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    The idea of studying nano-structures was established in the year 1959 when Nobel laureate and theoretical physicist Richard Feynman spoke about miniaturizing old-age computers in his famous talk entitled “There’s plenty of room at the bottom”. Recently, the 2016 Nobel Prize in Chemistry awarded to Prof. Jean Pierre Sauvage, Prof. Sir J. Fraser Stoddart, and Prof. Bernard Lucas Feringa “for the design and synthesis of molecular machines”, established yet another key milestone in the history of nanotechnology. Nanotechnology, in recent years, has delivered innovations that have the potential to completely transform the direction of technological advances in a wide range of applications such as nano-engineering, nano-materials, nano-electronics and nano-medicine. The evolution of nano-technology is undoubtedly going to result in sweeping changes to humanity and our society. Not just limited to engineering and material sciences, the innovations in nano-technology have allowed us to come up with a logical deduction towards understanding the complex and multiple associations within biomolecules and biological systems.




    This book takes us on a voyage through the realm of new discoveries and innovations in the field of nano-technology. The book consists of twenty-three chapters; each chapter addresses specific facets of nanoscience and nano-engineering involving basic concepts of physics, chemistry, biology and mathematics for the development of new products. This enthralling journey takes us through multifarious terrains of nanotechnology, such as nano-electronic products, nano-technology for electronic modules, characteristics and application of field effect transistors as sensors. In addition, it includes extensive discussion on nanomaterials applications, including but not limited to, nano-dentistry and cosmetic industry and energy harvesting using solar cells.




    In light of the recent inventions, discoveries and breakthroughs in the field of nano-technology, this book promises to delight nano-technology researchers, students and enthusiasts equally.
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    This volume is a continuation of the first volume of this nanotechnology book. The two volumes are an integral part of the book “Nanoelectronics Devices: Design, Materials and Applications” and were necessary for easy handling of the whole book. The second volume is organized as:




    

      Organization of PART 2




      Chapter 1 explains the waveguides' L shape defects and how they help in optical interconnection and optical signal amplification. Photonic crystal waveguide geometry such as one dimensional and higher dimensions and photonic crystal controlling index guiding mechanism, band gap mechanism, computational methodology, FDDT, various structure defects, and its simulation results are also provided.




      Chapter 2 deals with the nanotechnology application in a power grid where power is transmitted from 8kW to 80kW with simple energy storage systems. A nano grid power frame is illustrated here that contains a smart transformer, smart sensors, smart electrical meters, capacitors, commutators, converter, communication, etc. Issues associated with nano power grid are identified, and a suitable solution is also proposed. Fuel cells for energy harvesting are also discussed and classified with other energy harvesting processes like wind energy and bioenergy. Nano grid reconstruction and restructuring are also listed with a proper illustration.




      Chapter 3 deals with the use of nanomaterials photodetectors for artificial retina implants, a biomedical application of nanomaterials. Two-dimensional material and based heterojunction like MoS2 /graphene, MoS2 /CNT, and MoS2 /WS2 that have excellent carrier mobility, large surface area, thermal stability, and optoelectronic features introduced and identified as potential materials for the artificial retina. For this specific application, some biomaterials are also listed. Density functional computational technique, an effective method to identify a vast property of materials, is introduced. The density of states and optical properties of MoS2 simulated and illustrated will help readers decide on the use of this material for retina implants.




      Chapter 4 presents fifth-generation communication possible because of the advancement in the nanoelectronics devices that provide efficient radio frequency power amplifiers, oscillators, amplitude modulators, etc. Amplifier classes, their performance comparison, and the Doherty amplifier classification are correctly explained.




      Chapter 5 identifies carbon as an effective material for energy harvesting and is widely used for most solar cells. With active material for the optical to electrical conversion solar pannel different types and connection, multilayers, nanocomposites, junction box also illustrated.




      Chapter 6 nanoelectronics and nanodevices have potential applications in the medical field called biotechnology. In addition, this chapter illustrates the use of polymers, polymer conductors, composites, graphene, and corban nanotube applications in biosensors, drug delivery, and such medical applications. Metallic nanowire liquid metals, wearable devices, electronic skin, intelligent wound bandages, tattoo-based electrochemical sensors, PEDOT: PSS-based EEG, etc. are presented in detail.




      Chapter 7 present the application of nanomaterial in dentistry and cosmetic with a proper illustration. Nanoelectronics is able to produce restorative material in dentistry. Anesthesia, dentifrobots, orthodontic nanorobots, bottom-up and nanocomposites, glass ionomer cement, nanoceramics, and top-down implant approaches for dentistry and cosmetics, including their synthesis and fabrication by physical and biological roots, are elaborated. Information about the antibacterial properties of a gold-silver alloy, nanomedicine, ficus benghalensis root extract, Ag2O nanoparticles, and different sensor and nanotechnology applications in surgery is given. Cosmetics are substances that improve the appearance of the skin and have been used by humans from ancient times in one form or another; here, some cosmetic materials like liposomes, niosomes, solid lipid nanoparticles, nanoemulsions, and cosmeceuticals are defined.




      Chapter 8 provides information on environment monitoring using ferromagnetic materials. Types of ferromagnetic material biosensors and ferromagnetic, synthesis process, surface functionalization, application, based pesticides, and some pollutants and dangerous chemicals phenolic compounds, heavy metals, are incorporated in this chapter. Some future challenges and scopes in this field are also listed.




      Chapter 9 focuses on the application of nanoelectronics, nanotechnology, and nanomaterials like a lab on chips in food processing and agriculture. Different structure of nanomaterials that are used in food processing is presented. Nanotechnology helps in crop production, animal production, food preservation, and soil fertility. The characterization techniques of the nanomaterials are also listed. Many sensors not presented in the previous chapter are also discussed, such as the Rumi watch nose band sensor.




      Chapter 10 describes a cascade laser based on a nitride-based quantum dot, a one-dimensional material. Population inversion and energy band gap are explained in depth. Green function and different scattering are also discussed in depth.




      Chapter 11 discusses nanomaterials' different fabrication methodologies and nanotechnology like carbon nanotube, quantum dots, etc. It includes photolithography, ball milling, electrospinning, sputtering, co-precipitation some fabrication methods to fabricate electronic devices




      Chapter 12 presents the application of nanoelectronics in the medical field. This chapter is a review chapter that indicates the different nanomaterials in medical instruments. It also touches on carbon and based materials and their application in medicine.




      Chapter 13 discuss and presents the InAs quantum dots for the fabrication of efficient solar cell, similar to the quantum dot technology used for the fabrication of the laser, and chapter 24 elaborates on them.




      Chapter 14 presents the electromagnetic band gap of one, two, and three-dimensional materials in detail. Here band gap engineering is tailored by the substrate on which nanomaterials are synthesized. This chapter provides recent developments in electromagnetic radiation based on nitride materials.




      This volume has all the key feature that has first volume. Hope readers find these two volumes helpful for their academic and research needs.
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      Abstract




      Photonic crystal (PhC) has witnessed an unprecedented research interest since its discovery by Yablonovitch and John in 1987. PhC has undergone substantial theoretical and experimental study because of its periodic dielectric structure and ability to guide and manipulate light at the optical wavelength scale. The photonic band gap (PBG), one of the fundamental characteristics of PhC, prohibits the transmission of light inside a definite wavelength range. The PBG property of PhC opens up enormous opportunities for envisioning a wide range of applications like communication, filtering, bio-sensing, interconnector, modulator, polarizer, environmental safety, food processing etc. However, a peculiar property can be observed when defects are added to PhC, the periodicity of this dielectric structure is disrupted, allowing PC to exhibit high electromagnetic field confinement, a little more volume, and feeble confinement loss. The propagation of light can be altered and engineered by altering the structural characteristics of PhC or introducing appropriate materials into the rods of PC. Among the different applications, optical interconnect is the most escalating application in a photonic integrated circuit. This chapter addresses a novel 2D photonic crystal waveguide for optical amplifier application. The proposed structure comprises 9×9 circular rods of Si with air in the background. A sequence of Si rods is removed to create a defect in the 90o shape. The finite difference time domain method (FDTD) can be adjusted to envisage the electric field allocation along the 90o bend defective region. Several geometrical factors, such as the radius of the Si rods and the gap between lattices, are judiciously optimized in order to realize strong light confinement inside the defect region. The intensity of incident light and the transmitted light is evaluated through numerical analysis, where it is found that the transmitted intensity from the




      waveguide is much higher than the intensity of incident light, which ensures that the projected construction can act as an optical amplifier. Apart from this, the bending loss close to the bending area of the photonic waveguide is investigated. A small bending loss of the order of 10-5 exists, which indicates efficient guidance of light along the 90o bend path. Lastly, the confinement loss along the defect region is studied, which is found to be in the order of 10-11. So, the light propagation with negligible loss indicates that the future PCW could be an appropriate applicant for optical interconnect applications.
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      INTRODUCTION




      In 1888, Lord Rayleigh initiated the era of photonics when he proposed a periodic multilayer dielectric stack to realize the mirror application [1]. However, at the time, scientists/researchers were unaware of the importance of photonics towards various societal applications. Almost a century later, in 1987, Eli Yablonovitch and Sajeev John [2, 3] came up with a revolutionary idea on photonic crystal, which completely changed the research perceptive of photonics, and the researchers began to explore the characteristics and applications of periodic structures in depth. Later, V.P. Bykov highlighted the high-dimensional photonic structures [4]. After 1987, nevertheless, the research on photonics has accelerated exponentially, and the fabrication constraints have come up as a hindrance in realizing high-dimensional photonic crystal structures. For the first time, Krauss [5], in 1996, presented the possible fabrication techniques to envisage two-dimensional photonic crystals using semiconductor materials. Besides this, works are also carried out on photonic crystal-based chips or components to communicate data between ON and OFF chips through optical signals. Afterwards, the researchers studied the impact of photonics in the healthcare sector, bioanalytics sensing, quantum computing, optical communications, the food industry, environmental hazards monitoring, display engineering, etc.




      In earlier decades, a lot of significant steps were taken to manage the flow of electromagnetic rays in materials by regulating their optical characteristics. The introduction of optical fibers has revolutionized the optical and telecommunication industry, by allowing light guidance through the total internal reflection (TIR) effect [6]. Alternatively, the light can be controlled by using the Bragg diffraction technique, and the same has been the backbone of designing dielectric mirrors [7]. The principle of the dielectric mirror was further researched, and in 1987, scientists explored one-dimensional light reflection material, which led to the discovery of a new class of material called photonic crystal (PhC). The developments of photonic crystals were traced back to 1987, when two milestone publications were available in the journal of Physical Review Letters [8, 9], where the authors noticed the concept of the Photonic Band Gap (PBG). Even though the wave transmission in a periodic medium (containing even 2D optical lattices as well as gratings) had been identified for decades, these investigations opened up a novel avenue of experimental and theoretical inquiry. The fundamental goal of the year 1987 publications was to design the compactness of optical state in specific synthetic materials and remove natural light emanation, hence enhancing laser performance. The broadcast of electronic wave functions (i.e., electron mobility) in semiconductors and electronic lattices is paralleled by the transmission of optical frequencies in a material having a periodic structure.


    




    

      PHOTONIC CRYSTAL WAVEGUIDE (PCW): CONCEPT AND GEOMETRY




      Photonic crystal waveguides are typically generated by a linear defect, which is composed of a row of modified lattice unit cells printed onto a high-index dielectric membrane. Photonic crystals (PhCs) can be created by periodic arrangement of dielectric materials of the varied index of refraction in 1D, 2D and 3D. A plane wave is not an Eigen function of the Helmholtz equation in PCs since they are inhomogeneous materials. An overall field in a PhC is the aggregate of the transmitted and reflected fields from the entire scattering areas (distributed Bragg reflection). DBR and the incident field might add constructively or destructively depending on the structure's period and frequency of operation. When backward transmitting waves totally terminate out forward transmitting waves, the transmission coefficient disappears, resulting in a resonance condition. As a result, photonic crystals can have a certain gap (known as photonic bandgap or PBG [10-12] in the band diagrams, for example, in the figure of momentum vs. photon energy. Further, some frequencies of electromagnetic rays cannot propagate in certain structures. Photonic crystal waveguides (PCWGs) are basically constructed on a silicon-on-insulator (SOI) wafer. The spectral characteristics like communication spectra and reflection spectra are used to examine the whole photonic band gap, index-guided mode and band gap-directed mode. The PCWG's mini-stop bands can be simulated using various structural parameters. The coupling properties of PCWG are theoretically explored, while flaws during the manufacturing process were taken into account. Based on the complexity of their periodicities, PhCs are classified as follows.


    




    

      ONE-DIMENSIONAL PHOTONIC CRYSTAL




      1D PhCs are simple to design and analyse. These structures can be solved analytically with a few steps. 1D PhC is the alternate arrangement of dielectric materials along a single direction [13]. Upon incident light on this periodic structure, each dielectric interface reflects some of the light signals. When the reflected signals are in phase, a strong reflectance is realized due to constructive interference, which is known as Bragg reflection. It possesses many interesting properties like adjustable dispersion and birefringence, homogenous behavioural property, compatibility with existing photonic devices without much change in the fabrication process, etc. In this case, the layers of different dielectric slabs are arranged in such a way that the resulting bandgap performs in a particular direction.


    




    

      TWO-DIMENSIONAL PHOTONIC CRYSTAL




      In a 2D PhC structure, the alternate materials of different RI are implemented throughout the structure along the two directions [14]. The propagation of electromagnetic signals in the 2D PhC is also affected by the PBG mechanism, similar to the 1D PhC. The 2D photonic structure can be better understood by considering two polarizations like TE and TM modes. In TM mode, the magnetic field lies in ‘xy’ plane, whereas the electric field is in ‘z’, and in TE mode, the case is just the opposite, i.e., the magnetic field in ‘z’ plane and the electric field in ‘xy’ plane. Considering these polarizations, two basic topologies are involved in the 2D photonic structure [15]: (a) high refractive index material is enclosed by the material of lower refractive index, and (b) the lower index material is bounded by high refractive index materials. Apart from the traditional PBG mechanism in a regular lattice, light propagation in a 2D PhC could be controlled by inserting defects in the PhC, either point defect or line defect, such that localized defect states are formed inside the PBG. The defect can be created by removing cylinders at the centre or along a line, in order to form a waveguide to support different propagating modes.


    




    

      THREE-DIMENSIONAL PHOTONIC CRYSTAL




      The first 3D PhC was fabricated in the year 1991 by E. Yablonovitch and his research team by the drilling of cylindrical holes in the transparent material in the form of a triangular array. Later, in the year 1994, an innovative type of 3D photonic structure is suggested, which is specifically designed to be amenable for fabrication at the sub-micron scale. The research on the 3D photonic structure has progressed relatively slowly in comparison to other counterparts due to its fabrication constraints and trapping of photons in three directions [16]. Although many researchers have carried out theoretical investigations on the 3D PhC to explore its characteristics, no techniques have been developed in the semiconductor industry for market commercialization. Fig. (1) represents the structural arrangement of 1D, 2D, and 3D PhC.
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Fig. (1))


      Schematics of 1D/2D/3D PhC [3, 4].

    




    

      CONTROLLING FACTORS OF PHOTONIC CRYSTALS




      Photonic crystals (PhCs) are a relatively new type of optical device that employs a microscopic quarantine principle to regulate electromagnetic radiation [17]. PhC, like its electronic counterpart, has a photonic bandgap, which prevents the passage of an optical signal of a range of frequencies within itself due to the periodic nature of the arrangement of dielectric materials. The operating principle of photonic crystal is greatly influenced by the internal structure parameters. The parameters like dimensionality, symmetry, topology, lattice constant, filling fraction, effective refractive index, refractive index contrast, and scalability play a vital role in deciding the range of band gap and controlling the flow of electromagnetic signals in the structure [18].




      Dimensionality: In order to comprehend the functioning mechanism of a PhC, it is necessary to grasp its dimensionality. The variability of the refractive index (RI) with respect to different directions is the basis for such dimensionality. A 1D PhC structure is one in which the RI of a material varies in a periodic fashion only in one direction. Similarly, for 2D and 3D photonic structures, the RI undergoes a periodic repetition along the two and three directions, respectively.




      Symmetry: The symmetric property of the PhC can greatly influence the device outcomes. Such symmetric nature of the PhC depends on various types of lattice structures like SC (simple cubic), BCC (body centre cubic), and FCC (front centre cubic). Other than cubic structures, HCP (hexagonal close-packed) and diamond structures, can also be designed.




      Topology: It is defined as the investigation of different properties of the PhCs through deformation, structuring, and twisting. If the PhC undergoes such features, the output characteristics of the PhC as well as its operational mechanism, will be altered.




      Lattice parameter: The lattice parameter is the most basic variable in a photonic structure. It is explained as the spacing between the adjacent building blocks in the PhC. The value of the lattice parameter has a significant effect on the band gap characteristics, and thus can perform a vital role in monitoring the guidance of electromagnetic waves in the PhC.




      Refractive index contrast: The contrast in the RI between the adjacent materials constituting the PhC, regulates the width of the band gap. Apart from this, the difference of RI between the column material and background material of the photonic structure affects the motion of the photons in the crystal. Hence, this parameter needs to be carefully selected by judiciously choosing the material in the design of the PhC.




      Scalability: The outcomes which are computed from the theoretical investigation are absolutely scalable as there are no fundamental length scales or refractive index constants inherent in the photonic crystal structure. The explanation of the problematic assignment at one length of the photonic structure is appropriate to other lengths of the signal. The region of the spectrum pertaining to the optical properties of the photonic structure can be perceived by considering the RI of the crystal components, including their filling fraction, and it will be directly proportional to the lattice parameter. Therefore, frequency is usually normalized by the lattice constant.


    




    

      MECHANISM OF PHOTONIC CRYSTAL




      The principle behind the operation of PhC can be the index guiding technique or band gap mechanism.




      

        Index Guiding Mechanism




        The fundamental idea of index guiding PhC is identical to that of the conventional optical fibre, in which the core RI is always greater than the cladding RI. It can be developed by modifying some of the crystal parameters, particularly the lattice constant, the refractive index of holes, and filling factors. A consequential variation of the index is found by modifying the crystal parameters, which opens a new technology to control the propagation of electromagnetic waves through the structure. Correspondingly, many applications are designed to be associated with the same.


      




      

        Band Gap Mechanism




        The photonic structure with bandgap properties depends on its artificial fabrication, where the RI of the core is less than that of the cladding. In this case, the system is judiciously modelled such that the electromagnetic waves are opposed only at a certain range of frequencies [19], whereas other ranges of frequencies are allowed to pass through the structure. The prohibited frequency range is termed a bandgap. The bandgap characteristics are influenced by the geometrical parameters like the refractive index of core and cladding, a contrast in refractive index, effective refractive index, periodicity, direction, scalability, topology, and symmetric nature. Based on their geometrical configurations, the photonic bandgap of the aforementioned photonic structures are different. For example, the photonic bandgap of the 1D photonic structure is quite different from 2D as well as from 3D. Even though different computing methods are available for the detection of the photonic bandgap, the plane wave expansion (PWE) method is prevalent among the optical engineering fraternity. Fig. (2) represents the photonic bandgap of 1D, 2D, and 3D structure, which is accomplished with the help of the PWE method.




        
[image: ]


Fig. (2))


        Representation of photonic bandgap of (a) 1D PhC (b) 2D PhC (c) 2D PhC [24].

      




      

        Computational Methedology




        Computational research for photonic crystal waveguides is roughly divided into two categories such as spectral analysis (transmission and reflection calculations) and band structure calculations. Transmission and reflection are determined by utilising the finite difference time domain (FDTD) approach, and band structure is computed utilising the plane wave expansion technique. These approaches are often implemented using formulae based on transmission, transfer, and reflection matrices. To execute the computational approach, the size along the vertical and horizontal directions must be limited, which benefits from the provision of




        pseudo-periodicity qualities. In the following sections, the FDTD tool is described in depth.


      


    




    

      FINITE DIFFERENCE TIME DOMAIN (FDTD)




      In 1966, Yee initiated the FDTD technique, where he presented a discrete solution of Maxwell's equations, which depends on central difference approximation of the spatial as well as temporal derivatives of the curls equation [20]. Yee's technique is relatively effective compared to other methods as it staggered the electric as well as magnetic fields in both time and space to achieve second-order precision. Yee developed a complete three-dimensional formulation and confirmed it using two-dimensional situations. Yee's approach became popular in 1975, when Brodwin and Taflove used this technique to model scattering by biological heating and dielectric cylinders [21]. Holland used it in 1977 to forecast the currents caused on an airplane by an electromagnetic pulse.




      The FDTD technique is a rigorous mathematical method that is deployed for computing, modelling, or finding the approximate solution of the electrodynamics differential equation. Being, it is a time-dependent technique, its elucidations can cover an extensive frequency or wavelength range in the solo execution of the program and treat non-linear material properties also. This technique associates with a common class of grid-centered differential time-domain mathematical tools. As far as intrinsic computation is concerned, it focuses with the Maxwell differential equation, which is discretized through the scheme of the center-difference method with respect to time and space, and this method is called FDTD. This particular method has been widely used by the researcher as the various applications have become feasible. As it is required for getting the modal solution of a complex structure, Chan et al. applied FDTD method to investigate the band structure related to complicated material for reliability testing. In this case, the required processing time and memory capacity are varied linearly with the number of grid points included for the computation, which depends upon the intrinsic mechanism of the crystal structure. Apart from this, the first-order differential equation is governed to take the exact initial field with respect to space and time. Further, various types of boundary conditions, including periodic structure, can be applied in particular in the grinding system. Moreover, the combination of the Fourier transform and Frequency domain method is used here to realize the different spectral content. Ward and Pendry further extended the same method to non-orthogonal meshes where the approximation of the equation conserves energy with the help of Green’s function. This method allows the solution of the governing equation inside a photonic structure. The field intensity using the FDTD algorithm is calculated from the Maxwell’s equations, which are written as,
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      Taking the derivative of the above equations and further simplifying, the fundamental FDTD equation can be stated as below [22],
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      Moreover, the transmitted and incident power is determined by a straightforward mathematical equation,
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      Where, ϵ0 indicates the permittivity, E is the electric field intensity, and c is the light velocity.




      Next, we move on to calculate Aeff of the fundamental mode for the projected PCW, and the final expression can be written as [22]:
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          	(5)

        


      




      Where, I (x) = |EZ|2 , denotes the intensity of electric field distribution.




      We analyse the bending loss acquired by the incident signal through transmission. The bending loss (α) of PCW is given below [23],
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      Where, [image: ]




      In equation (6), VPCF is V parameter of the PCWG [22]. [image: ], whereas the term ‘a’ is the lattice constant, n indicates the RI of the circular rod, R denotes the bending radius, and β represents the propagation constant[image: ]. Finally, the nonlinearity of the designed PCW is discussed as it is a significant parameter in determining the efficiency of the construction. The nonlinearity of the waveguide depends upon the effective area, and nonlinear coefficient (Γ). It can be calculated [24] using the following equations,
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      VARIOUS DEFECT-BASED PHOTONIC STRUCTURES




      Inside the photonic crystals, defects are inserted to direct the desired wavelengths of light. Photonic crystals have the ability to generate localised modes that can arise within photonic band gaps, when the periodic is interrupted or changed locally by defects. There are two sorts of defects to introduce, such as point defects and line defects, which is appeared in Fig. (3).
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Fig. (3))


      Point defect (Yellow) and a line defect (Red) of photonic crystal waveguide.



      The symmetry of the PhC is broken if a single rod is removed or its characteristics are changed in contrast to the remainder of the lattice. Basically, the symmetric or periodicity of a 2D photonic crystal can be destroyed by removing several rods. The effects of symmetry breaking in a 2D photonic crystal differ from those generated by the insertion of flaws in periodic tubes. As a result, breaking has two impacts. Light is trapped in photonic crystal waveguide point defects, and light propagation from one point to another is accomplished by forming a line defect. The photonic crystal waveguide, like the solid state crystal, contains two major defects: cavity defect and extended defect. Cavities are formed as a result of local disturbances. Extended defects are comparable to crystal dislocations, resulting in a spectral area with a transmission band. According to Fig. (2), the periodicity of the waveguide from its original construction is disrupted by deleting a single pillar or modifying the geometry of the pillar. This creates a cavity and confines light in the waveguide's centre.




      A 2D photonic structure with a line defect [25] is demonstrated to examine human urine to find the glucose concentration by the principle of PBG variation with respect to different glucose concentrations. Similarly, the potassium chloride sensor is analyzed [26], where a 2D square photonic structure is implemented by using 8×8 rods on silicon. Typhoid-causing agent in the aqueous medium is detected by 2D photonic structure-based biosensor [27], where the FDTD method is used for validation. A 2D photonic crystal with line defect is suggested for cancer cell detection [28] by using PBG variation corresponding to the dielectric constant variation between a normal cell and a cancerous cell. A biosensor that can detect cervical cancer of human being is proposed [29]. The sensor is based on the 2D PhC, which can detect the RI variation between normal as well as cancerous cell. A naive Bayesian classifier of machine learning is also utilised to make the application automatic detection. A photonic crystal cavity sensor [30] which is based on the SOI platform, is presented where the design, fabrication, and other characteristics properties are discussed thoroughly. It is found that the sensitivity is significantly increased by reducing the width of the dielectric stack, and a high-quality factor of 1.3×104 is also realized experimentally. Hemoglobin concentration [31] available in oxygenated as well as deoxygenated human blood is examined by utilising a 3D photonic configuration, where the principle of measurement lies in the photonic bandgap variation in accordance with the hemoglobin concentration. The investigation is carried out by PWE technique at input light wavelengths of 589 and 633 nm. Also, an experimental arrangement is discussed to examine the same. Pertaining to the input parameter for the simulation, the radius of rods in the 3D lattice is 432 nm and the spacing between two holes is 1 μm. A 2D PhC-based force/ pressure sensor [32] is fabricated through operating wavelength of 1300-1400 nm. The structure is based on GaAs/ AlGaAs material, where a high grade of compactness and decent resolution is achieved with sensitivity in the mN range. To achieve high sensing performance, a micro-cavity and a line defect are introduced in the 2D PhC. Using the same




      technology and architecture, the design of a photonic-based actuator is also discussed.




      Focusing on photonics-based communication, loss arises at the interface of transmitter-waveguide and waveguide-receiver is the major issue. In addition to coupling loss, another non-negligible loss known as bending loss also needs to be addressed. Bending loss arises during the passage of the signal along the bent waveguide [33]. So, a broad investigation needs to be undertaken to optimize the bend region in order to minimize the reflection loss in the bending corner. 2D PhCs with different shapes of defects have become a strong contenders to guide light along a predefined path without bending loss issues. A 120° shape defect is made in a 2D photonic crystal by Tokushima et al., where the authors accomplished a feeble bending loss at the bend region [34]. Similarly, the transmission properties of a 135° bend waveguide are investigated, which is designed on a square lattice 2D photonic crystal [35]. Y. Zhang et al. reported different configurations of defect, such as 90°, 135°, and 180°, where they attained a remarkable transmission of 98.5% [36]. M.K. Moghaddam et al. employed the FDTD technique to investigate the light propagation along the 60° bend PCW. Also, they completely optimized the geometrical parameters to envisage high transmittance over a broad range of wavelengths [37]. M. Danaie et al. reported a Y- shaped PCW for application as a power splitter, where they claimed only 2% of reflectance and 98% of transmittance to the output port. The authors validated the outcomes by simulating the structure by using PWE and FDTD [38]. Yang et al. succeeded in designing a Y junction power splitter with a feeble transmission loss at 162 nm wavelength. For the design, the authors used SOI structure based on photonic crystal slab waveguide [38]. V. Liu studied a 2D PCW, which is comprised of 7х7 rods, and further reported around 100% transmission along the 90° bending regime [39]. Andrey E. Miroshnichenko et al. derived the mathematical equations for 90° bend PCW, and found accurate solutions for reflection and transmission properties [40]. P. Sarkar and his team demonstrated an effective lo loss approach to guide light along an L-shaped PCW and evaluated the bending loss, nonlinearity, and confinement loss [41]. T. Zhang et al. proposed a 2D PCW containing a central elliptical defect to realize filtering applications based on the principle of matching of waveguide and defect modes. At a wavelength of 1.31 μm, the authors were able to attain a quality factor (Q) of 2017.00, and a transmission coefficient of 0.84 [42]. Gomyo et al. integrated a ring cavity with a parallel waveguide to find a filtering application with a transmission coefficient above 95%, and a remarkable quality factor of 4500 [43]. It investigated the optical Kerr effect as well as defective waveguides of the photonic crystal. It has also discussed ultrafast all-optical switches for the creation of two-photon absorption. Based on these findings, researchers were able to achieve the switching using an optical Mach-Zehnder interferometer (MZI) [44]. S. Schuler et al. proposed a graphene-based PCW for data communication applications. Due to improving the light-matter relations, the photonic structure confines the transmission light in a restricted area of the graphene sheet. In addition, a split gate electrode is used to form a p-n junction at the optical absorption zone. Owing to an extra silicon waveguide on both sides of the PhC, a defective waveguide permits for best photo thermoelectric conversion of the temperature outline in graphene into a photovoltage, thereby attracting the device reaction when evaluated to a conventional slot waveguide device [45, 46]. The authors are confident that the extensive analysis of the L-shaped bend PCW presented in this chapter can significantly contribute to this book.


    




    

      SIMULATION METHODOLOGY




      The mainstay of this work is to eliminate bending loss, confinement loss and nonlinearity problems in an L-shaped silicon-based PCWG in order to achieve towering transmission at wavelengths of 1.55 μm. The proposed structure is shown in Fig. (4), which is designed by creating 9×9 circular rods of Si with air in the background. However, sequences of Si rods are removed to create a defect in the 90o shape. The radius of the rods as well as the lattice constant, are selected as 400 nm and 1000 nm, respectively. With the help of the FDTD method computational technique, we studied the electric field distribution in the future 2D L-shaped bend PCWG structure. Fig. (5) illustrates the simulation upshot for the propagation of signal at wavelengths 1.55 μm along the L shape defective waveguide.
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Fig. (4))


      Crossectional view of the proposed L-shape defect PCW.
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Fig. (5))


      Signal propagation along the defect waveguide for a=400 nm.



      Although the illustrations in the figure seem to be 2D photonic crystal structure, actually it is a 3D representation as illustrated in Fig. (6). In this diagram, the z-axis indicates the field intensity, whereas the x and y-axis indicate the length, and breadth of the PCW, respectively. The above illustration deduces that almost all light signals are contained within the waveguide. The principal reason behind such tight light confinement is the band gap effect. Due to the PBG, light is bounded in the defective region only and unable to escape into the cladding area, thereby reducing the bending loss next to the bend section. Apart from this, we propose that the configuration of 2D photonic waveguide can act as an optical amplifier. The application of optical amplifier is studied by changing the radius of the rods 400 nm, 500 nm and 600 nm. The field distribution along the L-shape defect region is indicated in Figs. (6-8), respectively.




      By using the simple numerical equation, we evaluated the transmitted intensities and incident light at the two ports of the L-shaped waveguide. Table 1 shows the light intensities for each considered radius of the rods, where it is perceived that the transmitted light intensity is superior as a comparison of incident light intensity. Therefore, it can be asserted that the proposed 90-bend PCW can be a suitable candidate as an optical amplifier.
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Fig. (6))


      Electric field intensity at a=400 nm.
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Fig. (7))


      Electric field intensity at a=500 nm.
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Fig. (8))


      Electric field intensity at a=600 nm.



      

        Table 1 Light intensities at a different radius of rods.




        

          

            

              	Circular Radius Holes (nm)



              	Incident Light Intensity (mW/m2)



              	Transmitted Light Intensity (mW/m2)

            


          



          

            

              	a=400



              	0.464



              	2.100

            




            

              	a=500



              	0.597



              	3.101

            




            

              	a=600



              	1.100



              	3.806

            


          

        




      




      We explore further into bending loss that arises near the 90o bend area because they are crucial to the practical development of PCWG. The most crucial factor in determining the spectrum range within the waveguide can operate with a minimal bending loss. Furthermore, the propagating mode deviates from the bend zone due to bending, which results in a definite loss in the transmitted signal. Due to the significance of bending loss, we simulated the phenomenon for a number of the radius of the round Si rods (a = 400 nm, 500 nm, 600 nm) using numerical formulations, which is depicted in Fig. (9). In comparison to other choices of the radius of the rods, simulation findings revealed that the proposed 90° waveguide experiences extremely small bending loss at the operational value of 400 nm. It is also evident from this figure that bending loss rises as wavelengths grow, reaching values of 2.96x 10-7 dB/m for a=400 nm at a wavelength of 1.55 μm.
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Fig. (9))


      Bending loss analysis for various Si rod radius values.



      The physics underlying the nonlinearity in photonic crystals is available because of a photon's interactions with atoms, despite the fact that the nonlinearity factor varies on the wavelength or frequency of the signal. Higher nonlinearities appear at lower wavelengths because lower wavelengths cause an atom's vibration to be more intense than at higher wavelengths. We examine the photonic waveguide's nonlinearity using a nonlinear coefficient in order to envisage the aforementioned statement. Fig. (10) illustrates the variation of nonlinearity at a=400 nm. This illustration clearly indicates that nonlinearity reduces as the wavelength rises. Additionally, it is clear that the proposed structure gives very minimal nonlinearity of 4.33 × 10-5w-1μm-1 at the wavelength of 1550 nm.




      Finally, we consider confinement loss, which is caused primarily by the leaky character of the transmit mode. To do this, simulation is performed to examine confinement loss with relation to wavelength in case different values of radius of Si rods (a = 400 nm, 500 nm, and 600 nm), and the outcomes are displayed in Fig. (11). As noticed from this figure, at a=400 nm, the structure shows lowest confinement loss (10-11) than the other circular rod size. Also, it is claimed that the minimum confinement loss is found to be 1.26 x 10-11 for a=600 nm at 1.55 μm.
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Fig. (10))


      Analysis of nonlinearity in the proposed PCW.
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Fig. (11))


      Analysis of confinement loss for different values of radius of Si rods.

    




    

      CONCLUSION




      In conclusion, we designed a 90o shape defect on a photonic crystal slab to form a waveguide. The entire structure is realized by arranging 9×9 circular rods of Si with air in the background on a square lattice. FDTD simulation technique is employed to scrutinize the electric field distribution at the input and output end of the waveguide. It is revealed that the power at the output end is greater than the power at the input end, which makes the proposed structure a suitable power amplifier. Further, different losses like bending loss, confinement loss, and nonlinearity are studied for various values of radius of the Si rods. Finally, we concluded that the signal can propagate through the L-shaped waveguide with feeble losses. Thus, the proposed structure can be an apt optical interconnect with signal amplification in lightwave circuits.


    




    

      Multiple Choice Questions




      1. Which characteristics of PhC prohibits the transmission of light inside a definite wavelength range:





      

        	Photonic band gap




        	Semiconductor band gap




        	Insulator bandgap




        	Zero bandgap


      




      2. When defects are added to PhC, the periodicity of this dielectric structure is disrupted, allowing PC to exhibit:





      

        	High electromagnetic field confinement.




        	A little mode volume.




        	Feeble confinement loss.




        	All of above


      




      3. Optical interconnect is the most escalating application in:





      

        	Photonic integrated circuit




        	VLSI Design




        	Semiconductor Device




        	All of above


      




      4. First time, who presented the possible fabrication techniques to envisage two-dimensional photonic crystal using the semiconductor materials in 1996?





      

        	Lord Rayleigh




        	V.P. Bykov




        	Krauss




        	Eli Yablonovitch and Sajeev John.


      




      5. The operating principle of photonic crystal is greatly influenced by the internal structure parameters. The parameters like____________.





      

        	Dimensionality, symmetry, scalability.




        	Ropology, lattice constant, refractive index contrast.




        	Filling fraction, effective refractive index.




        	All of above


      




      6. The fundamental idea of index guiding PhC is identical to that of the conventional optical fiber, in which the core RI is always ______than the cladding RI.





      

        	Lower




        	Zero




        	Equal




        	Greater


      




      7. The first 3D PhC was fabricated in the year ______ by E. Yablonovitch and his research team by drill of cylindrical holes in the transparent material in the form of the triangular array.





      

        	1988




        	1990




        	2000




        	1991


      




      8. Transmitted intensity from the waveguide is _____ the intensity of incident light, which ensures that the projected construction can act as optical amplifier.





      

        	Much higher than




        	Much Lower than




        	Equal




        	Zero


      




      9. The type of absorption loss in an optical fiber are:





      

        	Intrinsic




        	Extrinsic




        	Both a and b




        	None of the above


      




      10. The absorption losses is significantly increased due to an increase in ______.





      

        	Ionization Radiation




        	Reflection




        	Refraction




        	Scattering of light


      




      11. In which of the following there is no distortion?





      

        	Single mode step index fiber.




        	Graded index fiber.




        	Multimode step index fiber.




        	Glass fiber.


      




      12. In an optical fiber, micro-bending loss can be controlled by.





      

        	Refractive index of core/cladding.




        	Radius of core/cladding.




        	Light wavelength.




        	Polarization angle.


      




      13. How the macro-bending loss can be minimized in case of multimode fiber?





      

        	By maintaining proper direction of propagation.




        	By designing the fiber with large relative refractive index difference.




        	By operating at larger wavelength.




        	By reducing the bend.


      




      14. Maximum modal dispersion is realized in:





      

        	Step-index single mode fiber.




        	Graded-index single mode fiber.




        	Graded-index multimode fiber.




        	Step-index multimode fiber.


      




      15. The phenomenon employed in the waveguide operation is:





      

        	Reflection




        	Refraction




        	Total internal reflection




        	Adsorption


      


    




    

      Answer Key




      1. (a)




      2. (d)




      3. (a)




      4. (c)




      5. (d)




      6. (d)




      7. (d)




      8. (a)




      9. (c)




      10. (a)




      11. (c)




      12. (c)




      13. (b)




      14. (d)




      15. (c)
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      Abstract




      Smart small-scale power system accommodates Microgrid (MG) and Nanogrid (NG) with a cluster of multiple Distributed Energy Resources (DER), energy storage facilities, adjustable smart demand capabilities, and protecting and monitoring devices. The advancements in nanotechnology attracted the inculcation of nanomaterial science to resolve equipment-related issues in electrical power systems. The realization of nanotechnology to mitigate the variety of issues in the major entities of small-scale distribution systems leads to the evolution of the smart grid. From the smart grid perspective, the nanotechnology application acts as a disruptive technology in the improvement of renewable energy harvesting, storage devices, transformers, meters, insulators, capacitors, sensors, automation and communication. It provides an appropriate innovative solution for adequate and reliable electrification in MG and NG topology. In this article, the applications of nanotechnology in major equipment of small-scale distribution power systems and the possible innovation of MG and NG are discussed to inculcate a smarter electrical power system. The impact of nanotechnology applications has revitalized the Smart Power Grid in a modest way to provide an excellent opportunity for power autonomy.
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      INTRODUCTION TO NANOTECHNOLOGY




      Nanotechnology(NT) is a promising technology capable of resolving issues of a simple to complex nature in all sectors. The versatile properties of nanomaterials have accelerated their implication in the vast electrical engineering field. Nanotechnology has intruded into the research and development of power grid sector by revolutionizing changes and improvements in the material characteristics as well as in the cost of power grid devices and components. The realization of nanotechnology has been proven to mitigate a variety of issues in




      the major entities of small-scale distribution systems, leading to the evolution of Smart Grid.




      

        Classification of Nanomaterials




        The nanomaterials like Gold, Silver, Zinc, Copper, CNT, graphene, and silica have revolutionized the era of NT in a wide range of applications. Research on the carbon family of nanomaterials includes fullerenes, CNTs, graphene, carbon nanohorns, carbon-based quantum dots, and many others. Recent innovations in nanomaterials are Carbon Quantum Dots(CQD) with advancements in lower toxicity levels, environmental friendly usage, economical, improved photostability, enhanced electronic conductivity, and effortless synthesis of the protocol and have gained recognition over the traditional semiconductor quantum dot.


      




      

        Method of Synthesis




        The effectiveness of nanomaterials is based on the method of synthesis, appropriate functionalization, and applications. The synthesis of nanomaterials occurs through two main approaches, namely the top-down approach and bottom–up approach. In the traditional top-down approach, bulk materials are divided into nanostructured materials through a series of processes such as mechanical milling, electrospinning, lithography (etching), sputtering, arc-discharge technique, laser ablation technique and ultrasound synthesis technique. The bottom-up approach comprises nanoporous materials production, solvo-thermal synthesis, hydro-thermal synthesis, thermal pyrolysis, chemical-vapour deposition and reverse micelle methods.


      




      

        Nanotechnology in Electrical Engineering Applications




        In general, the building block materials of NT, like nanocrystals, nanotubes, nanowires, and nanofibers, are widely preferred in a variety of applications. The applications of nanotechnology in the electrical engineering field are vast but not limited to dielectric materials, electrical components, electrical energy storage devices, electrical transmission, energy transmission, energy conversion, optoelectronics, photochemical devices, semiconductor and sensors.


      


    




    

      SMART NANO POWER GRID




      The nano grid is a part of the power distribution structure that deals with low power in the range of 5 kW to 80 kW and lesser complexity in the structure, control strategies and optimisation techniques [1]. The structural hierarchy of the power grid, as shown in Fig. (1), shows that multiple nanogrids form a microgrid, and multiple microgrids form a power grid. Similar to microgrids, the nanogrid could also operate in islanded or grid-connected mode.
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Fig. (1))


      General structure of the power grid.



      Fig. (2). shows the structure of nanogrid with a variety of dependents, such as local conventional resources, renewable energy sources, energy storage system, and loads. The nanogrid can be a better option for low-power consumers like a group of houses in village, colonies or organizations that are equipped with local electricity generation to fulfill the load consumption requirements. The adoption of distributed systems may include microgrid and nanogrid along with the appropriate control architecture. Dependency on the main power grid could be reduced by the utilisation of electricity generation and storage promoted through microgrid and nanogrid.




      For any kind of framework designed to satisfy a variety of loads, the nanogrid system must provide excellent energy harvesting, storage, stability, power conversion, power management, communication, and protection devices. In essence, the minimal hardware of an SNG framework comprises any renewable energy source, battery, circuit breakers, power converters, power controllers, and Ethernet local area network (LAN) based communication. Moreover, in SNG, frequent measurements of parameters like current, voltage, temperature, and phase difference are recorded to identify any fluctuation in the parameters and thereby facilitate corrective action in order to ensure the scope of grid reliability. Furthermore, the sensors facilitate the measured data in a readable form to support SNG operation.
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Fig. (2))


      Framework of Nanogrid [2].



      This chapter discusses the potential applications and benefits of nanotechnology in the various components of SNG, such as renewable energy, harvesting of distributed resources, energy storage devices, distribution transformers, smart sensors, electrical meters, electrical insulators, capacitors, power converters and communications. A comprehensive discussion about the implication of nanotechnology in various sectors of SNG is represented in the subsections below.




      

        Identified Issues And Recommended Solutions




        An enormous survey of distribution power systems has grouped various issues in its components. The fluctuations in the distribution power grid are primarily due to the unfavourable properties of the materials used in the components of the power system. Due to this, the existing power grid reaches its tolerance limits at an earlier stage and leads to an irregular weak system. Numerous issues such as corrosion resistance phenomenon in machinery components, poor heat transfer rate, lower conductivity and moderate efficiency.




        Research has explored the properties of the material at the nanoscale. It shows a significant increase in efficiency, strength, thermal conductivity, and reflectivity than they are to the bulk scale. The ability to self-assemble, the higher surface-to- unit weight-volume ratio, enhanced heat transfer rate, cost-effectiveness, improved performance, efficiency, and highly durable manufacturing materials are a boon to the existing power grid system.




        Nanotechnologies are viable in providing solutions to most of the identified issues in the component and materials utilized for the power grid. Nanotechnology in various forms, such as nanomaterials, nano-coating, nanosheets, nanotubes, nanofillers, nanowires, nanometers, nanofibres, nanosensors, and nanofluids, have been proven to be capable in the control, monitoring and management of the principally complex design of distribution power grid.


      


    




    

      IMPLICATION OF NANOTECHNOLOGY IN SNG COMPONENTS




      

        



        Solar Photo Voltaic Systems(SPV)




        The first generation of PV technology started with wafer-based structures employing crystalline silicon and gallium-Arsenide either through single-structured or multi-structured crystalline. Next, thin film solar cells evolved with mixtures of calcium telluride, cu-zn-pbs, copper–indium–gallium-disulphide, and hydergenated amorphous silicon. Later, Organix PV emerged with DSSC, Perocskite and Quantum dots.




        Presently, the emerging PV technology uses the hybrid combination of inorganic crystal with polymer matrix. The making process of NT-based PV includes front glass sputtering, scribing, nanomaterial printing, lamination, back glass sealing, and testing. Research and increased use of nanotechnology enhance the energy conversion rate, improves the efficiency, effective control, and better heat transfer rate, and storage capacity in photovoltaic/thermal (PV/T) systems.




        Fig. (3) shows the Solar PV-based SNG with the implication of nanotechnology features in its components. The benefits of the technology in making the solar PV panel using different nanomaterials are listed in Table 1.
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Fig. (3))


        Solar PV Nanogrid.



        

          Table 1 Benefits of NT in SPV [3].




          

            

              

                	Nanomaterial



                	Implication



                	Benefits

              


            



            

              

                	Nano fluids (Au, Cu, carbon black, Al-NPs, H2O –carbon nanotube (CNT), H2O – TiO2), CuO, Al2O3, H2O – Al2O3, H2O –CuO.



                	Solar collectors



                	higher thermal conductivity, higher performance efficiency,

              




              

                	Nano Photocatalytic (TiO2 NPs)



                	Solar PV energy conversion (Photocatalysis)



                	Improvement in oxidization and decomposition of organic pollutants

              




              

                	Nano sheet and Nano Tube (H2O – Al2O3), Fe3O4/water, TiO2/water, ZnO/water, SiO2/water, SiC/water



                	Hybrid PV-T energy conversion and cooling system



                	Better cooling performance and higher efficiency.

              


            

          




        


      




      

        Fuel Cells (FC)




        Fuel cells that are widely used for renewable energy generation are Alkaline FC, Molten carbonate fuel cell (MCFC), Polymer electrolyte membrane fuel cell (PEMFC), Phosphoric acid fuel cell (PAFC), Direct methanol fuel cell (DMFC), Solid oxide fuel cell (SOFC). In a distributed generation, PAFC, MCFC, and SOFC are extensively used due to their high efficiency, fuel flexibility, high-grade heat, etc. They operate at high temperatures ranging from 200 to 1000 °C.




        In contrast to the classical FC, the Microbial FCS are also intensively researched to extract electricity from wastewater as fuel. Fig. (4) shows the Fuelcell energized Nanogrid.
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Fig. (4))


        FuelCell energized Nanogrid.



        Fig. (4). shows the FC-based SNG with the implication of nanotechnology features in its components. The benefits of using the technology for hydrogen storage, fuel cell formation, and electrolyzer using different nanomaterials are listed in Table 2.




        

          Table 2 Benefits of NT in FC [4].




          

            

              

                	Nano Material



                	Implication



                	Benefits

              


            



            

              

                	Nanostructural catalysts



                	Fuelcells



                	Better temperature working conditions

              




              

                	Nano fabrication



                	Electromechanical systems



                	many devices on small-scale area

              




              

                	Nanomaterials



                	Hydrogen storage system



                	Better operating conditions

              




              

                	Nano electrodes(carbon nanofiber (CNF), carbon nanotubes (CNT), graphene)



                	Electrocatalysts in Electrolyser



                	reliable electrical conductivity, improved electrocatalytic activity.

              


            

          




        




        The read end of the system that provides electricity to the power grid has excellent power flow characteristics due to the NT implementation. The power semiconductor devices in boost converters and inverters also use nanostructures in order to achieve a more compact design.


      




      

        Bio Energy




        Several research studies focused on the ways and methods that resulted in the eco-friendly production of nanomaterials. Various possibilities for producing biofuels, biogas, bioethanol, and biohyderogen have been researched from biomass ingredients for decades. The bioproducts are developed and produced by extensive application of nanocatalysts, that are superior in easy separation, noncorrosive, and free of ester washing.
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Fig. (5))


        Bio Fuel energized Nanogrid.



        Fig. (5) shows the bioenergy-based SNG with the implication of nanotechnology features in its components. The benefits of using the technology for biofuels, biogas, bioethanol, and biohydrogen using different nanomaterials are listed in Table 3.




        

          Table 3 Benefits of NT in Bioenergy [5].




          

            

              

                	Nanomaterial



                	Implication



                	Benefits

              


            



            

              

                	Nano catalyst (zeolite, Iron, NiO, Ni and Ni3Cu (SiO2)6 nanoalloy, nano-ZnO and nano-SnO2, TiO2–ZnO, Lithium impregnated calcium oxide (Li-Cao), Mg–Al, CaO,MgO)



                	Biofuel synthesis



                	Effective bioenergy generation, better efficiency, high specific surface area and catalytic activities, Non-corrosive.

              


            

          




        


      




      

        Wind Energy




        Nanotechnology applications for wind blade coating [6], gearbox lubrication, lightweight blades with high durability, and anti–icing are extensively used in wind energy conversion systems. Fig. (6) shows the NT application to the wind energy system. Table 4. summarizes the benefits of nanomaterials used in the different parts of Wind energy-based SNG.
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Fig. (6))


        Wind energy-based Nanogrid.



        

          Table 4 Benefits of NT in Wind energy-based SNG [7].




          

            

              

                	Nanomaterial



                	Implication



                	Benefits

              


            



            

              

                	Nanocomposite layer (epoxy and graphene oxide, NaF,HCL, PdCl2)



                	Wind blades



                	Enhanced blades' endurance, Corrosion Prevention

              




              

                	Nanogenerator (piezoelectric-, electromagnetic-, and electrostatic, rotary)



                	Wind Energy harvester



                	Reduced noise factor.

              




              

                	Nano-enabled Gearbox lubrication (nanocolloidal boron nitride)



                	Wind turbine



                	Higher wear protection

              


            

          




        


      




      

        Energy Storage Devices




        Batteries are energy storage devices widely used in the renewable-based distribution power grid. The anode and cathode of battery structure with implantation of nanomaterial have enormous benefits in the improvement of performance efficiency. In the last decade, rechargeable lithium-ion batteries have been proven to be excellent energy storage devices for electrical applications. The research is still on its way to explore the wider possibilities of nanotechnology in supercapacitor-based energy storage devices. Although there are many advantages, the safety and risk factors are high in handling the nanosized particles used for the chemical composition of anode and cathode. Table 5 represents the benefits of different nanomaterials used in the batteries.




        

          Table 5 Benefits of NT in Batteries [8].




          

            

              

                	Nanomaterial



                	Implication



                	Benefits

              


            



            

              

                	Silicon Anodes



                	Lithium-Ion Rechargeable Batteries



                	Very high charge storage capacity, ultrafast charge/discharge rates

              




              

                	Tin Anodes



                	Lithium-Ion Batteries



                	High reversible capacities

              




              

                	Graphene Anodes



                	Lithium-Ion Batteries



                	Low volume changes, an encapsulating agent for active anode nano materials

              




              

                	Olivines (LiFePO4) based Cathode



                	Lithium-Ion Batteries



                	Good structural stability and electrochemical performance

              




              

                	Spinel LiMn2O4 based Cathode



                	Lithium-Ion Batteries



                	Better structural stability and enhanced electrochemical performance

              


            

          




        


      




      

        



        Electrical Transformers




        The most commonly used traditional components in the manufacture of electrical transformers are conductors, tank structures with coatings, magnetic cores, gaskets, etc. Windings in the conductors are basically made of copper and aluminum. The tank structures are fabricated using steel with layered coating provided both internally and externally. For magnetic cores, silicon steel as well as amorphous metals, are preferred. The gaskets are manufactured with polymer materials.




        As an alternative to traditional materials, nanotechnology has emerged to enhance the performance of transformers in all aspects. Materials incorporating carbon nanotubes (CNT) progressed as a substitute to swap the traditional copper material in electrical machine windings. The excellent properties [9-12] have made it an exclusive option in electrical transformers. Recent research has enabled the innovative technology of CNT wires for a compact prototype of an electrical transformer [13]. Fig. (7) shows the NT application for electrical transformers.
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Fig. (7))


        NT application to Electrical Transformers [14].



        Recently, a novel soft magnetic nanocrystalline alloy [15, 16] with high iron content and an extraordinary nano-coating called Nano-Clear that provides excellent properties has been realized in different parts of transformers mainly to refurbish, boost and prolong its surface life [17, 18].


      




      

        



        Electrical Insulators




        Nano-materialized electric insulators in the distributed power grid system have improved properties, miniaturized design, material reduction, high reliability, high mechanical and electrical performance, enhanced hydrophobicity, and self-cleaning capacity as essential characteristics [19-23]. In general, coating materials may be metals, semiconductors, or dielectrics. The choice of metal and semiconductor leads to flashover and extreme thermal effects. Henceforth, the dielectric materials are most suitable for nano-coating materials as they have high dielectric constant, exhibit stable thermodynamic properties while in contact with ceramic type and have a good refractive index.




        The benefits of NT in Electrical insulators are listed in Table 6. The nanomaterials based on polymers, composites and nanofillers are invariably used in different types of insulators such as ceramic, polymers, and glass. Figs. (8 & 9) show the NT implication in insulators and cables, respectively.




        

          Table 6 Benefits of NT in Electrical Insulators [26, 27].




          

            

              

                	Nanomaterial



                	Implication



                	Benefits

              


            



            

              

                	Nano-sized titanium dioxide (n-TiO2) films glazed on an insulator surface



                	Ceramic insulators



                	Self-cleaning performance, enhance the electrical properties like flashover voltage,

              




              

                	Al2O3 and ZrO2 nanoparticles



                	Porcelain insulator



                	Improved the flexural bending strength; dielectric breakdown was also enhanced

              




              

                	Polymeric nano-coatings



                	Ceramic insulators



                	Improved the anti-icing performance

              




              

                	Nanometer calcium carbonate (CaCO3) and nano-silica (SiO2)



                	Ceramic insulators



                	Superhydrophobic characteristics, excellent anti-icing properties,

              




              

                	Boron nitride (BN) nanoparticles



                	Ceramic insulators



                	Thermal conductivity was increased

              




              

                	Hydroxy-terminated polydimethylsiloxane (OH-PDMS)



                	Glass Insulators



                	Good surface, flashover performance and dielectric characterization, superior anti-icing effect

              




              

                	Nano-size silica-based coating



                	Ceramic insulators



                	Enhance stability, superhydrophobic,


                excellent anti-icing properties,

              




              

                	Nanocomposites



                	Partial discharge



                	More resistant to Partial discharge.

              




              

                	Nanocomposites with nanoclay particles



                	AC Breakdown strength



                	Reduce the AC Breakdown.

              




              

                	Nanofillers like clay, Magnesium Oxide (MgO), Aluminum Nitride (AlN), Boron Nitride (BN), alumina and silica [28-32]



                	DC Breakdown strength



                	Reduce the DC Breakdown.
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Fig. (8))


        NT in ceramic insulators [24].
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Fig. (9))


        NT in cable insulators [25].

      




      

        Smart Sensors




        Sensors are essentially small and operated with a precise control technique. It is subjected to work at high pressure and temperature environments, unambiguous electromagnetic fields, and even in undesirable weather conditions. Sensors are enabled with the ability to monitor conditions in the infrastructure in a more cost–effective manner. Sensors are commonly fabricated from silver and gold nanoparticles, graphene, and CNTs.




        The SNG incorporates many sensors in order to determine each parameter in the power grid system. The most sensitive parameters in the wires and cables of SNG are the predominant flow of current at a specific distance, the temperature of the cable, the sag that prevails, and wind movement. The use of NT-based smart sensors makes the power grid more intelligent. The remarkable properties such as high (Fig. 10) NT in smart sensors [33] permeability, and temperature stability, are achieved through the manufacturing process of rapid solidification. Nanocrystalline magnetic materials are employed in iron alloys, power low-loss transformers, electronic power meters, circuit breakers and other power electronics components.
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Fig. (10))


        NT in smart sensors [33].



        Fig. (10) shows the NT-based smart sensors using nanocrystalline soft magnet materials to achieve the Hall-effect. Hall-effect sensors are widely used in most power engineering applications. Table 7 summarizes the significant improvement and benefits of different types of nanomaterials positioned in the SNG.




        

          Table 7 Benefits of NT in Smart Sensors [34, 35].




          

            

              

                	Nanomaterial



                	Implication



                	Benefits

              


            



            

              

                	Zinc oxide (ZnO) nanowire



                	Line sensors



                	Minimize the impact of the outage

              




              

                	Palladuium coated Titania nanotubes



                	Meters Sensors



                	Accurate voltage and current measurements.

              




              

                	Temperature-tunable sensors using thermally evaporated gold nanofilm



                	Transformers sensors



                	Enhance stability against volatile organic vapors, carbon soot, oil vapors, dust, and pollen.

              




              

                	Silicon on insulator



                	Hall effect sensors



                	Higher magnetic sensitivity, minimum power consumption, and improved magnetic features.

              




              

                	AlGaN/GaN heterostructures.



                	Magnetic sensors



                	Lower thermal drift, a realistic magnetic sensitivity, and a good linearity.

              




              

                	Graphene



                	Halleffect sensors



                	Extremely high charge carrier mobility, minimum power consumption

              




              

                	Graphene and CNTs



                	Strain sensors



                	Exploit geometrical changes, high sensitivity,

              


            

          




        


      




      

        Distribution Line Wires and Cables




        Wires and cables exhibit an important role in the continuous connectivity of current parameters in electrical, electronic, and optical applications. Nanoscale structured materials are implemented in nano manipulator probing, nanodiffraction in cables, nanoparticles for electrical resistance in wires, nanopore test structures, nanoscopic particles for measuring purpose wires. Table 8. summarizes the benefits of different nanomaterials used in wires and cables of electrical distribution lines.




        

          Table 8 Benefits of NT in Wires and Cables [36].




          

            

              

                	Nanomaterial



                	Implication



                	Benefits

              


            



            

              

                	~ 30nm radius sharpened tungsten wires



                	Probing system



                	Good on-off ratio, capability to handle high currents, high current density,

              




              

                	CNTs



                	Source measure Units



                	Excellent characterisation, high current density, accurate measurement, good switching speed

              




              

                	CNTs



                	Superconducting cables



                	Efficient power line transmission

              




              

                	Nanofillers



                	Optimized superconducting wires



                	Loss-less power transmission

              




              

                	Nanocrystalline aluminum oxide fibers



                	Aluminum conductor composite reinforced (ACCR) wire



                	Resist heat sag and doubles the transmission capacity of traditional conductors of similar size

              




              

                	Armchair CNTs



                	Over current power lines



                	Extremely high electrical conductivity, g flexibility, elasticity, and tremendous tensile strength

              




              

                	Quantum wires



                	Nanoscale transmission wires



                	Excellent electrical conductivity, no line losses

              




              

                	Nanodots



                	High-Temperature Superconducting Cables



                	Increase of 30% in the electric current-carrying capability
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