expanding Applications 

Photoelectrochemical Water Splitting:Tandem cells' adaptability is being demonstrated by its 

exploration for uses outside the production of electricity, such as photoelectrochemical water 

splitting for the creation of hydrogen[47]. 

Although integrating tandem technologies has potential, there are still obstacles to overcome in 

order to guarantee long-term stability and cost competitiveness with more established solar 

technology. For tandem solar cells to be widely used, these problems must be resolved. 

7. Future Directions: 

Tandem Configurations: In tandem configurations, PSCs and silicon cells may improve overall 

performance and competitiveness in the market [48]. 

Cost Reduction: Continued research into low-cost materials and processes is crucial for making 

PSCs commercially viable[48]. 

Although PSC technology is showing promise, issues like long-term stability and environmental 

concerns about material toxicity are still major obstacles that must be overcome before it can be 

widely used. 

8. Conclusion: 

Perovskite solar cells, a revolutionary technology because of its remarkable efficiency, 

affordability, and tunable features, have completely changed the landscape of photovoltaic 
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energy. These materials have demonstrated unparalleled potential, spanning the gap between 

research and real-world applications, from their fundamental principles of operation to their 

cutting-edge advancements. Despite the rapid developments, stability, scalability, and long-term 

durability remain important topics of focus. However, perovskite solar cells are slowly entering 

the market because of continuous improvements in material engineering, deposition techniques, 

and device architecture. Combining perovskites with tandem solar cells and cutting-edge 

fabrication methods further opens the door for next-generation energy solutions. 
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Abstract: 

Sensor devices have transformed human daily lives through applications in almost every 

field. Sensor is a device that detect changes in the source or surrounding area and collect signals 

and accordingly, the further process is interpreted. The sources of sensors used are light, 

temperature, movements, pressure etc. There is a wide range of application of innovative sensor 

technology in lifestyle, healthcare, fitness, manufacturing, and daily life span. In the medical 

field, the difficulty to taking medications is relaxed by a sensor by a drug dispenser. It reminds 

you to take medication using a signal and deliver the necessary medicine at the specific time. 

Sensor technology is extremely useful for health care ofseniors, athletes, and risk patients. This 

chapter discuss the recent advances and industrial trends. 

Keywords: Technology, Everyday Life, Sensors 

1. Introduction: 

1.1 Introduction to Devices and Sensors 

Devices and sensors are essential components of modern technology and are the basis for 

a wide range of applications from home appliances to industrial systems, medical devices, and 

environmental monitoring. These devices can interact with the physical world, collect data that 

can be processed and analyzed to derive useful information. A Device is a physical unit that 

perform a task or set of tasks based on inputs and outputs. 

There are two type of sensing Devices: 

a) Sensor 

Sensors are devices that recognize and measure physical phenomena such as temperature, 

motion, light, and sound, and convert them into east to read data signals. 

 

Fig. 1: Electrical Sensor 

https://www.electricaltechnology.org/wp-content/uploads/2021/11/What-is-Electrical-Sensor.png
https://www.electricaltechnology.org/wp-content/uploads/2021/11/What-is-Electrical-Sensor.png
https://www.electricaltechnology.org/wp-content/uploads/2021/11/What-is-Electrical-Sensor.png
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An example of a sensor is a temperature sensor. 

These sensors detect temperature changes in the area and convert the physical 

temperature into an electricalsignal that can be read by a microcontroller or other device. A 

commonly used temperature sensor is the thermistor, which varies its resistance depending on 

temperature, or the thermocouple, which produces a voltage based on temperature differences. 

b) Transducer 

A transducer is a device that converts one form of energy into another. It is often used to 

convert physical quantities such as pressure, temperature and light into electrical signals, or vice 

versa. These devices are extremely important in variety of systems such as measuring 

instruments, audio devices, and sensors. 

 

Fig. 2: Electrical Transducer 

A transducer consistsof two parts; sensorand signal conditioning unit. The sensor 

recognizes changes in the physical environment and generates a non-electrical signal. The signal 

conditioning unit converts the signal into electrical form and also amplifies, attenuate or process 

it into an east to read electrical signal. 

One example of a transducer is a microphone that converts acoustic energy intoelectrical 

energy. The microphone's diaphragm vibrates when it hits by sound waves, and these vibrations 

are converted by coil or capacitorinto corresponding electrical signals, which can be amplified or 

recorded. 

1.2 Classification of Sensors 

Various specialists and researchers classify sensors in a variety of ways.  

1) Based on Power Requirement 

• Active Sensors: These Sensors require an external excitation signal or power source to 

work. 

• Passive Sensors: These Sensors do not require any external power source and it can 

directly generate the output response. 

https://www.geeksforgeeks.org/signals
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2) Based on Means of Detection 

The Sensors can be according to detection method they use such as electrical, biological, 

chemical, or radioactive detection. 

3) Based on the Conversion Phenomenon 

This classification is based on the input and output conversion 

• Photoelectric: Light changes into electrical signals. 

• Thermoelectric: Temperature difference changesinto electrical voltage. 

• Electrochemical: Chemical reactions change into electrical signals. 

• Electromagnetic: Magnetic fields changeinto electrical signals. 

4) Based on Output Type 

• Analog Sensors: This type of sensor produces an output signal which is usually in the 

form of voltage, current, or resistance, proportional to the measured quantity. 

• Digital Sensors: this type of sensor provides discrete or digital data as output. 

2. Types and Application of Sensor: 

Sensors are used in a variety of fields, which are very essential in modern society: 

Devices and sensors research is a vast field that include a wide range of industries such as 

healthcare, automotive, environmental monitoring, and consumer electronics. Below you will 

find some important areas of current research in this field: 

2.1 Wearable Sensors 

 

Fig. 3: Wearable Sensors 

• Health Monitoring: Wearable sensors are developed to monitor vital signs, such as heart 

rate, blood pressure, glucose levels, and oxygen saturation. Such sensors are designed for 

https://www.geeksforgeeks.org/what-is-voltage
https://www.geeksforgeeks.org/electrical-resistance
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continuous detection and can provide real-time data to users or healthcare providers. 

• Smart Clothing: Textiles embedded in the sensor can measure variety of physiological 

parameters. These sensors can be integrated directly into the fabric and areexamined for 

sports performance tracking, injury prevention, and elderly care. Wearable sensors and 

biosensors convertbio-signals into electrical or optical signals, e.g., physiological signals 

such as body temperature, heart rate, and motion that can be monitored and quantified in 

real-time. Wearable sensors are classified based on their monitoring mechanism such as 

pressure, strain, electrochemical, temperature, and optoelectrical sensors. 

2.2 Environmental Sensors 

• Air Quality Monitoring: Sensors are increasingly being developed to monitor 

contaminants in the air, such as particulate matter (PM), nitrogen dioxide (NO2), carbon 

dioxide (CO2), and ozone (O3). These sensors can help to track air pollution levels in 

urban environments and can affect public health and policy decisions. 

• Water Quality Sensors: Research is also going on portable sensors for water quality 

monitoring, detecting pollutants like heavy metals, pesticides, and bacteria. 

2.3 Biological Sensors (Biosensors) 

• Disease Detection: Biosensors areused to detect specific biomarkers in connection with 

diseases such as cancer, diabetes, and infections. Some biosensors are designed to detect 

genetic material, proteins, or other molecules that indicate the presence of a disease. 

• Point-of-Care Testing: There’s a push for portable, easy-to-use biosensors for quick 

diagnostics in clinics, remote locations, or even at home, reducing the reliance on 

laboratory testing. These devices are applicable in the medical, food industry, the marine 

sector as they offer good sensitivity & stability as compared with the usual techniques. In 

recent years, these sensors have become extremely popular, and can be used in variety of 

areas mentioned below. 

 

Fig. 4: Application of Biosensors 
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2.4 Energy Harvesting Sensors 

• Powering Sensors: Energy harvest research focuses on creating sensor which can power 

themselves with small, sustainable energy sources, such as solar, vibrations, or thermal 

gradients. This is especially important for remote or difficult to access applications where 

changing batteries would be unrealistic. 

2.5 Advanced Detection Materials 

• Nanomaterials: Using nanomaterials such as graphene and carbon nanotubes improves 

the sensitivity, selectivity, and performance of the sensor. These materials can be ideal 

for applications that recognize very small changes in the environment and require higher 

accuracy.  

• Molecular Sensors: Molecular sensors can be used for chemical detection and can record 

specific molecules in gases or liquids. This is especially useful forfood industry, drug, 

and environmental surveillance applications. 

2.6 Paper Based Sensor 

Paper is a versatile, flexible, porous, and environmentally friendly substrate used in the 

production of inexpensive devices and biosensors for rapid detection of analytes. Paper-based 

sensors provide affordable platformfor food quality, environment, sunlight radiation, and 

pathogen detection as well as simple, accurate, and rapid detection of diseases. Paper-based 

devices provide cost effective technology for producing simple, portable diagnostic systems that 

are very useful in resource-limited environment such as in developing countries, where fully-

equipped facilities and highly trained medical staff are absent. 

3. Recent Advances in Sensor Technology: 

1) Smart lighting sensor solution for smart cities 

These intelligent lighting sensors measures ambient light (luminosity) with a new set of 

directed sensor probes. These intelligent Lighting devices can also monitor conditions within 

tunnels, building, outside in the streets and also temperature and humidity. 

2) E-HealthSensorShield 

The E-Health Sensor Shield users use nine different sensors to perform biometric and 

medical applications that require physical monitoring. These sensors are pulse, oxygen in blood 

(SPO2), airflow (breathing), body temperature, electrocardiogram (ECG), glucometer, 

galvanicskinresponse (GSR-sweating), blood pressure (sphygmomanometer) and patient position 

(accelerometer). 

3) EncryptionLibraries–AES/RSACryptography for Sensor Network 

Encryption Libraries sensor platforms in order to ensure the authentication, 

confidentiality (data protection) and integrity of the information collected by the sensors.  
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4) 3G connectivity to ZigBee, Wi-Fi, and Bluetooth sensors 

The new multiprotocol router for wireless sensor networks with Wi-Fi, Bluetooth and 

ZigBee sensors connected to the Internet via 3G connections. These allow you to simultaneously 

send the information collected by hundreds of sensor nodes. This technology is 10 times faster 

than traditional GPRS gateways. 

5) iPhone and Android Devices Detected by Smart Sensors 

The sensors can also be used in detecting smartphones. Any Smartphone (iPhone, 

Android) in the nearby area can be detected by smart sensor technology by measuring Wifi and 

Bluetoothactivity. 

6) AI-Powered Sensor Networks 

The fusion of AI and sensor technology leads to an intelligent sensor network. These 

networks can make autonomous decisions, optimize data collection, analyze and respond without 

human intervention. These sensors are often made of flexible, biocompatible materials and are 

designed to interact with biological tissues withoutcausing symptoms or side effects. These 

sensors capable of autonomous decision-making, optimizing data collection, analysis, and 

response without human intervention. 

7) Advanced Biocompatible Sensors 

Biocompatible sensors become more demanding and seamlessly integrate into the human 

body for continuous health monitoring. These sensors, often made of flexible and biocompatible 

materials, are designed to interact with biological tissues without causing side effects. 

8) Integration with Quantum Technology 

Quantum technology is on the horizon as a transformative power for sensor technology 

and quantum sensors are expected to provide unprecedented accuracy and sensitivity. These 

sensors use quantum mechanics principles such as superposition and entanglementto measure 

physical quantities with superior levels of precision beyond the classical sensors. This ability 

provides special value for fields requiring high-precision measurements such as navigation, 

medical imaging, and environmental monitoring, as quantum sensors can recognize and quantify 

phenomena at the quantum level, provide knowledge that is previously beyond the scope. 

9) Enhanced Accuracy and Sensitivity 

Accuracy and sensitivity are game-changers for sensor technology. Through advances in 

materialscience, particularly nanotechnology, sensors allow us to recognize the most subtle 

changes in environmental or biological conditions. Nanoscale materials, known for their unique 

properties, improve the sensor’sability to identify small variations, leading to previous and more 

accurate diagnosis in healthcare. 

4. Challenges and Considerations: 

Sensors provide amazing skills, but some challenges are related to their use. 
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• Accuracy and Calibration: 

o Sensors provide accurate and reliable readings but it requires regular calibration 

and maintenance. 

• Power Consumption: 

o Many sensors, especially portable or remote devices, require energy-efficiency to 

ensure longer use or battery life. 

• Data Security and Privacy: 

o As sensors collect personal or sensitive information (such as location and health 

data) to ensure that secure transmission and storage is important to protect our 

privacy. 

• Environmental Factors: 

o Sensors must be robust enough to manage a variety of ambient conditions 

including extremes temperatures, humidity, or exposure to hard chemicals. 

5. Future Trends in Sensors: 

 The advances in technologyare the main opportunity for sensors, including: 

• Miniaturization: Microsystem Technology 

Miniaturization is very important part of modern technologies. Because a reduction of 

characteristic dimensions of a system usually results in shorter response times so that higher 

speed is achievable in signal generation and processing of that system. In most of the cases, 

Miniaturization reduces costs because of the high integration rate, low power consumption, and 

high reliability. Miniaturization is gaining importance in every field of applications such as 

semiconductor, automobile, aerospace, bio-medical industries. Micromachining in this 

technology ensures creation of micro parts without compromising the functionality. 

 

Fig. 5: Future Trends in Sensor Technology 

• Use of Multisensors 

The use of multi-sensor systems is becoming more important for wide range of 

applications, from monitoring and automation from manufacturing processes to robotics, 

automative applications, smart home process control, environmental engineering, biotechnology, 
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and biological sciences. Multi-sensor systems offer the advantage of being able to achieve high 

levels of accuracy and reliability using economic sensors. This allows the system to manage a 

large amount of available information using highly developed signal processing techniques to 

ensure better performance.  

• Wireless Systems 

The large number of components are essential for achieving the required functions. The 

electric wiring of distributed systems is complex and creates problem in the system's handling 

process. Using wireless systems means better convenience and leads to significant cost 

savingsWireless sensor systems have the advantage that they can be located anywhere. 

6. Conclusion: 

Devices and sensors bridge the physical world in the digital world, enabling intelligent 

technologies and applications that improve efficiency, security, and convenience. Therefore, 

further development in technology in sensors will offer new opportunitiesfor new innovation 

across several industries. 
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Abstract: 

This paper presents continuous slowing down approximation ranges (CSDA) for 

electrons of human body parts like the brain and bone in the energy region of 30-1000 keV using 

an empirical formula. CSDA is important for applications like radiation biology, electron beam 

lithography, and chemical analyses of surface regions of a solid. The formula for the (CSDA) 

range is dependent on factors such as the effective atomic number, density, and total energy of 

the various human body parts. For electrons with energies between 30 and 1000 keV, the 

computed CSDA range findings are found to be reasonably consistent with the values provided 

by the ESTAR [1] program.  

Keywords: CSDA Range, Effective Atomic Number, ESTAR Program. 

1. Introduction: 

Osman and associates [2] in various water equivalent polymer gel dosimeters, the 

stopping power, CSDA range, and radiation yield calculations of electrons and positrons 

spanning the 20 eV–1 GeV energy range were carried out. Sugiyama's effective charge notion 

was taken into consideration for electron and positron collision stopping power estimates. Here, 

the target material's effective charge (Z*) and effective mean excitation energy (I*) were 

computed in addition to the effective charge of incident electrons and positrons (z*). The Fano 

model was chosen to adjust for the density effect. An analytical model based on the ratio of the 

collision to the radiative stopping power, as defined by Attix, was taken into consideration for 

the radiative stopping power. The continuous slowing down approximation (CSDA) was taken 

into consideration for the CSDA range and radiation yield, and numerical integral methods 

were used for the computations. The target material was chosen to be MAGIC and MAGAS 

polymer gels due to their water equivalent and 3D dosage distribution characteristics. All of the 

equations discussed in this paper were programmed as computational codes in order to carry out 

the computations. The ESTAR program and PENELOPE Monte Carlo modeling were used to 

compare the stopping power, range, and radiation yield data. There were several differences 

between the calculated and reference data in the low and high energy regions. Nonetheless, 

there is a striking resemblance between the reference and calculated data. For energies >1 keV, 

mailto:sandeep.gupta253@gmail.com
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a good agreement between the calculated and reference data was found for the collision 

stopping power and CSDA range. However, for energies more than 100 keV, a good agreement 

was found for the radiative stopping power. 

Based on structure feature analysis of the existing optical energy loss functions for 

certain organic compounds, Tan et al. [3] conducted an empirical method to produce optical 

energy loss functions that are provided for a large number of organic compounds for which 

optical data are not accessible. This approach yields optical energy loss functions that 

correspond well with the experimental results. In a variety of domains, including the structure 

study of solid and plasma-first wall interactions in nuclear-fusion reactors and the implantation 

of impurity atoms in the production of semiconductor devices, the stopping power, or the 

average energy loss per unit path length, is crucial. 

The Bethe theory for the energy loss of fast charged particles colliding with atomic 

targets is expanded to explicitly include the situation where the projectile possesses bound 

electrons, according to research by Trujillo et al. [4]. The theory is distinguished by considering 

the ionizations and excitations of the projectile and target (but not the exchange of charges). 

The electronic stopping cross section Se is divided into contributions originating from the 

electronic structure of the projectile and the target as a result of the Coulombic nature of the 

interaction between the two. The electronic structure of the projectile contributes significantly 

to Se in the lower portion of the velocity area where this theory is valid, by an order of 10–20%. 

However, this contribution diminishes at high projectile velocities, leaving only the 

conventional Bethe term. The adiabatic Bohr criteria along with the Thomas-Fermi model of 

the atom is used to determine the number of electrons bonded to the projectile, N1, as a function 

of the projectile's velocity. Using the Bethe approximation, we derive an analytical equation for 

the total stopping cross section and compare the experimental and computational results of He, 

Li, and B ions on C and Al targets. 

The electron range is defined by T. E. Everhart et al. [5] as a measurement of the 

electrons' straight-line penetration distance in a material. When traveling through a solid, 

electrons with energy in the kilo-electron volt range collide with the material's electrons and 

scatter inelastically. The literature contains successful contributions that are based on research 

of the CSDA range and stopping power of electrons in various absorber types. [6] Tahir et al. 

Dielectric models have been used to calculate the stopping power (SP) and inelastic mean free 

path (IMFP) of three polymers: polymethyl methacrylate (PMMA), polyethylene (PE), and 

polyvinyl chloride (PVC) with electron energies ranging from 200 eV to 50 keV.  

The primary input used to calculate the SP and IMFP for the dielectric models is the 

energy loss function (ELF). In this study, ELF was calculated using a quantitative analysis of 

reflection electron energy loss spectroscopy (REELS) spectra that had already been published. 
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With rising electron energies up to 50 keV, the IMFP rises and the SP of PMMA, PE, and PVC 

falls. SP is reduced by 10–15% in this study, according to comparative data from the National 

Institute of Standards and Technology (NIST) database for electron energies between 10 and 50 

keV. Complete tables with CSDA ranges for numerous samples ranging from 10 KeV to 103 

MeV were published by Berger and Seltzer [7]. For several applications in radiation dosimetry, 

surface layer analysis, and nuclear spectroscopy, the basic formula for the stopping power of 

electrons in various absorbers is frequently required.  

Positron stopping power (SP) values for a few human body tissues were presented by 

Hasan Gumus {8}. These values were applicable for low and intermediate positron energies. 

Furthermore, the range from the stopping power of the continuous slowing down approximation 

(CSDA) is calculated. Adipose tissue, skeletal muscle, skin, and soft tissue have all had their 

CSDA ranges calculated for incident positron energy in the 20 eV to 10 MeV range. Using a 

modified Rohrlich and Carlson calculation of stopping power, the range of positron has been 

computed within the continuous slowing down approximation. For some materials, including 

adipose tissue, skeletal muscle, skin, and soft tissue, the computed results of the SP and CSDA 

range values for positrons in the energy range of 20 eV to 100 MeV are found to be in good 

agreement with the Penelop 2014 code findings above 0.4 keV energies. It produces more 

significant results for energies below 0.4 keV than Penhole 2014. A model for calculating the 

SP and CSDA ranges for incident positrons on certain human body tissues is proposed in this 

work. For intermediate energies, straightforward analytical formulae for the effective number of 

positrons, effective mean excitation energy (EMEE), and positron SP have been developed. The 

findings of this investigation into the ability of specific human body tissues to halt low energy 

positrons should be helpful for nuclear radiation therapy, PET, and diagnostics. 

D. Emfietzoglou et al. [9] extended the MC code [10,11] to the transport of electrons in 

liquid water over a broad range of impact energies down to roughly a few eVs and investigated 

the computations of inelastic mean-free-paths and collision stopping-powers for low energy 

electrons less than 10 keV in liquid water. Tufan et al. [12] used the continuous slowing down 

approximation (CSDA) to determine the route length of incident particles in the target after 

calculating stopping power for electrons and positrons in a few biological compounds spanning 

the energy range of 100 eV to 1 GeV. Sugiyama's model was extended to low and high energy 

areas by Hasan Gumus et al. [13] in order to calculate the stopping powers for non-relativistic 

heavy ions in different target materials. 

A second order polynomial approximation with two parameters was used by Agrawal et 

al. [14] to fit a relation for continuous slowing down approximation (CSDA) ranges for 

electrons and positrons of carbon, aluminium, and copper in terms of energy from 700 keV to 

50000 keV. The absorber's atomic weight (A) and atomic number (Z) determine these 
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characteristics. The polynomial potential function has been determined to provide a superior fit 

to the available experimental data.  

A novel computation of the stopping powers (SP) and inelastic mean free pathways 

(IMFP) for electrons in toluene at energies lower than 10 keV was published by Tan et al. [15]. 

The dielectric model and an empirical assessment method of the optical energy loss function 

(OELF) serve as the foundation for the computation. Numerous hydrocarbons assessed OELFs 

have had their dependability thoroughly examined using accessible experimental optical data. 

The computed SP at 10 keV is also compared with the Bethe−Bloch prediction, and the 

evaluated mean ionization potential for toluene is compared with that provided by Bragg's rule 

using the empirical OELF. For ten elemental solids (Al, Si, Cr, Ni, Cu, Ge, Pd, Ag, Pt, and Au), 

S. Tanuma et al. [16] computed electron stopping power in the energy range of 100 eV to 30 

keV. Their results were found to be satisfactory in comparison to the results produced by the 

non-relativistic Bethe SP equation and Joy and Luo's empirical modification of the Bethe 

equation. The stopping power and inelastic mean free pathways for 20 eV to 20 keV electrons 

in a group of ten significant scintillators were recently calculated systematically by Zhenyu Tan 

et al. [17]. The dielectric model, which incorporates the Born-Ochkur exchange correction and 

optical energy loss functions (OELFs), serves as the foundation for the computations. A relation 

for continuous slowing down approximation (CSDA) ranges for electrons of materials like 

water, fat, muscles, and bones in terms of energy from 30 keV to 1000 keV was published by 

Hemlata Singh et al. [18].  

The stopping powers and ranges for electrons produced by the ESTAR Program [1] are 

identical to those compiled for 72 materials at a standard grid of 81 kinetic energies between 10 

keV and 106 keV in International Commission on Radiation Units and Measurements (ICRU) 

Report 37 [19]. Similar tables can be computed using ESTAR for any other element, 

compound, or mixture. Additionally, determine stopping powers for any kinetic energy range 

from 1 keV to 10 GeV. In this study, we describe a technique for determining the CSDA ranges 

for electrons in the brain and bones at energies between 30 and 1000 keV. Results obtained by 

this method are compared with CSDA range values obtained through ESTAR program and are 

found to be in close agreement. 

  2. Theory and Computational method: 

The study by Parcerisa [20] A highly conformal dose can be delivered to the tumor 

using particle treatment, an advanced kind of cancer radiation that significantly spares healthy 

tissue. The goal of this effort is to increase the precision of ion chamber dosimetry for carbon 

ion beam particle therapy. Numerous correction factors, some of which are only partially 

understood, influence the readout of air-filled ionization chambers. The stopping power ratio 

between water and air, or sw, is one of the beam quality correction parameters that is the subject 
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of this study. In order to ascertain the water-to-air stopping power ratio in monoenergetic 

carbon ion beams, we first designed and executed experimental investigations. The findings of 

those measurements were then extended to realistic treatment beams using the Monte Carlo 

code FLUKA, and a model was created to determine sw,air for any given position in a 

treatment field. In order to investigate its potential use in absolute dosimetry and patient plan 

verification, we lastly tested the generated model in patient situations. The acquired results are 

encouraging and can lower the uncertainty margins in the calculation of the absorbed dose for 

carbon ion beam radiation if they are included in the suggested dosimetry protocols. 

Ghossain [21] investigated the interaction between electrons and matter; using the 

Bethe-Bloch formula theory as provided in the reference, determined the stopping power (in 

MeV cm2/g), and the range will be computed. This has been done for a variety of target 

materials, including water, bone, muscle, and tissue, as well as various electron energies. The 

results of these calculations, which were completed using the programs STAR and Matlab, will 

be displayed for stopping power versus energy and range versus energy. The stopping power of 

electrons in a few biological substances was determined over the energy range of 10-2 MeV to 

103 MeV. The target materials' electronic (collisional) and radiative stopping powers were 

added up to determine the total stopping power. The path length (Range) was then determined 

using the continuous slowing down approximation (CSDA). Bethe calculated the electron's 

energy loss per unit length, which can be expressed as follows: 

(dE/dx) r = (e2/4πϵo)2 [NoZ
2ρ (T + mc2)/137 m2c4A] [4ln 2(T + mc2)/mc2 – 1.33] 

Where T is kinetic energy of electron and ρ is density of the material. 

 For low atomic number targets and biological molecules, Akar et al. [22] provided an inelastic 

mean free path formula, an energy straggling parameter formula, and a continuous slowing down 

approximation-range (CSDA-range) derived from the stopping power. However, it holds true for 

both high and low electron energies. Andnet Nigussie Habte [23] provides an empirical 

relationship for the alpha particle's stopping power.  

2 2
b Clog E ddE Z

aE Z
dx A





− + −
= 

 
 ---------- (1) 

Where a=918, b=0.82, c = 0.145 and d = 0.635. Also, ρ denotes density, A as atomic 

weight and Z as atomic number of the stopping material, while E is the kinetic energy of the α 

particle in MeV/amu and  2 =1 give good result for elements like Al, Cu, Ge, Ag, Cd, and Te 

from alpha particle energies 4 MeV - 15 MeV.  

The indistinguishability of incident and atomic electrons was noted by Mozumder et al. 

[24]. Conventionally, the more energetic of the two emergent electrons is referred to as the 

primary when discussing an ionization brought on by an incident electron. Therefore, half of the 

incident energy is the maximum energy loss (ignoring atomic binding). The stopping number of 
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an electron, when this effect is taken into account, is determined by a complex formula that uses 

a different configuration of the parameters found in the stopping number of heavy charged 

particles;  

Be = [lnmc2β2E/2l2(1 – β2) – (2 (1 – β2)0.5 – 1 + β2] 

Ln2 + (1 – β2) + 0.125(1 – ((1 – β2)0.5)0.5 – 2 C/Z – δ] 

Hasan Gumus et al. [25] introduced a new algorithm for the stopping power calculation 

in the case of incoming positrons for low and intermediate energy positrons below 10 keV for 

certain materials, such as silicon, copper, aluminium, and liquid water. They also modified the 

Rohrlich and Carlson [26] stopping power formula. An empirical formula for the CSDA range 

was published by Gupta et al. [27], and an empirical equation has been constructed utilizing the 

empirical relation for the total stopping power of electrons for the CSDA range of 

monoenergetic electrons in the energy region 0.2- to 10-MeV. For the CSDA range, the 

equivalent empirical equation is  

2 az b 1

0

1.1957

mc 1
R(T )

SZ 1.3230 az b 1







+ − 
= + 

+ + − 
 ------ (2) 

This formula is valid only for stopping materials of atomic numbers from 1 to 92 but it is not 

valid in low energy region. 

Hemlata Singh et al. [18] et al. presented a simple empirical relation for CSDA ranges 

of electrons in the energy regions 30 to 1000 keV for substances such as bones, muscles, fat and 

water is R = A + B X, where A and B are constants. The value of 
1.5D

X E
Z

 
=  
 

which depends 

on density (D), effective atomic number (Z) and energy (E). They demonstrated an inaccuracy 

of up to 16.38% between the predicted values for the CSDA range of electrons and the standard 

values provided by Berger and Seltzer [7].  

According to Habeb et al. [28], the Bethe theory is combined with the mass collision 

stopping power for heavy charged particles in soft and hard collisions, such as electrons and 

positrons. For a light charged particle with mass m and velocity v, the collision stopping power 

is determined by:  

S = k[ ln(τ2(τ+2)/2(I/moc
2)2) + F+(τ) – δ-2c/z], 

Where F+ is a dimensionless function, Z is projectile charge in units of electric charge, I is 

mean excitation energy τ is kinetic energy in terms of rest mass and C/Z is the shell correction. 

Tan et al. [29] have presented a simple empirical relation for CSDA ranges for electrons 

with energies between 25 to 200 keV by the following relation,  

2.5

6 1.6

0

A
R 1.90 10 E

Z

−  
=   

 
gm/cm2 
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The CSDA Range data of Berger and Seltzer [30] served as the basis for the 

aforementioned relationship. where the symbols for atomic weight, atomic number, and energy 

are A, Z, and E, respectively. However, for 70 < Z < 92, the errors are within 2% to 5%, and for 

30 < Z < 70, they are within 10%. The relation's drawback is that it only applies to a relatively 

narrow range of energies and provides no guidance for atoms with lower atomic numbers. In 

this study, we provide an empirical formula to determine the electron's CSDA range.  

8 14 2 5R 333 10 X 488 10 X 48 10− − −=  −  −   --------- (3) 

Where 

1.75

1.6Z
X E

A

−

 
=  
 

 which depends upon Effective atomic number (Z), Mass number (A) 

and Energy (E). 

Recently he Continuous Slowing Down Approximation Ranges (CSDA) of electrons in 

human body parts, such as blood and the eye lens, in the energy range of 30 1000 keV were 

recently determined empirically by Sandeep Gupta [31]. Applications such as radiation biology, 

electron beam lithography, and chemical studies of a solid's surface regions depend on 

continuous slowing down approximation ranges (CSDA). The overall energy, density, and 

effective atomic number of the different body sections are some of the variables that affect the 

formula for the (CSDA) range. It is found that the numbers given by the ESTAR [1] program 

coincide accurately with the CSDA range calculations for electrons in the 30-1000 keV energy 

range. A visual depiction of the CSDA range in relation to energy values has also been 

included. 

  3. Results and Discussion: 

Using equation (3), we determine the electrons' CSDA range values. Table 1 displays 

the assessed values and CSDA range values for energy levels ranging from 30 keV to 1000 keV 

that were acquired using the ESTAR program for human body parts such as the brain and 

bones. We can see from this table that the two numbers are rather close to one another. 

According to table 1, the maximum percentage error between our computed CSDA range 

values and the ESTAR program's CSDA range values in the brain and bone is 4.245152 and 

3.036649, respectively and for Table 2 logarithm analysis is 0.394222 and 0.4447. The ESTAR 

program's provided data closely matches the values of the CSDA ranges assessed using our 

empirical connection.  

Figure 1-2 shows that the CSDA range consistently rises with electron energy and that 

our computed values and the ESTAR program's CSDA range values accord well. Additionally, 

fig. 3 illustrates how the percentage error varies with electron energy. 
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Table 1: Values of CSDA ranges for electrons of Brain and Bone 

Energy 

(KeV) 

ESTAR 

Values of 

Brain 

Our 

Calculated 

Value of 

Brain 

% error 

(Brain) 

ESTAR 

Values of 

Bone 

Our 

Calculated 

Value of 

Bone 

% error 

(Bone) 

30 0.001752 0.001678 4.245152 0.00191 0.001852 3.036649 

40 0.002912 0.002937 -0.85619 0.003167 0.003213 -1.45248 

50 0.00431 0.0044 -2.08593 0.004681 0.004794 -2.41401 

60 0.005927 0.006048 -2.04244 0.006431 0.006575 -2.23915 

70 0.007746 0.007867 -1.56634 0.008397 0.00854 -1.70299 

80 0.009754 0.009846 -0.94797 0.01056 0.010678 -1.11742 

90 0.01194 0.011976 -0.30243 0.01292 0.012979 -0.45666 

100 0.01428 0.014248 0.222087 0.01545 0.015432 0.116505 

150 0.02812 0.027528 2.104347 0.03037 0.029765 1.992097 

200 0.04481 0.043572 2.76235 0.04831 0.047061 2.585386 

250 0.06363 0.061929 2.673247 0.06855 0.066823 2.519329 

300 0.08409 0.082245 2.19393 0.09052 0.088659 2.055899 

350 0.1058 0.10422 1.492956 0.1139 0.112232 1.464442 

400 0.1286 0.127588 0.78714 0.1384 0.137242 0.836705 

450 0.1522 0.152101 0.064849 0.1637 0.163413 0.175321 

500 0.1764 0.17753 -0.64079 0.1898 0.190484 -0.36038 

1000 0.4368 0.436422 0.086637 0.4711 0.45838 2.700064 

 

 

  

Fig. 1: Variation of CSDA Range with 

electron energy (keV) for Brain 

Fig. 2: Variation of CSDA Range with with 

electron energy (keV) for Bone 
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Table-2 Values of CSDA ranges for electrons of Brain and Bone in logarithm scale  

Energy 

(KeV) 

ESTAR 

Values of 

Brain in log 

Our 

Calculated 

Value of 

Brain in log 

% error 

(Brain) 

ESTAR 

Values of 

Bone in log 

Our 

Calculated 

Value of 

Bone in log 

% error 

(Bone) 

30 -2.75647 -2.77521 -0.67986 -2.71897 -2.73236 -0.49247 

40 -2.53581 -2.5321 0.146304 -2.49935 -2.49309 0.250465 

50 -2.36552 -2.35655 0.379198 -2.32966 -2.3193 0.4447 

60 -2.22717 -2.21839 0.394222 -2.19172 -2.1821 0.438925 

70 -2.11092 -2.10419 0.318818 -2.07588 -2.06854 0.353585 

80 -2.01082 -2.00674 0.202902 1.97634 -1.97151 0.244391 

90 -1.923 -1.92169 0.068123 -1.88874 -1.88676 0.104832 

100 -1.84527 -1.84625 -0.05311 -1.81107 -1.81158 -0.02816 

150 -1.55098 -1.56023 -0.5964 -1.51756 -1.52629 -0.57527 

200 -1.34863 -1.36079 -0.90166 -1.31596 -1.32734 -0.86477 

250 -1.19634 -1.20811 -0.98383 -1.16399 -1.17507 -0.9519 

300 -1.07526 -1.08489 -0.8956 -1.04326 -1.05228 -0.8646 

350 -0.97551 -0.98205 -0.67042 -0.94348 -0.94988 -0.67834 

400 -0.89076 -0.89419 -0.38506 -0.85886 -0.86251 -0.42498 

450 -0.81759 -0.81787 -0.03425 -0.78595 -0.78671 -0.0967 

500 -0.7535 -0.75073 0.367618 -0.7217 -0.72014 0.216156 

1000 -0.35972 -0.36009 -0.10286 -0.32689 -0.33877 -3.63425 

Figure 4-5 shows that the CSDA range in logarithm scale consistently rises with electron 

energy and that our computed values and the ESTAR program's CSDA range values accord well. 

Additionally, fig. 6 illustrates how the percentage error in logarithm scale varies with electron 

energy. 

  

Fig. 3: Variation of % error of CSDA 

Range with electron energy (keV) 

Fig. 4: Variation of CSDA Range with 

electron energy (keV) for Brain on 

logarithmic scale 
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Fig. 5: Variation of CSDA Range with 

electron energy (keV) for Bone on 

logarithmic scale 

Fig. 6: Variation of % error of CSDA Range 

with electron energy (keV) on logarithmic 

scale 

4. Conclusion: 

It is clear from the current study that the CSDA ranges of materials may be stated in 

terms of the material's mass number, atomic number, and electron incident energy. Notably, the 

suggested empirical relationship is more straightforward, broadly applicable, and the results 

produced are more consistent with the information found in the literature.  
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Abstract: 

 In material science the synthesis process is very important. The material properties like 

crystal structure, unit cell parameters were determined by using X-ray diffraction mainly 

depends of the purity of the sample. In the same way the size of the material depends on the 

types of methods used for synthesis and growth process in the field of crystal growth. The 

selection of the synthesis method based of the type of elements used initially and the application 

of the final product. Apart from that some methods need sophisticated instruments and lab 

facilities but some them done in every lab easily. In proposed work discuss some commonly used 

synthesis methods. The process of mixing components or compounds to create new materials is 

known as materials synthesis. It uses both physical and chemical techniques and can produce 

materials with special qualities.  

1. Introduction: 

In science, matters in the universe can be broadly divided into solid, liquid and gas based 

on their physical nature. Solids further classified into crystalline (arrangement of atoms is 

periodically repeating pattern) and non-crystalline solids (irregular arrangement of atoms). On 

the other hand, crystalline solids can be either single or many crystals. Where the entire crystal 

lattice is continuous with unbroken boundary are called single crystals, or the crystal lattice 

discontinuous with boundaries are called poly crystals [1].  

Crystals are the undervalued supports of the world of recent technology. For years, 

natural specimens were the only source of large, well-formed crystals. Today almost all naturally 

occurring crystals of interest have been synthesized and grown successfully in the research 

laboratory by using various techniques [2]. The field of crystal growth from the synthesised 

compound was an interdisciplinary area including physics, chemistry, metallurgy, electrical 

engineering, etc. Crystal growth was extremely wanted in the view of its recent developments in 

the fields of semiconductors, ultrasonic’s, polarizer’s, transducers, infrared ray (or) radiation 

detectors, ferrites, magnetic garnets, nonlinear optics, piezoelectric, solid state lasers, acousto-

optic, photosensitive materials and crystalline thin films [3-7]. In this chapter we have done an 

overview of some methods to use for synthesis of different types of materials. 
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2. Synthesis of samples: 

Synthesis of a pure sample is a most important footstep in materials science and solid-

state chemistry research. The samples may be prepared as a single crystal, poly crystals, nano 

materials or a thin film. To obtain single crystals with sufficient dimension depends on the 

chemical composition of the solution, crystal formation from the solution, physical parameters 

such as temperature, pressure and environmental impacts. The most implemented methods of 

synthesis of single crystals are, 

1. Solid-stated method 

2. Hydrothermal method 

3. Flux method 

4. Magnetic stirrer method 

5. Condensation method 

Each method is controlled by several controllable and/or uncontrollable restrictions [8]. 

These limitations encourage the formation of single crystals in terms of phase, shape, and size. 

2.1. Solid state method 

Solid-state reaction route is the most implemented method to formulate single crystals or 

polycrystalline materials. The essential steps are [9]:  

 1. The solid reagents mixture placed in a crucible like porcelain, alumina, or platinum 

crucible before e mixing and grinding well. 

 2. A first heat treatment at 573–673 K for a few hours to remove the volatile compounds 

like NH3, H2O, CO2, etc. called calcinations.  

 3. After the calcinations grinding one more time to the remaining mixture to regiment and 

diminish the size of the particles which will rise the contact area between the grains.  

 4. Second heat treatment by gradually increasing the temperature of remaining mixture for 

a few days and then slowly lower it to room temperature called pasty state. 

 

Fig. 1: Schematic diagram of Solid State Method 

The disadvantages of this method are the reaction occurs at high temperatures (500–

2000°C) for several hours to several days. The heating at these temperatures may not possible to 

some compounds. 

2.2. Hydrothermal method 

Hydrothermal synthesis method can be considered as a special case of chemical transport 

reactions and used in inorganic synthesis. In this method consists of preparing an aqueous 

solution containing the reagents dissolved totally or partially. The aqueous solution is transferred 
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into a Teflon autoclave, both enclosed in metal autoclave. The preparation in the autoclave is 

brought to a temperature between 373-573 K continued up-to a few days. The maximum 

temperature is imposed by the resistance of the material instituting the Teflon[10]. 

 

Fig. 2. Schematic diagram of Hydrothermal Method 

The syntheses of low-temperature phases and metastable compounds can be conducted 

quite simply in glass or quartz glass ampoules in this method. For laboratory investigations of the 

hydrothermal synthesis of bulk crystal growth, plays an important role to this day. 

2.3. Flux method 

In flux method grow materials as a single crystal and to decrease the crystallization 

temperature. In this growth method, the basic ingredients are reduced to a liquid form in a proper 

flow and the growth process starts when the solution ranges critical super saturation. The 

resultant super-saturation and crystal growth are reached by flow evaporation, solution cooling, 

or a transport process in which the solute is produced to flow from the hottest region to the 

coldest region [11]. 

 

Fig. 3: Schematic diagram of Flux Method 

In this method the solvent/solute may be a single element/ compound but the melting 

point of solute is generally higher than that of the solvent. One benefit of this process is that it 

can grow high melting phosphate crystals, arsenates, oxides, minerals, and ceramic crystals, all 

of which are not possible with the conventional solid-state method. If the bar magnet is placed on 

a revolving magnetic plate and in a beaker with the prepared solution. 

2.4. Magnetic stirrer method 

Magnetic stirrer method keeps compensations to the reduction in organic solvents 

consumption, improvement in extraction efficiency during a rotating magnetic field. It is 

designed such that there is a separate small bar magnet and stand or plate containing the rotating 

magnet. If the bar magnet is placed on a revolving magnetic plate and in a beaker with the 

prepared solution. It creates a rotating magnetic field within the beaker and continues the process 

for 1 hour to 1 day up to we get a saturated solution.  

 

Fig. 4: Schematic diagram of Magnetic Stirrer Method 
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There are several types of magnetic stirrer available and it all depends on your selection 

of size, application and configuration [12]. The main use of this method simple for use and now 

a day’s organic, inorganic and semi organic crystals are synthesized by this method.  

2.5. Condensation method 

Liquid-Vapour mixing is of special interest in condensation method. Direct contact 

condensation of steam on cold water is a very efficient heat removal mechanism which often 

takes place at very rapid heat and mass transfer rates and may be reduced if non-condensable 

gases [12].There are two types, if two functional groups of the same molecule react to eliminate 

a simple molecule called intra-molecular condensation and two molecules of the same or 

different compounds called intermolecular condensation[13]. 

 

Fig. 5: Schematic diagram of Condensation Method 

A verity of instruments is used for condensation process. Here we discuss the simplest 

method it contains a double walled glass tube and it have two opens for bottom and top due to 

water circulation. In the top part the water is entered, absorbed the heat produced during the 

process and leave for top open. A heating mantel is used to heat the prepared solution from 0OC 

to 100OC. The advantage of this method is to synthesis an aromatic compound with simple 

manner [14]. 

3. Conclusion: 

In materials science, synthesis is the process of mixing various components or 

compounds to create a new material. It is the process by which new materials are created and 

new methods for producing materials are developed. It is the primary source from which new 

solid-state chemical and physical phenomena are discovered. This often entails taking a simple 

molecule and turning it into something more complex through a variety of synthesis reactions. 

Synthesis reactions were used to create the medications you take.   
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Abstract: 

A potential, second order NLO optical material Potassium Para Nitro Phenol (KPNP) 

single crystal was grown by the slow evaporation technique. The grown semi organic NLO 

crystals were subjected to various studies such as single crystal XRD, UV–Visible spectrum, 

Fourier transform infrared spectra, photoluminescence, Second Harmonic Generation, laser 

damage threshold (LDT) studies, Microhardness, Z-scan and dielectric studies. The KPNP 

crystal belongs to triclinic system with volume 737 Å. The optical cut off wavelength of the 

grown crystal was found to be at 208 nm which represents the grown sample as potential 

material for device fabrication. The various functional group present in KPNP growm crystal 

was confirmed by FT-IR spectroscopic. The optical properties of grown crystal was measured by 

Laser Damage threshold (LDT) of Q- switched pulsed Nd:YAG laser having the wavelength 

1064 nm, pulse width 6 ns and repetition rate 10 HZ system with pulse energy range 1.5 mJ. The 

powder second harmonic generation (SHG) analysis was carried out for powder KPNP sample 

using the modified Kurtz and Perry Powder technique. The SHG efficiency of KPNP crystal was 

found to be 5.1 times that of KDP crystal. The mechanical strength of title compound was 

measured by vikers microhardness method. The third order NLO properties of the material were 

calculated by Z-scan study. The dielectric studies were performed at different temperatures and 

frequencies to analyze the electrical properties. Photoconductivity results exhibit that the 

negative photoconductive nature of the crystal. 

Keywords: Crystal Growth, Single and Powder Crystal XRD, UV-Vis, FT-IR, Mechanical 

Studies, Photoconductivity, Dielectric Measurements 
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1. Introduction: 

Now-a-days researches mainly focused on NLO material with good nonlinearity due to 

the various extensive applications like laser technology, optoelectronic switching, 

telecommunication, optical computing and data storage devices. The semi organic materials 

having high mechanical and thermal properties but also have modest optical properties [1-5]. 

The molecular hyperpolarizability of semiorganic nonlinear optical crystal is used in optical 

switching, and electro-optic applications. Phenolic compound have zwitterionic nature which 

gives an improvement in nonlinear polarization. Para - nitrophenol (C6H5NO3) is a well known 

zwitterionic nature containing molecular structure and promising non-linear optical material. 

The s-block elements have different electronic configuration and the studies show that 

these elements change the property of the material by doping a small amount in the parent 

material. An efficient NLO material demands a specific molecular alignment of the crystal and 

facilitating nonlinearity in the presence of a dopant. Potassium hydroxide (KOH) doping mainly 

occupies the interstitial position of the Potassium Para-nitrophenol (KPNP) crystal resulting in 

structural grain boundaries. The NLO activity of Para - nitrophenol was increased by increasing 

the K+ doping. In this work report the growth and analyzes of pure, 1 mol% and 2 mol% 

potassium hydroxide (KOH) doped Para - nitro phenol (C6H5NO3) crystal [6-8]. The main aim 

of this work is to analyze the influence of K+ ion on the Para - nitrophenol crystal, further, the 

growth, structural, optical, mechanical, photoconductivity and third order nonlinear optical 

properties of crystals were also reported in detail. 

Initially, we have tried 1 mol%, 2 mol%, 3 mol% and 4 mol% KOH doping in Para-

nitrophenol; the KOH was introduced in the prepared solution. The solutions were kept for 

evaporation. After 18 days good quality crystals were harvested. In the case of 3 mol% and 4 

mol %, the quality of the crystal was decreased. This crystal cannot be used for further physical 

processes [9]. 1 mol%, 2 mol % KOH doped Potassium Para-nitrophenol (KPNP) crystal have 

improved the NLO and physical properties. Hence, in the present experiment 1 mol%, 2 mol % 

KOH was chosen as dopant. For crystal growth, two separate 100 ml of 1 mol %, 2 mol % KOH 

doped solution were prepared and prepared solutions kept for evaporation [10]. After 18 days 

good quality, well structured and high transparency yellow color crystals of 1 mol% and 2 mol% 

KOH doped Potassium Para-nitrophenol (KPNP) crystals were harvested and the photograph of 

grown crystals was shown in Fig. 1. 

2. Experimental procedure: 

The crystal growth of Potassium Para-nitrophenol (KPNP) has been effort by adopting 

ethanol (C2H50H) as a solvent. The analytical grade Para-nitrophenol (C6H5NO3) and potassium 

hydroxide (KOH) were taken in stoichiometric ratio of 2:1 and dissolved in 100 ml ethanol. The 

solution was completely stirred about 8 hours by using magnetic stirrer to obtain a homogenous 

solution after which it was filtered by using Whatmann filter paper. The resulting yellow color 

https://en.wikipedia.org/wiki/Phenols
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solution was subjected to slow evaporation and extreme care was taken while crystallization 

[11].  

 

Fig. 1: Photograph of KPNP crystal 

 The purity of the synthesized crystal was further increased by successive recrystallization 

process. The yellow colour crystal of dimension 15 × 2 × 2 mm3 was obtained after a period of 

18 days.  

3. Characterization technique: 

 The crystal structure of KPNP was confirmed by single crystal XRD analysis using 

ENRAF–NONIUS CAD4-F diffractometer. Powder XRD data were collected using RICH 

SIEFERT X-ray powder diffractometer using CuKα (λ = 1.5405 Å) radiation. The optical 

transmittance spectra of the grown crystals were taken using Lambda 35 UV winlab 

spectrophotometer in the wavelength range 200 nm-1100 nm. FT-IR spectra of the samples (KBr 

pellets) were recorded on a SHIMADZU IRAFFINITY spectrometer. Laser Damage threshold 

are the salient method for quantifying withstanding capable of an optical material towards the 

electromagnetic radiation [12-15]. A Q- switched pulsed Nd:YAG laser having the wavelength 

1064 nm, pulse width 6 ns and repetition rate 10 HZ system with pulse energy range 1.5 mJ was 

used to irradiate on the polished sample surface with a 15 cm focal length lens. Among the 

various NLO effect, the frequency doubling or second harmonic generation ability of a material 

can be analyzed by using the Kurtz Perry powder method. In this method the crystal has been 

powdered with the uniform particle size and tightly packed in a microcapillary tube of a uniform 

bore. The tube was mounted in the path of the Q-switched Nd: YAG laser beam emitting a 

wavelength of 1064 nm, with a power of 1.2 mJ. The output was collected in a monochromator 

with an IR blocking filter. A photomultiplier was used to detect the out coming green light and 

the optical signal was converted into voltage output at the cathode ray oscilloscope. The 

emission spectrum of a title crystal was measured at ambient temperatureby the using VARIAN 
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CARY ECLIPSE fluorescence spectrophotometer [16]. The emission spectrum of KPNP crystal 

was recorded by exciting the sample at 280 nm with xenon lamp and the emitted radiation were 

recorded as a function of wavelength. The mechanical strength was carried out by the 

microhardness test with the help of HM-2TV model tester. The third order NLO parameter was 

carried out by Z-scan techanique using a solid state laser of wavelength of 6328 Å. Dielectric 

studies for the grown crystals were carried out using an LCR meter (HIOKI 3532-50). Studies 

have been carried out at various frequency ranges (50Hz to 5MHz) and also at different 

temperatures [17]. 

4. Result and Discussion: 

4.1 Solubility studies 

The solubility of KPNP crystal was ascertained for five different temperatures namely 30, 

35, 40, 45 and 50 °C. The constant volume of saturated solution was used in this experiment. The 

measurement was performed dissolving KPNP crystal in ethanol and taken in airtight container 

and maintained at constant temperature with continuous stirring. The solution was constantly 

stirred for 1 hour using magnetic stirrer. The solubility of KPNP crystal as shown in Fig. 2. From 

the solubility studies, it could be observed that, solubility of the compound in ethanol solvent 

increases linearly with increases in temperature [18]. The positive solubility of the title 

compound shows the possibility of growing large size crystal by slow evaporation technique.  

 

Fig. 2: Solubility curve of KPNP crystal 

4.2 X-ray diffraction studies 

 The powder KPNP sample was subjected to powder XRD analysis, the recorded pattern 

of KOH doped KPNP crystalis shown in Fig. 3. The sharp peak presence in the XRD pattern 

shows that the grown title crystal have good crystalline nature. The lattice parameter of KPNP 

crystal were estimated by single crystal X-ray diffraction [19]. 
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Single crystal x-ray diffraction study was carried out to find the grown crystal and to 

determine the cell parameters and crystal structures. The single crystal data of the KPNP crystal 

XRD was carried out using Enraf Nonius CAD4 diffractometer with an incident Mo-Kα 

radiation (λ=0.71073 Å). The single crystal X-ray diffraction analysis for the grown crystal was 

confirmed that KPNP crystal belongs to Triclinic-P crystal system. The lattice parameters of 

KPNP are a = 6.44 Å, b = 9.34 Å, c =12.25 Å, α = 89.86˚, β = 76.57˚, γ = 90.60˚and the volume 

V = 716 Å3. Table 1 shows the measured values of lattice parameters of KPNP crystal with 

comparisons [20-23]. 

 

Fig. 3: Powder crystal X-ray diffraction pattern of KPNP crystal 

Table 1: Comparison of KOH doped KPNP crystal 

        Reference               Crystal system          Unit cell & Dimension               Cell  Volume 

P- nitro phenol urea (34)           Triclinic             a = 3.759 Å, b = 10.214 Å,   V=440.2 Å3  

                  c =11.788 Å, α = 98.97˚, 

                              β = 92.16˚, γ = 99.44˚ 

Sodium P-nitrophenalate       Monoclinic             a = 21.171 Å, b = 8.666 Å,   V = 714.16 Å3   

Para-nitrophenol                                                     c =30.92 Å, α = 90˚, 

Dehydrate (35)                                                        β = 117.79˚, γ = 90˚                    

                              

 L-Lysine                            Orthorhombic             a = 5.438 Å, b = 8.502 Å,              V = 1429.67 Å3 

4-nitrophenolate                 c =12.25 Å, α = 90˚, 

  Monohydrate (36)                                 β = 90˚, γ = 90˚ 

Potassium Para nitrophenol        Triclinic              a = 6.44 Å, b = 9.34 Å,                    V = 716 Å3

 (KPNP)                             c =12.25 Å, α = 89.86˚, 

                                           β = 76.57˚, γ = 90.60˚ 

4.3 UV-Visible analysis 

The UV-Vis spectrum furnishes limited guidance about the structure of the ions because 

the absorption of UV and visible lights involve electronic transition in the σ and ᴨ orbital from 
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the ground state to higher level energy states [24]. The optical transmittance take part an key role 

in clarify the potential of the NLO materials. The optical absorption spectrum of grown KPNP 

crystal as shown in Fig. 4 (a). 

 

Fig. 4 (a): UV – Vis Spectrum of grown KPNP crystal 

The UV – Visible absorption studies of grown crystal was recorded from 200 nm to 1100 

nm using Lambda 35 UV winlab spectrometer. The optical cut off wavelength of the grown 

crystal was found to be at 208 nm which represents the grown sample as potential material for 

device fabrication. The spectrum reveals strong absorption band assign to π - π*and weak band of 

n - π* transition occurring the grown KPNP crystal [25-26]. The strong and acute absorption 

bands at 208 nm and 225 nm are allocate to the π - π*transition. The weak absorption band at 260 

nm is allot to the symmetry forbidden n - π*transition. Optical band gap was determined by 

plotting a graph between (αhν)2 versus energy of photon (hν) as shown in fig.4 (b). The band gap 

energy of the material is estimated as 3.20 eV using Tauc’s plot and its reveals that the grown 

KPNP crystal as in the category of insulating material [27].  

 

Fig. 4 (b): (αhν)2 versus Energy of Photon (hν) of KPNP crystal 

The optical absorption coefficient (α) was calculated by using the transmittance (T) and 

thickness (d) values of the crystal using the following relation, 
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𝛼 =  
2.303

𝑑
log (

1

𝑇
) 

Owing to the direct band gap of the KPNP crystal, absorption coefficient (α) obeying the 

relation for high photon energies (hυ) is given by 

 (𝛼ℎ𝜈)𝑛= A (𝐸𝑔 − ℎ𝜈) 

Where Eg is optical band gap of the crystal and A is a constant. By extrapolating the 

linear portion of the curve near the start of absorption edge, the optical band gap energy of the 

crystal was found to be 3.20eV [28]. As a consequence of this wide band gap, the grown KPNP 

crystal is expected to have high damage threshold and large transmittance in the visible region. 

4.4 FTIR Analysis 

The Infrared spectroscopy is powerful tool to recognise the proton transfer activity and 

conform the various functional group present in organic and inorganic compounds. The FT-IR 

spectrum of KPNP grown crystal is illustrated in Fig. 5. The FTIR spectrum of KPNP crystal 

was recorded in the region of 4000 cm-1 to 400 cm-1 by using KBr sampling method. The FTIR 

spectrum is cleaved into two parts. The first part represents in the range between 4000 V cm-1 t0 

1500 cm-1 which represents the functional group region and another part is in the region between 

1500 cm-1 to 500 cm-1 which represents the finger print region [29-31]. 

 

Fig. 5: FTIR spectrum of KPNP crystal 

The band observed at 3324 cm-1 is due to the OH stretching vibration. The vibration at 

3087 cm-1 represents to C-H vibration. The absorption band at 1746 cm-1corresponds to C=O 

asymmetric stretching vibration of COOH group. The band come into view 1489 cm-1 represents 

N-H stretching of vibration. The band 1437 cm-1 deputed C-C stretching vibration. The band 

noticed at 1387 cm-1 shows COO- symmetric stretching vibration COO- symmetric stretching 
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vibration. The band discovered at 1320 cm-1 shows that OH in plane of vibration. The band 

observed at 1165 cm-1 shows HOC bending vibration, 1112 cm-1 is CH in plane bending 

vibration, 1008 cm-1 is out of plane bending vibration, 957 cm-1 represents the OH out of plane 

bending vibration. 847 cm-1 is CH vibration, 752 cm-1 shows the COO‾ -in plane bending 

vibration, 649 cm-1 is the CC in plane bending vibration and the band 495 cm-1 shows C=O 

vibration. 

4.5 Laser damage threshold analysis 

For the mechanical application point of view, Laser Damage threshold are the salient 

method for quantifying withstanding capable of an optical material towards the electromagnetic 

radiation [32]. A Q- switched pulsed Nd:YAG laser having the wavelength 1064 nm, pulse width 

6 ns and repetition rate 10 HZ system with pulse energy range 1.5 mJ was used to calculate the 

laser damage threshold of KPNP grown NLO single crystal. The sample was placed at the focus 

of a biconvex lens of focal length 15 cm. 

The surfaces laser damage threshold of the crystal was calculated using the formula, 

Pd = E/Ʈπr2 

Where, E is the input energy (mJ), Ʈ is the pulse width (ns), and r is the radius of the spot 

(mm). The laser beam with variety of energy was discharge on the crystal surface, the damage 

was observed on the crystal surface at the energy 126 mJ. The measured laser damage threshold 

value is 1.68 GW/cm3. From the calculation of laser damage threshold studies, it is achieved that 

the KPNP grown crystal is best acceptable for optical and electronic application [33]. 

4.6 Powder SHG studies 

The second harmonic generations (SHG) of KPNP crystals was investigated through the 

modified Kurtz and Perry Powder technique. This powder SHG method acts a vital role for fast 

preliminary screening of noncentrosymmetric structures. For the purpose of nonlinear optics, this 

technique also gives qualitative measure of the second harmonic efficiency [34-37].  

Nonlinear polarisation of light in a homogeneous field, moderate electric field generates a 

material's nonlinear optical properties. In this way, the amount of bonds in a solid-state material, 

specifically hydrogen bonding, can have a significant impact on NLO properties [38]. When 

intense light interacts with non-absorbing substances, several NLO events can occur, resulting in 

the production of new beams with dissimilar wavelengths. The SHG can only be detected in 

noncentrosymmetric crystalline structure, as confirmed by the emission of green light. A Q-

Switched Nd:YAG laser beam of wave length 1064 nm with an input energy of 0.7015 Joules 

and pulse width of 6 ns with a repetition rate of 10 Hz was made to fall on the KPNP crystal 

[39]. The output from the sample was passed over a monochrometer, which separates 532 nm 

(SHG) signal from 1064 nm. The SHG is confirmed by the emission of green radiation from the 

sample. The output power was measured to be 45.6 mJ. For the same input, potassium 

dihydrogen orthophosphate (KDP) emitted the green light with the output energy of 8.91 mJ. 
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The SHG efficiency of KPNP crystal was found to be 5.1 times that of KDP crystal [40-43]. The 

SHG efficiency are compared with P- nitro phenol urea, Sodium P-nitrophenalate Para-

nitrophenol dehydrate and L-Lysine 4-nitrophenolate monohydrate are given in Table 2. 

Table 2: Compression of SHG efficiency with reference 

Parameter  SHG efficiency (Reference with KDP)         Reference 

       

        P- nitro phenol urea                    3.5 times        (34) 

         SodiumP-nitrophenalate  

         Para-nitrophenol dehydrate                       5 times        (35) 

         L-Lysine 

4-nitrophenolate monohydrate                   4.45 times                             (36) 

Potassium Para nitrophenol (KPNP)        5.1 times               Present work      

4.7 Photoluminescence studies 

Photoluminescence study is a non – destructive instrument to find the luminescence 

behaviour of the crystalline sample. The ions with multiple conjugated double bonds having 

maximum of degree of resonance steadfastness shows the fluorescence effect. The 

photoluminescence analysis of the grown crystals of KPNP was carried out at room temperature 

using a Perkin Elmerls 45 Luminescence Spectrofluorimeter between the ranges from 450 nm to 

600 nm. The PL spectrum of KPNP grown crystal is shown in Fig. 6. The broad peak at 531 nm 

was observational in the emission spectrum [44]. This shows that KPNP crystal have a green 

emission under the excitation. The charge transformation and protonation of charge is extremely 

eloquent with second order NLO activity, where the crystal discharge green light for the photon 

absorption. This emission designates there may be the presence of intrinsic defects in the 

forbidden region. This PL emission of KPNP crystal may be the existence of electron 

contributing group NH and electron withdrawing group KOH, which can create the mobility of σ 

electrons [45]. 

 

Fig. 6: Photoluminescence spectrum of KPNP crystal 
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 The analysis of spectrum gives a strong emission peak of 531 nm with the corresponding 

intensity 1012 a.u which confirms that the grown crystal emits green radiation. The Emission of 

ion lies in green region that corresponds to σ – σ ⃰ transition. 

4.8 Mechanical studies 

In a crystalline material all the mechanical behaviour is highly influenced by its chemical 

composition and structure. Since, mechanical properties of a material played major role in device 

fabrication, properties of materials like fracture behaviour, brittleness index, yield strength and 

temperature of cracking can be determined by micro hardness testing method. In general, 

hardness is a measure of resistance offered by the material to local deformation [46].  

Among different types of hardness test methods available, Vicker’s hardness technique is 

the most suitable method employed for testing hardness property of electroplated thin layers and 

brittle materials having tendency for fracture, proportional to volume of loaded material [47]. 

Hardness is one of the mechanical properties to determine the plastic nature, fracture behaviour, 

molecular bindings and yield strength of the material. The hardness of KPNP was measured by 

LEITZ WETZLAR instrument attached with Vicker’s hardness pyramidal indenter to an incident 

light microscope [48].  

 The Vicker’s hardness number (Hv) of grown crystal was calculated using the following 

relation  

𝐻𝑣 = 1.8554 (
𝑃

𝑑2
) (kg/mm2) 

Where Hv is the Vicker’s hardness number in Kg/mm2, P is the applied load in Kg, and d 

is the average diagonal length of the indented impression in mm. Vikers microhardness tester 

used to access the mechanical quality of the grown crystal for various applied loads. Fig. 7 

shows the variation of 𝐻𝑣 as the function of load varying from 10 g to 100 g on the KPNP grown 

crystal [49]. 

 

Fig. 7: Plot of Vickers’s Hardness Number versus load P of KPNP crystal 
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A more suitable graph is being plotted between hardness number (𝐻𝑣) and applied load 

(P) in fig. 7. It is very clear from the figure that Hυ increase with the increase of load. The 

relation between the load and size of the indentation is given by Meyer’s law, P= adn. Where, ‘n’ 

is the Meyer index or Work hardening coefficient and ‘a’ is the constant for a given material 

[50].  

The plot of log d against log P shown in Fig. 8 is a straight line which is in good 

supported with Mayer’s law. The slope of the graph gives ‘n’ and it is determined to be 1.89. 

According to Onitsch and Hanneman ‘n’ should lie between 1.0 and 1.6 for hard material and 

above 1.6 for soft one. Hence KPNP crystal categorized to the soft material [51]. 

 

Fig. 8: Plot of log P versus log d of KPNP crystal 

4.9 Z-scan studies 

To enumerate the nonlinear refractive index (n2), nonlinear absorption coefficient (ꞵ), and 

nonlinear susceptibility (χ3) for grown KPNP single crystals, Z scan technique was used. The 

analysis of NLO behaviour in bulk materials, the Z-scan experiment were carry out using 

continuous wave Nd: YAG laser beam (λ= 1064 nm) as an excitation source and it was focalized 

using a lens with focal length of about 34.3 mm. A photo-detector through aperture possessed 

focused laser beam transmitted through the sample and measured its intensity with the help of a 

digital power meter [52].  

The plot of closed aperture setup and open aperture set up of KPNP as shown inFig. 9 (a) 

and Fig. 9 (b). The measurable quantity 𝛥𝑇𝑝−𝑣, is the difference between the peak transmittance 

and valley transmittance values, Tp-Tvand is a function of │𝛥ф│ is given by  

𝛥𝑇𝑝−𝑣=0.406 (1−𝑆)0.25 │𝛥ф│  

Where Δф is the on-axis phase shift and S is the linear aperture transmittance and it is 

given by 
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𝑆 = 1 − 𝑒𝑥𝑝〔
−2𝑟𝑎

2

⍵𝑎
2

〕  

Where ra is the radius of aperture and ⍵a is the beam radius at the aperture. The on axis 

phase shift (𝛥ф) is related to the third order nonlinear refractive index (𝑛2), 

𝑛2 =
𝛥ф

𝑘𝐼0𝐿𝑒𝑓𝑓
 

Where k = 2π/λ, λ is the wavelength of laser beam used, 

α is the linear absorption coefficient, 

L is the thickness of the specimen, 

I0 is the on-axis irradiance at focus (4.38 KW/cm2) 

L eff = [1 – exp (−α L)]/α, is the effective thickness of the specimen, 

𝐿𝑒𝑓𝑓 =
1 − 𝑒(−𝛼𝐿)

𝛼
 

 

Fig. 9 (a): Closed aperture Z-scan plot of KPNP crystal. 

 

Fig. 9 (b): Open aperture Z-scan plot of KPNP crystal. 
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Fig. 9 (b), shows the Z-scan data related to open aperture arrangement (S=1) of the 

crystalline sample. The higher transmittance value at focus exhibited the saturated behaviour of 

absorption at higher values of intensity [53]. In closed aperture Z-scan arrangement, due to the 

saturation behaviour of the sample, the peak increased and the valley decreased, as a result 

symmetry nature of Z-scan curve got changed around Z=0 [54]. 

From Open aperture Z-scan set up, the nonlinear absorption coefficient can be 

determined as, 

𝛽 =
2√2 𝛥𝑇

𝐼0𝐿𝑒𝑓𝑓
cm/W-1 

Herein 𝛥𝑇 is one valley value at the open aperture Z-scan plot. The real and imaginary 

parts of the third order nonlinear optical susceptibility could be determined from the 

experimental calculation of n2 and β according to the following relations, 

𝑅𝑒𝜒(3)(𝑒𝑠𝑢) = 10−4
(Ɛ𝑜𝐶2𝑛𝑜

2𝑛2)

𝜋
(

𝑐𝑚

𝑊
) 

𝐼𝑚𝜒(3)(𝑒𝑠𝑢) = 10−2
(Ɛ𝑜𝐶2𝑛𝑜

2𝜆𝛽)

4𝜋2
(

𝑐𝑚

𝑊
) 

The absolute value of 𝜒(3) was calculated from the following relation. 

│𝜒(3)│ = [(𝑅𝑒𝜒(3))2 + (𝐼𝑚𝜒(3))2]
1
2 

Table 3: Third order nonlinear properties of KPNP crystal 

Laser beam wavelength (λ) = 632 nm 

Laser power output (P) = 34.3 mw 

Lens focal length (f) = 3.5 cm 

Optical path distance (Z) = 70 cm 

Beam waist (ωo) = 15.35 µm 

Radius of the laser beam (ωL) = 0.16 mm 

Spot size diameter in front of the aperture (ωa) =15 mm 

Aperture radius ( ra) = 2 mm 

Effective thickness (L eff) =0.56 mm 

Diffraction length (Zo) =1.48 mm 

Incident intensity at the focus (Z=0) = 4.38 KW/cm2 

Nonlinear refractive index (n2) = 1.320x10-4cm2/W 

Nonlinear absorption coefficient (β) = 0.1400x10-4cm/ W 

Third-order nonlinear susceptibility (χ(3)) = 1.62x10-12esu 

The calculated nonlinear refractive index (n2), nonlinear absorption coefficient (β) and 

third order susceptibility (𝜒(3)) values of KPNP single crystal are 1.320x10-4cm2/W and 

0.1400x10-4cm/ W and 1.62x10-12 esu respectively. The value of the nonlinear refractive index 

indicates the self-defocusing nature of the compound which clearly shows the title compound 
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exhibit negative nonlinear optical properties. The nonlinear absorption exhibited by the specimen 

could be attributed to its saturation absorption process and this could make the title compound 

useful for optical limiting applications [55]. The third order nonlinear properties of KPNP crystal 

are provided in the Table. 3. 

 4.10 Dielectric studies 

The dielectric attributes of the material are basic to know the cross section elements and 

transport marvels in the crystal. It additionally gives the data about the polarization component, 

nature of ions, particles and bonding in the material. The dielectric estimations at various 

frequencies are called scattering [56]. The dielectric scattering of the example was estimated for 

the applied frequency that shifts from 20 Hz to 1 MHz at various temperatures (313, 333, 353 

and 373 K). Fig. 10 (a) and (b) shows the plot of dielectric scattering, dielectric LOSS (tan δ) 

versus applied frequency for various temperatures of KPNP crystal. It is seen that the scattering 

and tan δ values are found to diminish with the expansion in frequency at all temperatures. The 

high dispersion at low frequency might be because of event of all polarizations and its low worth 

at advantaged frequencies might be because of the critical loss of all polarizations [57]. The 

second-rate value of dielectric scattering is a suitable boundary for the increase of SHG 

efficiency. The variety of scattering with temperature is accredited to the electronic and ionic 

polarizations, presence of pollutions and the crystal imperfections. The experiential lower values 

of dielectric loss at higher frequencies for the KPNP crystal suggest the developed crystal 

contains more modest measure of deformities with high optical greatness [58].  

The ac conditioner conductivity (σac) has been pondered for the LARP crystal from the 

following formula σac = ε0εrω tan δ where ε0 is the vacuum dielectric consistent (8.85 × 10-2 

F/m), εr is the general dielectric consistent and ω is the precise recurrence (ω = 2ᴨυ) of the 

applied field. Fig. 10 (c) shows the variety of ac conductivity with various frequencies and 

temperatures. It is shows that the value of ac conductivity increases with expansion in frequency 

[59-61]. The electronic commute of the quantity of particles in the crystal gives nearby 

displacement of electrons toward the applied field, which in turn brings about polarization. The 

slope of the plot of ac conductivity versus temperature (Fig. 10 (d)) gives the initiation energy 

obligatory for the conduction process of the charge transporters. The value is found to be 0.5 

eV and the inferior value of activation energy inaugurates that the crystal contains fewer 

amount of defects. Therefore, the grown crystal is useful for various microelectronic and 

related second order nonlinear optical applications. 
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Fig. 10. (a): Variation of dielectric dispersion at various temperature 

 

 

Fig. 10 (b): Variation of dielectric loss with frequency at various temperatures 

 

Fig. 10 (c): Variation of ac conductivity with various frequencies and temperatures. 
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Fig. 10 (d): Activation energy of KPNP crystal 

4.11 Photoconductivity studies 

In order to increase the appliance of NLO and photonic contrivance fabrications, 

photoconductivity measurements were made on the slash and refined sample of KPNP using 

KEITHLEY- 485 picoammeter in the occurrence of DC electric field [62-64]. The suitable 

amount of KPNP sample was set on a glass plate. Electrical contact was made on the crystal by 

silver tinted copper wire as electrode with an electrode distance of 0.5×10-2 m. The sample was 

then joined in sequence to a DC power supply and the picoammeter. The sample was defended 

from all radiations then the applied field was augmented from 10 to 100 V/cm and the analogous 

dark current (Id) in the picoammeter is recorded. The sample was subsequently elucidated with 

the emission from a halogen lantern lamp (100 W) to record the photocurrent (Ip) due to the 

creations of carriers by photo excitation for the similar array of applied DC power supply. 

 

Fig. 12: Photoconductivity behaviour of KPNP crystal 

 The dark current (Id) and the photo current (Ip) as a function of applied field is shows in 

Fig. 16. The dark current (Id) and the photo current (Ip) illustrate linear response to the applied 
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field. It also shows that at every instantaneous, the dark current is maximum than the photo 

current [65]. Therefore, the above results concluded that KPNP crystal reveals unconstructive 

photo conductivity. This is due to the decrease in the number of charge carriers. It also describes 

the higher energy level is situated between the Fermi level and the conduction band. The 

decreases in the number of charge carriers in the incidence of radiation also due to the soaring 

detain cross sections for electrons and holes. This status is able to detain holes from the valence 

band and electrons from the conduction band, due to which the numeral of mobile charge 

carriers diminished and it offers negative photoconductivity in the incidence of radiation [66-67]. 

5. Conclusion: 

Optically good quality single crystal of KPNP was grown successfully by the technique 

of slow evaporation. The structure of grown KPNP crystal is triclinic were confirmed by single 

crystal X-ray diffraction analysis. The lattice parameters of KPNP are a = 6.44 Å, b = 9.34 Å, c 

=12.25 Å, α = 89.86˚, β = 76.57˚, γ = 90.60˚and the volume V = 716 Å3 were confirmed by 

powder X-ray diffraction pattern. The optical cut off wavelength of the grown crystal was found 

to be at 208 nm which represents the grown sample as potential material for device fabrication. 

The spectrum reveals strong absorption band assign to π - π*and weak band of n - π* transition 

occurring the grown KPNP crystal. The band gap energy of the material is estimated as 3.20 eV 

using Tauc’s plot and its reveals that the grown KPNP crystal as in the category of insulating 

material. The vibrational frequencies of various functional groups in the crystal were confirmed 

by FT-IR spectrum. The measured laser damage threshold value is 1.68 GW/cm3, it is achieved 

that the KPNP grown crystal is best acceptable for optical and electronic application. The SHG 

study evidently ascertained that KPNP crystal fairly shows very high competence compared to 

KDP counterparts. The SHG efficiency of KPNP crystal was found to be 5.1 times that of KDP 

crystal. The photoluminescence spectrum of analysis gives a strong emission peak of 531 nm 

with the corresponding intensity 1012 a.u which confirms that the grown crystal emits green 

radiation. The PL study also shows that Emission of ion lies in green region that corresponds to σ 

– σ ⃰ transition. The photoluminescence spectrum shows a strong green emission, which 

designates the high charge transfer and protonation. The hardness study shows that the KPNP 

crystal possesses high mechanical strength. From Z-scan the calculated nonlinear refractive 

index (n2), nonlinear absorption coefficient (β) and third order susceptibility (𝜒(3)) values of 

KPNP single crystal are 1.320x10-4cm2/W and 0.1400x10-4cm/ W and 1.62x10-12 esu. The 

dielectric study shows that the dielectric constant and dielectric loss decreases with increasing 

frequency with different temperature. The activation energy of title compound shows 0.5 eV 

shows the grown crystal is useful for various microelectronic and related second order 

nonlinear optical applications. The photoconductivity study confirmed that the –ve 

photoconductivity contributes to the absorptive nonlinearity of the grown crystal. 
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Abstract: 

An organic nonlinear optical material 2-Amino-4-methylpyridinium 2-chloro 4-nitro 

benzoate (AMPCNB) was synthesized and large size single crystals were grown by slow 

evaporation solution growth method. Single crystal X-ray diffraction study showed that the title 

compound belongs to monoclinic crystal system with P21/n space group. Powder XRD study was 

performed to ascertain its phase. The UV–VIS-NIR study was performed to investigate the 

transparency window and lower cutoff wavelength of the compound no absorption has been 

observed between 318 and 1100 nm. The third harmonic efficiency of title compound has been 

studied using Z-scan technique using continuous wave Nd:YAG laser to confirm its saturable 

absorption and self-defocusing effect. Theoretical calculation of molecular polarizability, which 

is helpful in device fabrication, was carried out from Penn gap, Clausius-mosotti equations and 

the obtained results were compared.  

Keywords: Crystal Growth, Single Crystal XRD Z-Scan Studies, Dielectric Measurements. 

1.  Introduction: 

 In recent past, organic charge transfer, nonlinear optical (NLO) materials played 

significant role in the development of photonics due to their potential applications in 

communication, electro optical modulation, photo refractivity, optical storage, harmonic 

generation, terahertz wave generation and detection, optical switching, signal processing and 

laser remote sensing [1]. Organic molecules, owing to their molecular flexibility shows enhanced 

nonlinear optical properties in an efficient manner [2]. In general, π - electron conjugated moiety 

substituted by an electron donor group on one end and electron acceptor group on the other end 

of the conjugated structure exhibited considerable NLO activity. Under the influence of applied 

electric field, π - electron moiety offers desired pathway for the whole length of conjugation. 

Also, the donor and acceptor groups favored a special approach of proton transfer between acidic 

mailto:kvphy6@gmail.com
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and basic organic links in various kinds of cation-anion mixtures, directing to the ground state 

charge asymmetry in molecules of the product, which is essential for second and third order 

nonlinearity [3]. 

 In general, carboxylic acids possess ability to form expected supramolecular structure 

with hydrogen bonding arrangements among themselves, they grabbed considerable attention as 

attractive substrates for organic synthesis [4]. Pyridine molecule has been generally used in the 

formation of molecular building blocks in NLO materials as pyridine acts as cationic bonding 

site and nitrogen proceeds as proton acceptor, thus suitable as an organic base [5]. The extension 

of pyridine ring in NLO materials produced a notable impact in the count of π-electrons in turn 

produce considerable enhancement in the NLO behavior [6].  

Recent investigations on pyridine and their derivatives such as 2,6-diaminopyridinium 4-

nitrophenolate-4-nitro phenol (DAPNP), 2-amino-4-picolinium 4-aminobenzoate, 4-

dimethylamino-N-methyl-4-stilbazolium tosylate (DAST), 2-amino-4-methylpyridinium-4-

methoxy benzoate, 2-amino 5-chloropyridinium 4-carboxybutanoate, 2-amino-5-

chloropyridinium-L-Tartrate and 2-amino 5-bromopyridinium-L-Tartrate have been reported to 

exhibit excellent nonlinear optical properties shows their significant role especially in the field of 

optical communications and frequency conversion applications.  

 In this direction, a pyridine based cation 2-amino-4-methyl pyridine (AMP) formed π-

donor-acceptor molecular compound by accepting a proton (H+) from 2-chloro 4-nitro benzoic 

acid. The formed 2-amino-4-methylpyridinium 2-chloro 4-nitro benzoate (AMPCNB) compound 

consists of benzoate anion and protonated 2-amino-4-methyl pyridine cation. From the 

information collected, in this present study, we have investigated the single crystal X-ray 

diffraction, powder X-ray diffraction, Optical transmittance, Z-scan, Optical limiting, 

photoconductivity, dielectric and mechanical properties of the title compound [7].  

2 Experimental details: 

2.1 Material synthesis and microanalysis 

 The salt of the title compound 2-Amino-4-methylpyridinium 2-chloro 4-nitro benzoate 

(C13H12ClN3O4) was obtained by adding commercially purchased (Merck, AR grade > 99%) 2-

amino 4-methyl pyridine of one mole and one mole of 2-chloro 4-nitro benzoic acid in ethanol 

solvent. The two solutions were mixed together and stirred for about 4 hours to get a 

homogeneous solution, which then turned in to a form of white colored precipitate settled at the 

bottom of container was separated from solution and dried at 40° C [8, 9]. Also, the synthesized 

material purity was enhanced by repeated recrystallization processes using ethanol as a solvent.  

The reaction mechanism of 2-amino-4-methylpyridinium 2-chloro 4-nitro benzoate (AMPCNB) 

is shown in Fig. 1 (a). The Carbon-Hydrogen-Nitrogen (CHN) elemental composition percentage 

of AMPCNB crystals were determined using Vario EL III Elemental analyzer (Germany) 
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employing helium as a carrier gas. The analyzed results were given in Table 1. From the table, it 

could be seen that the results obtained were in close agreement with the theoretical values, 

confirmed the presence of the compound..The Schematic diagram of AMPCNB single crystal as 

shown in Fig. 1 (b). 

 

Fig.1 (a): Reaction mechanism of AMPCNB single crystal 

 

Fig. 1 (b): Schematic diagram of AMPCNB single crystal 

Table 1 CHN Analysis of AMPCNB 

 Nitrogen (%) Carbon (%) Hydrogen (%)  

Experimental 13.6132 50.5131 3.9781  

Theoretical 13.5691 50.4230 3.9110  

2.2 Nucleation and Crystal growth 

The solubility study of AMPCNB was obtained using ethanol solvent for various 

saturation values of temperature employing conventional isothermal method by maintaining the 
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cooling rate of 2° C per hour. The saturated solution of the title compound at 30° C was prepared 

and placed in a bath whose temperature could be monitored and controlled using a 

programmable temperature controller. During growth process, in order to eliminate spurious 

nuclei presence, the solution was preheated to 5° C above its saturation temperature for about 24 

hours, before the cooling process was initiated. The temperature of equilibrium-saturated 

solution was then slowly reduced to 30° C with a cooling rate of 3° C/h until a first formed tiny 

crystal (considered as a nucleation site) was observed [10].  

2.3 Characterization 

In order to establish that the grown crystal was essentially AMPCNB, a tiny single crystal 

obtained from spontaneous nucleation process was then subjected to single crystal X-Ray 

Diffraction method using Enraf-Nonius CAD-4 diffractometer employed with Cu-K radiation 

( = 0.71073 Å) in the 2θ range 10–79.96o at a scan rate of 0.05o /sec, at ambient temperature. 

The unit cell parameter determination of AMPCNB crystal was carried out by least-squares 

technique employing many reflections. The structural refinement of the compound was 

characterized using full-matrix least-squares method via SHELXL 97. The UV–VIS-NIR 

transmission spectrum of AMPCNB crystal was recorded using the JASCO V-630 model 

spectrophotometer (wavelength accuracy ±0.2 nm) [11]. Whereas, Jobin Yvon Fluorometer FL3-

11 was employed to record emission and absorption spectra of the compound at room 

temperature. The refractive index measurement of title compound was carried out using 

Metricon model 2010/M at wavelength of 632 nm [12]. For the analysis of NLO property in bulk 

materials, the Z-scan studies were performed using continuous wave Nd: YAG laser beam (λ= 

1064 nm) as an excitation source and it was focused using a lens with focal length of about 3.5 

cm. In this study, the crystal sample was translated across the focal region (+z to –z) along the 

axial direction of a focused laser beam [13]. In open aperture Z-scan, intensity dependent 

absorption was obtained without placing an aperture at the detector to get data about nonlinear 

absorption. Whereas, in closed aperture method, transmitted energy is measured when an 

aperture is placed at far field position to obtain nonlinear refractive index. A photo-detector 

through aperture collected focused laser beam transmitted through the sample and measured its 

intensity with the help of a digital power meter [14, 15].  

Dielectric studies (εr and tan δ) of AMPCNB were carried out in the frequency range 50 

Hz - 5 MHz at various temperatures employing a Hioki LCR 3532-50 LCR meter. In order to 

provide good ohmic contact, a crystalline sample of typical size of about 6 × 6 × 4 mm3 was 

selected and a pair of polished flat surface of (10-1) & (-101) crystal planes were coated with 

silver paste. To act as a parallel plate capacitor, sample (dielectric medium) is inserted between 

two copper electrodes [16]. 
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3. Results and Discussion 

3.1 X-Ray Diffraction studies 

 The single crystal X-ray diffraction data of the title compound were collected at 293 K 

with graphite–monochromated Mo Kα radiation (λ = 0.71073 Å), and used Enraf–Nonius CAD-

4 diffractometer with the ω-2θ scan mode. A suitable sample of size 0.26 mm x 0.21 mm x 0.18 

mm was chosen and mounted on the goniometer. The Lattice parameters were collected from 

least-squares fit of many reflections. Cell refinement and data reduction were carried out using 

CAD-4 EXPRESS. The structures were solved by direct methods procedure using SHELXS 97 

and refined by full-matrix least-squares on F2 using SHELXL -97 programs. The experimental 

density (ρe) of the title compound was compared with the theoretical density (ρt), and the density 

of AMPCNB was calculated from the expression, 

𝜌𝑒  =  
𝑀𝑍 

𝑁𝑉
 

Where M is the molar mass, V is the volume of the unit cell and Z is the number of 

molecules in a single unit cell of the compound [17]. The comparatively good agreement 

between experimental and theoretical density data values (ρe = 1.484 Mg/m3; ρt = 1.468 Mg/m3) 

showed purified nature of the grown crystal. The title compound crystallized in monoclinic space 

group P21/n. The unit cell parameters for the crystal of AMPCNB are, a = 14.9230 (9) Å, b = 

6.5971 (4) Å, c = 15.7552 (10) Å and α= 90 °, β=116.237, = 90 with unit cell volume equal to 

1385.94 Å3 and the number of molecules in unit cell was 4 [18]. The ORTEP (Oak Ridge 

Thermal-Ellipsoid Plot Program) diagram with atom numbering scheme of the AMPCNB crystal 

structure was shown in the Fig. 2. Table. 2 shows the crystal data and structure refinement of 

AMPCNB compound. 

 

Fig. 2: ORTEP diagram with atom numbering scheme of the AMPCNB crystal structure 

The planes of various reflections in powder X-ray diffraction data were indexed using 

mercury software. The indexed powder X-ray diffraction pattern using Mercury software and the 

experimentally obtained single crystal XRD data are shown in Fig. 3 (a) and 3 (b). The obtained 

experimental XRD pattern was compared and agreed well with the simulated XRD pattern [19]. 
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Fig. 3: (a). Single crystal XRD, (b) Powder XRD plot of AMPCNB. 

3.2 Solubility studies 

Solubility curves are the critical parameters for the successful development, optimization 

and scale-up of a crystallization process. The solubility measurement of a material in any solvent 

gives indication about the nucleation and availability of the solute material for crystal growth and 

to decide the cooling rate during the crystal growth. Super saturation is the driving force for the 

crystallization and it also affects the crystal quality. For growing good quality crystals the 

solubility of the material should be moderate. From solubility studies, it could be observed that, 

solubility of the compound in ethanol solvent increases linearly with increase in temperature. 

Also, positive solubility response of the title compound indicated the possibility of growing large 

size single crystals via slow cooling and slow evaporation solution growth method [20]. 

Solubility plot of AMPCNB compound is given in Fig. 4 (a).  

Table 2: Crystal data and Structure Refinement of AMPCNB 

Empirical Formula C13 H12 Cl N3 O4   

Formula weight 309.80 
 

Temperature 294 K 
 

Wavelength 0.71073 Å 
 

Crystal system,  

space group 

MONOCLINIC 

P21/n 

 

Unit cell dimensions a = 14.9230(9) Å α=90.000° 

b = 6.5971(4) Å β=116.237(1)° 

c = 15.7552(10) Å ν= 90.000° 
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Volume 1385.94 A3 
 

Z, Calculated density 4, 1.484 Mg/m3 
 

Absorption coefficient 0.357 mm^-1 
 

F(000) 642 
 

Crystal size 0.31 x 0.24 x 0.15 mm3 
 

Theta range 2.5 to 28.5 deg. 
 

Limiting indices -10<=h<=9, -12<=k<=12,  
 

-10<=l<=10 

Reflections collected 5459 / 2361 [R(int) =0.035] 
 

Completeness to θ = 28.5° 99% 
 

Refinement method Full-matrix least-squares on F2 
 

Data/restraints/ parameters 2451 / 0 / 168 
 

Goodness-of-fit on F^2 1.045 
 

Final R indices  R1 = 0.0317, wR2 = 0.0613 
 

R indices (all data) R1 = 0.0377, wR2 = 0.061 
 

Largest diff. peak and hole 0.204 and -262e.A^-3   

 

The variation in solubility at various temperatures is shown in Fig. 4. Using above 

solubility data, bright, transparent and colorless single crystals with average dimension of about 

10 x5x 6 mm3 of AMPCNB (C13H12 ClN3O4) were obtained. Fig. 5 (a) and 5 (b) shows grown 

crystal and morphology of the mentioned compound.  

 

Fig. 4: Solubility plot of AMPCNB compound 
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Fig. 5: (a) Grown crystal, (b) Morphology of AMPCNB 

3.3 UV-VIS Spectroscopic studies 

As transmission range and transparency cutoff are most important parameters for NLO 

crystals, the UV-VIS-NIRspectra were recorded for the crystals in the wavelength region from 

200 to 1100 nm using the JASCO V-630 model spectrophotometer. The UV-VIS-NIR 

transmittance spectrum of title compound is shown in Fig. 6 (a). The lower cutoff wavelength of 

AMPCNB was observed at 318 nm, due to electron excitation transition from non-binding ‘n’ 

orbital to antibonding ‘π’ orbital represented as π* (n → π*). From the plot, no absorption has 

been observed between 318 and 1100 nm. In addition, maximum transparency of about 71%, 

which indicated AMPCNB crystal, could be useful for NLO applications [21].  

 

Fig. 6: (a) UV-Vis-NIR transmittance spectrum, (b) Band gap plot (Inset) of AMPCNB. 

 

The optical absorption coefficient (α) was calculated by using the transmittance (T) and 

thickness (d) values of the crystal using the following relation 
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𝛼 =  
2.303

𝑑
log (

1

𝑇
) 

Owing to the direct band gap of the AMPCNB crystal, absorption coefficient (α) obeying 

the relation for high photon energies (hυ) is given by 

 (𝛼ℎ𝜈)𝑛= A (𝐸𝑔 − ℎ𝜈) 

Where Eg is optical band gap of the crystal and A is a constant. The plot of variation of 

(αhν)1/2 vs (hν) is shown in Fig. 6 (b) (as inset). By extrapolating the linear portion of the curve 

near the start of absorption edge, the optical band gap energy of the crystal was found to be 3.61 

eV. As a consequence of this wide band gap, the grown AMPCNB crystal is expected to have 

high damage threshold and large transmittance in the visible region [22, 23]. 

3.4 Z-Scan Studies 

The analysis of NLO property in bulk materials, the Z-scan experiment were executed 

using continuous wave Nd: YAG laser beam (λ= 1064 nm) as an excitation source and it was 

focused using a lens with focal length of about 3.5 cm. A photo-detector through aperture 

collected focused laser beam transmitted through the sample and measured its intensity with the 

help of a digital power meter [24].  

The plot of closed aperture setup and open aperture set up of AMPCNB as shown in Fig. 

7(a) and Fig. 7 (b). The measurable quantity 𝛥𝑇𝑝−𝑣, is the difference between the peak 

transmittance and valley transmittance values, Tp-Tvand is a function of │𝛥ф│ is given by  

𝛥𝑇𝑝−𝑣=0.406 (1−𝑆)0.25 │𝛥ф│  

WhereΔф is the on-axis phase shift and S is the linear aperture transmittance and it is 

given by 

𝑆 = 1 − 𝑒𝑥𝑝〔
−2𝑟𝑎

2

⍵𝑎
2

〕 

Wherera is the radius of aperture and ⍵a is the beam radius at the aperture. The on axis 

phase shift (𝛥ф) is related to the third order nonlinear refractive index (𝑛2), 

𝑛2 =
𝛥ф

𝑘𝐼0𝐿𝑒𝑓𝑓
 

Where k = 2π/λ, λ is the wavelengthof laser beam used, 

α is the linear absorption coefficient, 

L is the thickness of the specimen, 

I0 is the on-axis irradiance at focus (4.38 KW/cm2) 

L eff = [1 – exp (−α L)]/α, is the effective thickness of the specimen, 

𝐿𝑒𝑓𝑓 =
1 − 𝑒(−𝛼𝐿)

𝛼
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Fig. 7(b), shows the Z-scan data related to open aperture arrangement (S=1) of the 

crystalline sample. The higher transmittance value at focus exhibited the saturated behavior of 

absorption at higher values of intensity [25]. In closed aperture Z-scan arrangement, due to the 

saturation behavior of the sample, the peak increased and the valley decreased, as a result 

symmetry nature of Z-scan curve got changed around Z=0, [26]. 

 

 

Fig. 7 (a): Closed aperture Z-scan plot of AMPCNB. 

 

 

Fig. 7(b): Open aperture Z-scan plot of AMPCNB. 

From Open aperture Z-scan set up, the nonlinear absorption coefficient can be 

determined as, 



Bhumi Publishing, India 

126 
 

𝛽 =
2√2 𝛥𝑇

𝐼0𝐿𝑒𝑓𝑓
cm/W-1 

Herein 𝛥𝑇 is one valley value at the open aperture Z-scan plot. The real and imaginary 

parts of the third order nonlinear optical susceptibility could be determined from the 

experimental calculation of n2 and β according to the following relations, 

𝑅𝑒𝜒(3)(𝑒𝑠𝑢) = 10−4
(Ɛ𝑜𝐶2𝑛𝑜

2𝑛2)

𝜋
(

𝑐𝑚

𝑊
) 

𝐼𝑚𝜒(3)(𝑒𝑠𝑢) = 10−2
(Ɛ𝑜𝐶2𝑛𝑜

2𝜆𝛽)

4𝜋2
(

𝑐𝑚

𝑊
) 

The absolute value of 𝜒(3) was calculated from the following relation. 

│𝜒(3)│ = [(𝑅𝑒𝜒(3))2 + (𝐼𝑚𝜒(3))2]
1
2 

The calculated nonlinear refractive index (n2), nonlinear absorption coefficient (β) and 

third order susceptibility (𝜒(3)) values of AMPCNB single crystal are 5.610x 10-8 cm2/W and 

0.033x10-4 cm/W and 2.942x10-6 esu respectively [27]. The value of the nonlinear refractive 

index indicates the self-defocusing nature of the compound which clearly shows the title 

compound exhibit negative nonlinear optical properties [28, 29]. The nonlinear absorption 

exhibited by the specimen could be attributed to its saturation absorption process and this could 

make the title compound useful for optical limiting applications [30]. The third order nonlinear 

properties of AMPCNB crystal are provided in the Table. 3. 

 Table 3: Third order nonlinear properties of AMPCNB crystal. 

Laser beam wavelength (λ) = 532 nm 

 Laser power output (P) = 34.3 mw 

 Lens focal length (f) = 3.5 cm 

 Optical path distance (Z) = 70 cm 

 Beam waist (ωo) = 15.35 µm 

 Radius of the laser beam (ωL) = 0.16 mm 

 Spot size diameter in front of the aperture (ωa) =15 mm 

 Aperture radius ( ra) = 2 mm 

 Effective thickness (L eff) =1.13 mm 

 Diffraction length (Zo) =1.48 mm 

 Incident intensity at the focus (Z=0) = 4.38 KW/cm2 

 Nonlinear refractive index (n2) = 5.610 x 10-8 cm2/W 

 Nonlinear absorption coefficient (β) = 0.033 x 10-4 cm/W 

 Third-order nonlinear susceptibility (χ (3)) = 2.942 x 10-6 esu 
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3.5 Dielectric studies 

 The dielectric properties of the materials are important to know the charge transport 

phenomena and the lattice dynamics in the crystals. The dielectric behaviour of AMPCNB single 

crystals was studied using HIOKI 3532-50 LCR Hi-TESTER in the frequency range from 50Hz-

5MHz at various temperatures ranging from 303K to 343K. The grown AMPCNB was cut into 

rectangular dimension and subjected to dielectric studies. To make electrical contacts opposite 

faces of the crystals were coated with electronic grade silver paint and the electrical contacts 

were obtained. 

The dielectric constant was calculated using the formula, 

Ɛr =  
Ct

AƐₒ
 

The variation of log frequency against dielectric constant at various temperatures is 

shown in Fig. 8(a). From figure it could be seen that there is exponential decrease in Ɛr with 

increase in frequency and linear increase in Ɛr at lower frequency region, revealed contribution of 

various polarization mechanisms in a solid material [31]. The highest value of dielectric constant 

(Ɛr =11.4) at temperature,T= 343 K was observed at lower frequencies, (f = 500 Hz) could be due 

to the contribution from all the four types of polarization mechanisms (electronic, ionic, 

orientation and space charge polarization) [32]. Since, AMPCNB possessed domains of various 

sizes and differing relaxation times, dielectric constant and loss values decreased gradually with 

increase in frequency values. The stable low value of of dielectric constant, Ɛr = 0.79 at 

temperature, T= 343 K was observed at f = 5 MHz frequency showed the major contribution of 

electronic polarization. 

 

Fig. 8(a): Variation of Dielectric constant (εr) as a function of Log frequency at different 

temperatures. 
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Fig. 8 (b): Variation of Dielectric loss (tan δ) as a function of Log frequency at different 

Temperatures. 

 

 

Fig. 8 (c): Variation of Ac conductivity as a function of Log Frequency at various 

temperatures. 
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Fig. 8 (d): Activation Energy of AMPCNB crystal. 

In addition, the lower values of dielectric constant of AMPCNB at higher frequencies 

indicated the material could possibly exhibit relatively low power dissipation behavior as like 

other organic NLO crystals, such as NSP, B2AM, 4APM, L-arginine acetate, 4-methyl 

benzophenone and 2-amino-5-chloro pyridine. Comparision of Ɛr values of different pyridine 

derivative crystals at T=343K is shown in Table 4. The same trend was observed in the 

measurement of dielectric loss values as a function of frequency and temperature [Fig. 8(b)]. At 

lower frequency region, material exhibited higher values of dielectric loss due to space charge 

polarization [33, 34]. The increase in applied electric field frequency decrease polarization and, 

as a result dielectric loss values are decreased. The larger value of dielectric loss (tanδ = 2.38) for 

the title compound is observed for a frequency of 500 Hz at temperature, T= 343 K. However 

smaller value of loss (tanδ = 0.18) is observed for 5 MHz frequency at 343 K, showed AMPCNB 

crystal could be a suitable candidate for photonic, optoelectronic and NLO applications [35]. The 

variation in dielectric loss and dielectric constant with the change in frequency confirmed the 

title compound under investigation possessed dipoles with continuously varying relaxation times 

which are not responded to higher frequencies [36]. Further, lower values of dielectric constant 

at higher frequencies ascertained the presence of lesser number of electrically active defects in 

the crystal, which facilitated its use in NLO applications [37, 38]. Arrhenius plot drawn between 

ln σacT and 1000/T for grown AMPCNB crystal is shown in Fig. 8(c). From the figure, it could 

be observed that, ac conductivity noticeably increases with temperature.  
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Table 4: Comparision of dielectric constant values of different pyridine deravitives. 

 

The line of best fit for the plot of ln σacT and 1000/T obeys Arrhenius relationship, 

σac = σoexp (
−Eac

 kT
) 

Where σo is pre-exponent factor, Eac is the activation energy for the ionic conduction 

process, k is Boltzmann constant and T is the temperature. Hence, crystal under investigation 

shows Arrhenius type of conductivity behavior in the above said range of temperature. The 

calculated activation energy of title compound from Fig. 8(d) due to thermally activated charge 

transfer process was found to be 1.81 eV, which indicated smaller defect numbers in the title 

compound [39].  

3.5.1 Theoretical evaluation of plasma energy, penn gap and Fermi energy and polarisability 

 In general, NLO efficiency of a nonlinear optical single crystal is strongly influenced by 

its electronic properties, thus it is essential to investigate them in detailed manner [40]. 

Theoretical evaluations indicate that εr at high frequency explicitly depends on valence electron 

plasma energy, Fermi energy and an average energy gap referred to as Penn gap energy. From 

the fitting of dielectric constant with Plasmon energy, Penn gap is evaluated for the title crystal. 

 The valence electron Plasma energy (ħωp) of AMPCNB is given by,  

ħωp = 28.8 x (
𝑍𝜌

𝑀
)

1/2

 

Where Z= ((13ZC) +(12ZH)+(3ZN)+(1ZCL)+(4ZO)) = 160 is number of total valence 

electrons, M is molecular weight and ρ is density of the crystal.  

The Penn gap and Fermi energy are given by, 

Pyridine derivative Dielectricconstant 

( Ɛr) at 343 K 

Reference 

2-amino-4-methylpyridinium 2-chloro 4-nitro 

benzoate 

      11.5 Present work 

2-amino-5-chloropyridinium-4-carboxybutanoate 9.4 [29] 

2-aminomethylpyridinium picrate 38 [29] 

4-aminopyridinium p-amino benzoate 420 [29] 

Dimethyl amino pyridinium 4-nitro phenolate 1180 [29] 
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EP =  (
ħωp

ε∞–  1
)

1/2

 

EF =  0.2948 (ħωp)4/3 

Molecular Polarizability (α) is calculated using the relation,  

α = [
(ħωp)2 So

(ħωp)2So+ 3EP
2] × (

M

 𝛒 
) × 0.396 × 10−24cm−1 

So = 1 − [
EF

4EF
] +

1

3
[

EF

4EF
]

2

 

The calculated value of α from penn gap closely agree with that of the Clausius-Mosotti 

relation, 

α = 
3M

4πNa ρ
(

ε∞– 1

ε∞+ 2
) 

All the calculated values of 2A4MP2C4NB are compared with KDP and 2A5BPTA 

crystals and listed in Table. 5. It is found that the polarizability value of the title compound is 

comparable with KDP and 2A5BPTA [41]. 

Table 5: Theoretical parameters of AMPCNB. 

Parameters 

Values for 

AMPCNB  

(Present work) 

Values for 

2A5BPTA  

[32] 

Values for 

KDP  

[32] 

Plasma energy (eV) 18.42 21.24 17.28 

Penn gap energy (eV) 5.559 6.132 2.37 

Fermi energy (eV) 13.92 17.344 12.02 

Polarizability by Penn 

analysis  5.431 x 10-23 5.419 x 10-23 2.14 x 10-23 

    

By Clausius Mosotti 

relation  5.433 x 10-23 5.415 x 10-23 2.10 x 10-23 

 

4. Conclusions: 

The single crystals of AMPCNB were grown by using solution growth technique. The 

title compound crystal structure was elucidated using single crystal XRD method and it was 

concluded that the crystallize in centrosymmetric space group P21/n.The unit cell parameters for 

the crystal of AMPCNB are, a = 14.9230 (9) Å, b = 6.5971 (4) Å, c = 15.7552 (10) Å and α= 90 

°, β=116.237, = 90 with unit cell volume equal to 1385.94 Å3 and the number of molecules in 

unit cell was 4. The powdered material of the title compound was subjected to microanalysis, 

powder XRD to further establish the composition, crystalline phase respectively. The refractive 
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index of AMPCNB was determined by employing Brewster’s angle method from a He-Ne laser 

of wavelength, λ=632 nm about 1.4519.Z-Scan studies were carried out the calculated nonlinear 

refractive index (n2), nonlinear absorption coefficient (β) and third order susceptibility (𝜒(3)) 

values of AMPCNB single crystal are 5.610x 10-8 cm2/W and 0.033x10-4 cm/W and 2.942x10-6 

esu respectively. Z-Scan studies were carried out to calculate the third order NLO coefficient of 

AMPCNB confirmed that it exhibited self-defocusing nature. Lower values of dielectric constant 

at higher frequencies ascertained the presence of lesser number of electrically active defects in 

the crystal, which facilitated its use in NLO applications. Thus, the above mentioned studies 

establish that AMPCNB could act as an efficient material for NLO and opto-electronic 

applications. 
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