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    It gives me immense pleasure to write this foreword for the book titled “Synthesis and Applications of Semiconductor Nanostructures”, which is the fourth volume of the book series titled “Current and Future Developments in Nanomaterials and Carbon Nanotubes”. For the last four decades, semiconductor nanostructures have been the subject of scientific interest because of their size-tunable optical and electrical properties caused by unique quantum confinement effect and augmented surface-to-volume ratio at nanoscale size dimensions. A thorough study of these materials constitutes a new perspective for basic and applied research in nanophotonics, opto-electronics, nanobiotics, nanocosmetics, nanomedicine, and photo-chemistry. This book provides adequate knowledge about the fundamentals of semiconductor nanostructures, synthesis and characterization of nanostructures of various morphologies, as well as metal-organic frameworks and nanostructure-impregnated metal-organic frameworks. Multidisciplinary smart applications of these materials are described in a lucid way in this volume. All the chapters have been appositely chosen to justify the theme of the book. I think this book would be of immense use to academicians, researchers and technocrats, who may like to get a better understanding of synthesis and applications of semiconductor nanostructures.
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      Vice Chancellor


      Punjabi University


      Patiala, Punjab, India
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    Nanotechnology is a multidisciplinary field benefitting from efforts and developments in the various spheres of science and technology, such as applied physics, materials science, interface and colloid science, supramolecular chemistry, chemical engineering, biological engineering, mechanical engineering, electrical engineering and computer engineering. Its theme is the design, fabrication, characterization and application of structures, devices and systems by controlling shape and size at the nanometer scale. This book focuses on the synthesis, characterization and multifaceted potential applications of semiconductor nanostructures, metal-organic frameworks (MOFs) and nanostructure-impregnated MOFs, along with some glimpses of doped glasses, functionalized carbon nanotubes, doped graphene and graphene nanoribbons. Numerous bottom-up and top-down synthesis techniques opted for the synthesis of various morphologies of semiconductor nanostructures have been discussed at length, along with details of synthetic metal-organic frameworks and nanostructure-impregnated MOFs constructed from a variety of inorganic and organic components. The photocatalytic activity potential of synthetic materials for hydrogen production, wastewater treatment, carbon dioxide reduction, environmental pollution monitoring and management, as well as oxidation of alcohols has been described comprehensively. The sensing ability of nanostructures and MOFs has been thoroughly illustrated to utilize these materials as chemical sensors, gas sensors and biosensors. Many other smart applications in gas separation, gas storage, drug delivery, nanomedicine, nano-cosmetics as well as antibacterial uses have been reported lucidly in this book. This book also deals with the geometric and electronic properties of doped graphene and graphene nanoribbons. Spin-polarized density functional study results have been included to describe the structural, electronic and magnetic properties of strained graphene nanoribbons.




    Although this book is not edited with any special course in mind, it may serve as a unique source of knowledge for postgraduate students, academicians, researchers and technocrats, who want to carry out R&D activities with nanomaterials and metal-organic frameworks.
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      Abstract




      Semiconductor nanostructures show different properties compared to their bulk counterparts due to quantum confinement effects and enhanced surface-to-volume ratio with the reduction in particle size on nanoscale dimensions. This chapter introduces the nanomaterials, especially semiconductor nanostructures of various morphologies, quantum nanostructures (quantum dots, quantum wires and quantum wells) along with conventional 3D nanostructures. The present time is the introductory era of nanoscience and nanotechnology; synthesis of highly monodisperse nanostructures for device applications is a challenge for researchers and technocrats. This chapter discusses at length fascinatingly the bottom-up and top-down synthesis approaches along with the commonly used nanomaterial synthesis techniques, such as mechanical milling, lithography, electrospinning, template synthesis, chemical precipitation, sol-gel method, hydrothermal/solvothermal method, laser ablation, and other vapour processing methods.
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      INTRODUCTION




      In 1959, Nobel laureate Richard P. Feynman, in his famous talk “There is plenty of room at the bottom [1, 2]”, contemplated a remarkable technology on the scale of a few nanometers. This was the beginning of a new branch of science and technology, which nowadays is known as nanotechnology. The length of a nanometer can be understood through the example of ten hydrogen atoms lined up in a row, which is one nanometer (nm). Materials are defined as nanomaterials if their size or at least one dimension of the structure is in the range of 1 to 100 nm. Nanotechnology is an interdisciplinary paradigm, which conjoins diverse fields of science and engineering at the nanoscale. Numerous research disciplines like physics, chemistry, biotechnology, etc., and technology and industry sectors like




      information technology, energy, environmental science, medicine/medical instrumentation, homeland security, food safety, and transportation, among many others, are to be revolutionized by this interesting science. Many techniques which Feynman envisioned are now well-developed [3, 4]. Multifunctional nanomaterials and devices can behave in extremely different ways, and their physical and chemical properties change drastically if subjected to different external parameters, resulting in variations due to their large surface area to volume ratio and quantum size effect. Technological development in recent years has led to the development of crystalline materials with assured desired qualities, facilitating their applications in areas like electronics (optoelectronics), spintronics, medicine, superconductivity, nuclear and electron resonance, molecular structure investigation, photonics, photocatalysis and photovoltaics. Amongst these crystalline materials, semiconducting nanomaterials are of immense interest because their properties can be easily modified or improved through doping, thus enabling them to cover a wide range of promising applications. Semiconductor nanostructures form a class of materials with a large degree of freedom to design optoelectronic properties through variations in composition, size and dimensionality. Currently, semiconductor nanomaterials are still in the research phase; they are promising contributors to the development of technology in a disciplined manner, for instance, in lighting and displays, laser technology, telecommunication, quantum information processing and sensing. Scaling down feature sizes into the nanometer range is a common trend in advanced compound semiconductor devices, and the progress of nano-fabrication technology has opened up exciting possibilities for constructing novel quantum devices for which the operations are directly based on quantum mechanics. Size tunable physical and chemical properties of semiconductor nanocrystals make these materials very attractive both from a scientific view and optical device application aspect [5-11]. This was made possible by the availability of semiconducting materials of unusual purity and crystalline excellence. Such materials can be structured to contain a thin layer of highly mobile electrons. Motion perpendicular to the layer is quantized so that the electrons are confined to move in a single plane. This two-dimensional electron gas (2DEG) combines several required properties not shared by thin films. It has a low electron density, which may be readily varied by employing an electric field. The low density implies a large Fermi wavelength (typically 40 nm), comparable to the dimensions of the smallest structures (nanostructures) that can be fabricated today. Quantum transport is conveniently studied in a 2DEG because of the combination of a large Fermi wavelength and a large mean-free path. Quantum interference becomes more important as the dimensionality of the conductor is decreased [12]. The quantum confinement effects in low dimensional semiconductor systems were studied two decades ago with the stress on the optical properties, including absorption and luminescence [13, 14]. The confinement of an electron and a hole in nanocrystals significantly depends on the material properties, namely the exciton Bohr radius (aB). For most of the commonly studied semiconductor nanostructures, such as ZnO, ZnS, CdS, CdSe, ZnSe, Cu2O, SnO2, TiO2, Cu2S, exciton Bohr radius values are less than 10 nm.




      This chapter focuses on the basic understanding of semiconductor nanostructures and nanomaterial synthesis techniques. The target is to present upcoming and potentially leading nanomaterials and structures, highlighting various stages of their applications and synthetic methods. Most semiconducting materials, such as the II-VI or III-V compound semiconductors, show quantum confinement behaviour in the 1-20 nm size range. Size reduction affects most of the physical properties (structural, magnetic, optical, dielectric, thermal, etc.) due to surface effects, enhanced surface-to-volume ratio, and quantum size effects. Owing to the extremely small dimensions, these materials exhibit properties, which are fundamentally different from, and often superior to those of their conventional bulk counterparts. Optical spectroscopy, being the non-contact method, has proven to be the most suitable technique to monitor the size evolution of the electronic structure [15-18]. Due to morphology dependent properties of semiconductor nanostructures, it becomes much more important to understand different nanostructure morphologies and their synthesis.


    




    

      



      SEMICONDUCTOR NANOSTRUCTURES




      Electronic nanostructures include 2D materials, nanowires, and quantum-confined heterostructures, which reveal fascinating properties from traditional quantum transport to correlated effects, including spintronics.




      The fabrication of nanostructures for quantum information is a flourishing field that looks to control electrons' degrees of freedom by local and wide-range interactions. In many cases of both optical and electronic nanostructures, surfaces and interfaces and their control play a significant role in deciding the nature of the properties.




      Recently, there has been significant interest in the construction, characterization, and implementation of semiconductor nanoparticles that play a substantial role in numerous novel technologies. The conductivity of the semiconductor and its optical properties (absorption coefficient and refractive index) can be manipulated. Semiconductor nanomaterials and devices are still in the research stage, but they are promising for applications in many fields, such as solar cells, nanoscale electronic devices, light-emitting diodes, laser technology, waveguide, chemical and biosensors, packaging films, parts of automobiles, and catalysts. Further development of nanotechnology will certainly result in remarkable milestones in the semiconductor industry, such as many kinds of diodes, including the light-emitting diode, the silicon-controlled rectifier, and digital and analog integrated circuits. Some of the semiconductor nanomaterials, such as Si, Si-Ge, GaAs, AlGaAs, InP, InGaAs, GaN, AlGaN, SiC, ZnS, ZnSe, AlInGaP, CdSe, CdS, and HgCdTe, etc., exhibit excellent applications in computers, laptops, cell phones, pagers, CD players, TV remotes, mobile terminals, satellite dishes, fiber networks, traffic signals, car tail lights, and airbags [15, 16].




      

        



        Classifications of Semiconductor Nanostructures




        Semiconductor nanocrystals (NCs) are made from a variety of different compounds. They are referred to as II-VI, III-V or IV-VI semiconductor nanocrystals based on the periodic table groups from which these are formed. For example, silicon and germanium are group IV elements/semiconductors, GaN, GaP, GaAs, InP and InAs are III-V, while those of ZnO, ZnS, CdS, CdSe and CdTe are II-VI semiconductors. In nanocrystalline materials, the electrons are confined to regions having one, two or three dimensions when the relative dimension is comparable with the de Broglie wavelength. For a semiconductor like CdSe, the de Broglie wavelength of a free electron is around 10 nm. In other words, one can say that the quantum confinement effect comes into play when at least one, two or all three dimensions of a semiconductor nanostructure become comparable to the exciton Bohr radius of the semiconductor material.




        Heterostructures are semiconductor structures in which chemical composition changes with position [1]. Altering the composition gives spatially varying semiconductor properties. The change in composition performed during the growing process takes place in one dimension, producing homogeneous “layers” of semiconductors in the other two dimensions. This is a so-called quantum well. The restriction on the movement of the electron into this plane affects the energy of the electron. Quantization effects will result in allowed energy bands, whose energy positions are dependent on the height and width of the barrier and can be calculated by solving the one-dimensional Schrodinger equation.




        Nanomaterials are often categorized as to how many of their dimensions include in the nanoscale. A nanoparticle is defined as a nano-object with all three external dimensions on the nanoscale, whose longest and shortest axes do not differ significantly. A low-dimensional system is one where the motion of microscopic degrees of freedom, such as electrons, phonons, or photons, is restricted from exploring the full three dimensions. There has been tremendous interest in low-dimensional quantum systems during the past twenty years, fuelled by a constant




        stream of striking discoveries and also by the potential for and realization of new state-of-the-art electronic device architectures.




        

          



          Three-dimensional Nanostructures




          Some bulk materials contain features on the nanoscale, including nanocomposites, nanocrystalline materials, nanostructured films, nanoporous membranes and nanotextured surfaces [19]. Box-shaped graphene (BSG) nanostructure is an example of a 3D nanomaterial [20]. BSG nanostructure has appeared after the mechanical cleavage of pyrolytic graphite.




          Semiconductor nanomaterials with at least one dimension less than 100 nm but larger than the exciton Bohr radius are named 3D nanostructures.


        




        

          



          Two-dimensional Nanostructures




          The nanostructures of semiconductor crystals having the z-direction below the critical value (critical size value is exciton Bohr radius of the material) are defined as 2D nanostructures (quantum well). 2D materials are crystalline materials consisting of a two-dimensional layer of atoms. Thin films with nanoscale thicknesses are considered nanostructures; however, sometimes, they are not considered nanomaterials because they do not exist separately from the substrate [19]. Every quantum well is a nanofilm, but every nanofilm cannot be named a quantum well.


        




        

          One-dimensional Nanostructures




          When the dimensions both in the x and z direction are below a critical value (critical size value is exciton Bohr radius of the material), the nanostructures are defined as 1D (quantum wire, linear chain structure). The smallest possible crystalline wires with a cross-section as small as a single atom can be engineered in cylindrical confinement [16-18]. Carbon nanotubes, a natural semi-1D nanostructure, can be used as a template for synthesis. Confinement provides mechanical stabilization and prevents linear atomic chains from disintegration; other structures of 1D nanowires are predicted to be mechanically stable even upon isolation from the templates [17, 18].




          Semiconductor quantum wires are produced by, for example, micro-structuring the quantum wells or growing the wells at an edge or a groove. These systems involve confinement and consequently, quantization of carriers in two dimensions. Such confinement allows the free-electron behavior in one dimension only. The energy dispersion for a quantum wire is given by:
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          where d is the width of the quantum well, n is the quantum number corresponding to the confinement along the z-direction, and kx and ky are the wave vectors along the x and y directions, respectively.


        




        

          



          Zero-dimensional Nanostructures




          When the y-direction is also below the threshold, it means that all three dimensions are below the critical size value; the resulting structures are referred to as 0D (quantum dot).




          Quantum dots (QDs) are characterized by the confinement and quantization of carriers in the three dimensions [1]. These can be produced by several techniques, from the same procedure used to develop quantum wells to chemical processes. The different techniques lead to the production of quantum dots with different shapes and sizes. Let us now discuss further the energy and DOS for the quantum dots before turning to the different manufacturing processes.




          In this case, confinement takes place in all directions, the energy spectrum is quantized, and there are three quantum numbers nx, ny, nz, each associated with one spatial direction. The density of states (DOS) of a discrete spectrum is merely a number of delta functions at each energy level Enx, ny, nz. The DOS for QDs are even sharper than those for other cases, making them especially suitable for photonic applications. The self-assembled quantum dots are naturally fabricated under special conditions of the molecular beam epitaxy (MBE) growing process. If there is a major lattice mismatch between the substrate and the material that is being grown, islands nucleate at the interface, forming quantum dots [21]. This type of dot is more suitable for optoelectronic applications, like lasers [22]. These are being used in commercial products like blue lasers for data reading. Laterally confined quantum dots can be produced by the electrical confinement of a 2D electron gas (formed in the interface of a QW, for example) [23]. For instance, as these dots can be easily integrated into electrical circuits, they can be used in single-electron transistors [24]. Quantum dots can also be produced by colloidal synthesis [25]. These dots are smaller than the others, and they can be attached to proteins or part of the DNA and be used in medical diagnosis applications for the detection of tumors and other medical conditions [26].




          Relatively new and sophisticated material growing techniques allow the manufacturing of low-dimensional systems based on semiconductors nanostructures with great accuracy [1]. A few years ago, the molecular beam epitaxy technique was restricted to research institutes; today, it is widely used in large-scale manufacturing of semiconductor-based devices. Using advanced techniques, such as MBE and metal-organic chemical vapor deposition (MOCVD), it is possible to produce a semiconductor structure with a precision of a monoatomic layer and develop devices that constrain the flow of the carriers to low dimensions. These devices, depending on the material and intrinsic properties related to carrier confinement, have many distinct technological applications, especially in optoelectronics.


        


      


    




    

      



      NANOMATERIAL SYNTHESIS APPROACHES




      The diverse methods which are being used to fabricate various nanostructure morphologies are categorized under two approaches; the Top-down approach and the Bottom-up approach. Top-down synthesis methods give appealing ways to approach the nanoscale by starting with the bulk scale materials and then slicing or cutting them to the nanometer-level dimensions. Physical breaking of the bulk material through high-energy processes is involved in these strategies. The widely used top-down approaches to synthesize the nanoparticles include mechanical milling, lithography, electrospinning, laser ablation etc. Whereas the Bottom-up approach involves building material from the bottom: atom by atom, molecule by molecule, or cluster by cluster. Bottom-up approaches are also classified into two broad groups, wet chemical methods and gas-phase methods, depending on the medium via which nanostructures are formed. Chemical and physical vapor deposition, sol-gel method, solvothermal/hydrothermal methods, etc., are the commonly used bottom-up synthesis methods. The schematic flow chart of the duo is shown in (Fig. 1). Both the top-down and bottom-up approaches have advantages and disadvantages in different aspects. The top-down approach utilizing lithography and etching techniques can be advantageously used to create required nanostructures in a spatially controlled way, which is an important property for the interconnection and integration of nanomaterials into circuit elements and to design other specific applications, while the bottom-up approach is a very powerful technique for the synthesis of monodisperse nanostructures with atomic precision. This precise synthesis is significant for applications that need well-defined nanostructures. The bottom-up approach provides ease of doping; structures with lesser defects and good control over morphology can be easily fabricated under ambient conditions via eco-friendly synthesis methods. In addition, the machinery and the costs of both approaches are considerably different. For the top-down techniques, expensive machinery and careful maintenance are generally required. While the bottom-up techniques involve the reactions to be carried out generally in a test tube, and the cost of reagents is a lot cheaper compared to the costs of machinery used in the top-down approach.
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Fig. (1))


      Schematic flow chart of top-down and bottom-up approaches for the synthesis of nanomaterials.



      

        



        Commonly used Synthesis Techniques




        

          



          Mechanical Milling




          An appropriate procedure to grind a bulk material into nano-dimensions is mechanical milling. It is a simple and low-cost process and therefore has found huge suitability, especially in industrial nanomaterial preparation environments. In this technique, milling provides a great force to grind materials to the nanoscale. The most commonly used attrition devices for this purpose are a shaker mill, attrition mill, and planetary ball mill [27].




          In the shaker mill, the bulk sample to be milled is charged into a vial with spherical balls called “milling balls” made up of hard material. Denser materials (steel or tungsten carbide) are advantageous, as the kinetic energy of the milling balls is a function of their mass and velocity, resulting in the optimization of the size and size distribution of the desired product for the given mill [28]. Afterward, the bulk material is kept in the shaker, and back-and-forth motion starts energetically for numerous thousand cycles per minute. Milling balls collide with each other and with the vial wall throughout this shaking process. During this process, large impact forces are produced, which, in turn, grind the solid bulk material down and thoroughly mix it [29]. The packing of balls should not be too dense because it reduces the mean free path of the ball motion; rather, the packing should be diluted to the distribution, which diminishes the frequency of collisions [30].




          The planetary ball mill's name is coined due to the vial motion in the device. In this process, the vials are kept in a disk that rotates about its axis. Each vial rotates about an axis of its own in the opposite direction to the rotating disk. The entire system rotates at many thousands of rpm and hence resulting centrifugal and acting acceleration forces lead to strong grinding effects. Furthermore, the intensive impact and frictional forces grind the material to low dimensions [31]. Planetary Ball Mills are used for fine grinding of soft, hard to brittle or fibrous materials [29].




          Attrition milling is a simple and effective method of milling. It is similar to a ball mill in which spherical grinding balls loaded to a horizontal tank are rotated to perform the milling action. However, in attrition mills, the feed material is placed in a stationary tank with the grinding media. The tank is attached with a sequence of cautiously positioned impellers within the mill. These impellers are fixed at the right angle to each other. In contrast to the ball mill, the attrition mill is rotated at high speeds with the impellers, which results in very high shear and impact forces. For the most effective grinding action, these competent forces must be present, but it is not possible to obtain them with conventional ball mills. Thus, size reduction, as well as homogenous particle dispersion with very little wear on the tank walls, is achieved [32-35].


        




        

          



          Lithography




          The word “lithography” is a combination of two Greek words, lithos (meaning stone) and graphein (meaning to write) [36, 37]. It is a method of printing originally based on the immiscibility of oil and water [38]. It refers to the process invented in 1796 by Alloys Senefelder, where patterns of desired designs were transferred onto a base substrate, mostly using masks [39-41]. Lithography originally used an image drawn with oil, fat, or wax onto the surface of a smooth, level lithographic limestone plate. The stone was then treated with a mixture of acid and gum arabic, etching the portions of the stone that were not protected by the grease-based image. This traditional technique is still used in some fine art printmaking applications. In modern lithography, the image is made of a polymer coating applied to a flexible plastic or metal plate [42]. The image can be printed directly from the plate (the orientation of the image is reversed), or it can be offset by transferring the image onto a flexible sheet (rubber) for printing and publication.Sophisticated lithographic techniques can be broadly classified into two categories as microlithography and nanolithography. Microlithography and nanolithography refer specifically to lithographic patterning methods resulting in structuring material on a fine scale [36]. Typically, features smaller than 10 micrometers are considered under microlithographic patterns, whereas features smaller than 100 nanometers are considered nanolithographic features. Photolithography is one of these methods, often applied to semiconductor device fabrication. Photolithography is also commonly used for fabricating microelectromechanical systems (MEMSs).




          The microelectronics industry is quite advanced in the mass manufacturing of miniaturized devices, such as integrated circuits or [41] nanoelectromechanical systems (NEMSs). For this purpose, the industry always looks forward to developing advanced lithography procedures. Photolithography is one of the well-known lithographic methods used in the semiconductor industry. Nowadays, lithography has many types, i.e., nanolithography using proximal probe nanolithography, including STM- and AFM-based nanolithographic methods. A variety of other lithography procedures, such as nanoimprint (mold) lithography, plasmonic-assisted lithography, electron beam lithography, laser interference lithography, nanosphere lithography, chemistry-based nanofabrication, local electro etching, dip pen lithograph with AFM are also used.




          

            



            Photolithography




            The term “photolithography” refers to the use of photographic images in lithographic printing, whether these images are printed directly from a stone or a metal plate, as in offset printing. “Photolithography” is used synonymously with “offset printing”. Since the 1960s, photolithography has played an important role in the fabrication and mass production of integrated circuits in the microelectronics industry [43-45].




            Photolithography generally uses a pre-fabricated photomask or reticle as a master from which the final pattern is derived. Basically, photolithography is a photon-based technique comprised of projecting, or shadow casting, an image into a photosensitive emulsion (photoresist) coated onto the substrate of choice. The general sequence of steps for a typical optical lithography process is as follows: substrate preparation, photoresist spin coating, prebake, photon exposure, post-exposure bake, development, and post-bake [46, 47]. Resist stripping is the final operation in the lithographic process after the resist pattern has been transferred into the underlying layer via etching or ion implantation. This sequence is generally performed on several tools linked together into a contiguous unit called a lithographic cluster. Photolithography finds numerous applications in nano-electronics, metrologies, and single-molecule biology. Light diffraction sets a fundamental limit on optical resolution, posing a critical challenge to the down-scaling of nano-scale manufacturing.


          




          

            



            Electron Beam Lithography




            Although photolithographic technology is the most employed form of nanolithography, more techniques for nanoscale precise miniaturization are explored. Electron beam lithography results in much greater patterning resolution (sometimes as small as a few nanometers). Electron beam lithography is also important commercially, mainly for its use in the manufacture of photomasks. Electron beam lithography is a usually practiced form of maskless lithography, i.e., a mask is not required to generate the final pattern in electron lithography [45]. Instead, the final pattern is created directly from a digital representation on a computer by controlling an electron beam as it scans across a resist-coated substrate. The main drawback of electron beam lithography is that it is much slower than photolithography.




            In addition to the above-mentioned commercially well-established techniques, a large number of promising microlithographic and nanolithographic technologies exist or are being developed, including nanoimprint lithography, interference lithography, X-ray litho graphy, extreme ultra violet litho graphy, magneto- lithography and scanning probe lithography. Some of these new techniques have been used successfully for small-scale commercial and important research applications. Surface-charge lithography, in fact, plasma desorption mass spectrometry, can be directly patterned on polar dielectric crystals via the pyroelectric effect [46, 47].


          


        




        

          



          Electrospinning




          Electrospinning, a word derived from “electrostatic spinning”, is a process for producing ultrathin fibers with diameters between 100 nm and a few microns. This process is governed by the electrohydrodynamic phenomena, where electric force is used to draw charged threads from polymer solutions or polymer melts. The basic setup for this technique consists of a polymer fluid contained in a positively charged capillary (typically a syringe) and tipped with a blunt needle (for needle-based electrospraying), a pump, a high voltage power supply and a grounded collector. This method uses a high-voltage electric field applied to polymer fluid derived through the capillary. Fig. (2) shows a schematic representation of the electrospinning method. When the electrostatic repulsion is higher than the surface tension, the liquid meniscus is deformed, and a liquid polymer jet is formed and elongated into a conically shaped structure known as the Taylor cone, as shown in Fig. (2). Once the Taylor cone is formed, the charged liquid jet is ejected towards the grounded collector, which serves as an electrode and deposits on it [48, 49].
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Fig. (2))


          (a) Typical electrospinning setup (b) Diagram of a Taylor cone with no voltage/ applied voltage [Reprinted with permission from ref. Nanoscience Instruments. 10008 S. 51st Street, Ste 110 Phoenix, AZ 85044 USA].



          There are following two ways of nanofiber fabrication through the electrospinning technique:




          a. Needle-less




          b. Needle-based.




          In needle-less electrospinning, a stationary or rotating platform is used to generate fibers. The initiating polymer solution is transferred to an open vessel. One of the major benefits of the needle-less electrospinning process is the mass production of materials, but there are many disadvantages. The morphology of fibers and their quality cannot be specifically controlled; the raw materials that can be employed are limited, hence reducing the versatility of the process, and process parameters like flow rate cannot be controlled.




          On the other hand, in needle-based electrospinning, to reduce and prevent solvent evaporation, the polymer solution is usually contained in an air-tight closed reservoir. Due to this difference, a wide variety of materials, including highly volatile solvents, can be processed effortlessly. Needle-based electrospinning has many advantages, including flexibility to develop different architectures like core-shell and multi-axial fibres. This particular advantage of needle-based electrospinning is beneficial to incorporating active pharmaceutical ingredients (API) within a fibre. Other advantages of needle-based electrospinning are a firmly controlled flow rate, minimized solution waste and a number of jets [50, 51]. One of the major advancements in electrospinning is coaxial electrospinning. The spinneret comprises two coaxial capillaries in coaxial electrospinning. Two viscous liquids, or a viscous liquid as the shell and a non-viscous liquid as the core, can be used to form core-shell nanostructures in these capillaries under the electric field. Core-shell ultra-thin fibres on a large scale can be produced by coaxial electrospinning. The lengths of these ultrathin nanomaterials can be extended to several centimeters. This method has been used for the development of core-shell and hollow polymer, inorganic, organic, and hybrid materials [34, 52].


        




        

          



          Laser Ablation




          The laser ablation technique generates the nanostructures using a powerful laser beam that hits a solid target material (or occasionally liquid). These adequate energy short pulses result in the vaporization of the target material, which condenses as nano-dimensional material on the substrate. This method is primarily used for preparing nanostructures of noble metals. However, it can also be used to generate a wide range of nanomaterials, such as metal nanoparticles [53], carbon nanostructures [54, 55], oxide composites [56], and ceramics of other metals [57]. The utilization of short pulses in this technique allows the ablation process to be carried out in different mediums, including very volatile solvents to highly reactive monomers. Another unique advantage of this method is the ability to make nanoparticles with very high purity since no by-products or residual chemicals are produced in the process. Pulsed laser ablation in liquids is a promising approach for producing monodisperse colloidal nanoparticle solutions without using surfactants or ligands.




          The typical setup generally consists of a pulsed laser, a set of focusing optics and a container containing a metal target. The metal target is placed close to the focus of the laser beam. The average size and distribution of the nanoparticles can be controlled via pulse duration, wavelength and the intensity of the laser pulses. Typically, the laser pulses are of extremely short pulse width generally of the order of femtoseconds (10-15 s), picoseconds (10-12s) or nanoseconds (10-9s) which are preferred for nanoscale precision, but the pulses up to milliseconds time duration can also be utilized for photoablation. Generally, deep UV, visible and IR lasers such as excimer laser, Nd: YAG laser, ruby laser, and CO2 laser are used for laser ablation processes [58]. The distinctive advantages of laser ablation techniques over other deposition techniques are the capability of producing multicomponent materials with well-controlled stoichiometry. The laser ablation method is basically an evaporation-based deposition technique, which is a special type of physical vapour deposition (PVD). Details of PVD are discussed in the vapour deposition techniques section.


        




        

          



          Template Methods




          Template methods involve the fabrication of the desired material within the pores or channels of a nonporous template. Track-etched membranes, porous alumina, and other nonporous structures have been characterized as templates. Soft templating (“endotemplating”) and hard templating or nanocasting (“exotemplating”) are two categories of templating approaches for the synthesis of ordered mesoporous materials together with several transition and complex metal oxides [59]. Basically, the following three successive steps are involved in template syntheses of nanomaterials: template preparation, template-directed synthesis of the target materials (using sol-gel, precipitation, hydrothermal synthesis, and so on) and then removal of the template. To produce nanoporous materials, soft and hard template methods can be classified roughly into deposition onto colloidal suspensions and emulsions, respectively. In the deposition, hard templates, such as polystyrene nanoparticles, are used as the core for a target material deposition, whereas in the second, emulsions are a clear-cut method, whereby material is deposited onto micelles or phases within a solution. The fundamental principle for emulsion systems is the phase separation of two media from which preferential micelles or nanostructures will form. Nanostructures will be formed when the material gets deposited on the micelles (oil or water) of one phase. As a result, colloidal solutions can act as emulsion templates, such as those comprised of polystyrene latex, a common template for this method [60, 61].




          The soft templating method depends on the combined self-assembly of the surfactant and the precursor to form a mesoporous structure. The process is centered on the interactions between inorganics and surfactants, which assemble into inorganic-organic mesostructured composites [62-67].




          Hydrogen bonding, van der Waals forces and electrostatic forces are the notable interactions between the soft templates and the precursors [68]. Finally, after the removal of the pore-templating surfactant by low-temperature calcination (up to 600 °C) or by different washing techniques, the structure of the desired mesoporous product is obtained. The soft template method is a simple conventional method for the generation of nanostructured materials. The soft templating method is an advantageous technique because of the simplicity of the one-step synthetic procedure for obtaining mesostructured materials, relatively mild experimental conditions, and simple removal of the templating surfactant as compared to the more complex hard templating methods, where removal of silica mold is required [61, 69-71]. This method is a suitable technique for the creation of a variety of morphologies of the materials [72]. In the soft templating method, different kinds of soft templates, such as block copolymers, flexible organic molecules, and anionic, cationic, and non-ionic surfactants, can be employed to develop nanoporous materials [73]. Numerous factors can affect mesoporous material structures generated through this method, such as the surfactant and precursor concentrations, surfactant-to-precursor ratio, surfactant structure, and environmental conditions [72].




          In the hard template method, solid materials are well-designed to utilize as templates for specific applications [68]. The solid template pores are filled with precursor molecules to obtain nanostructures. The selection of a hard template plays a significant role in developing well-ordered mesoporous nanomaterials. Therefore, one should keep in mind that the hard templates should maintain a mesoporous structure during the precursor conversion process and be easily detachable without disrupting the obtained nanostructure. A series of materials is the choice as hard templates, such as carbon black, silica, carbon nanotubes, colloidal crystals, porous polycarbonate membranes, nanoporous anodic alumina membranes and wood shells [74].




          To achieve the well-ordered mesoporous replica structure by the nanocasting, the following points must be taken into consideration:





          

            	A precursor material has to be preferred that does not chemically react with the template (typically n-hydrates of metal salts, such as nitrates and chlorides);




            	To avoid the accumulation of the precursor, strong interactions between the precursor and the template should be avoided. Since accumulation near the pore entrance can lead to the blockage of pores.




            	The solvent choice can help in pore filling; for instance, ethanol is a polar solvent and exhibits the amphiphilic property, which is suitable to the silica pore wall surface, which results in the increase of capillary force and hence eases the diffusion of precursor across the pores.




            	Moderate filling of the pore is necessary since a very high or extremely low percentage of pore filling can lead to the structural collapse of metal oxide after the removal of the template. For proper cross-linking of the material inside the pore system of the template, an adequate amount of the precursor is needed (usually pores filling percentage: 5 - 15 %).


          




          It is clear that the infiltration of the precursor into the porous template matrix is the most significant factor. Therefore, wet impregnation, incipient wetness, and dual-solvent or solid-liquid methods are usually used. The soft templating synthesis process relies on sol-gel chemistry in which the final product is dependent on the laboratory conditions (temperature, pH, humidity) [75-79] and hence possesses a significant disadvantage because of its poor control over the condensation reaction. In the sol-gel process, the limited temperature range during synthesis favors low crystallinity resulting in an amorphous or semi-crystalline phase of the synthesized product. The presence of amorphous phases can have unwanted effects on the specific application of the synthesized mesostructured product. For instance, easing the recombination of electrons and holes decreases the catalytic efficiency and/or reduces the conductivity of the material; in this way, the electronic applications of the material get restricted. Still, the amorphous phase can be eradicated during the process of calcination, and the mesoporous structure cannot be well-preserved after the high-temperature thermal treatment. Contrary to the soft templating method, the hard template method has many advantages, such as controllability, pore regularity, and crystallinity [80-82]. A variety of types of mesoporous MOXs have been successfully prepared using the nano-casting method [80, 81, 83], and a lot of them have been developed using mesoporous silica templates [84-90].


        




        

          



          Chemical Precipitation Method




          Chemical precipitation (wet chemical synthesis) is a simple eco-friendly facile bottom-up synthesis technique. Generally, in this method, precursor solutions are mixed stoichiometrically under ambient conditions; the rapid reactions among the precursors cause the formation of nanostructures via precipitation. The products of precipitation reactions are generally moderately soluble species formed under conditions of high supersaturation. When precipitation begins, numerous small crystallites initially form (nucleation), but they tend to quickly aggregate together to form larger, more thermodynamically stable particles (growth). Thus, the processes of nucleation and growth govern the particle size and morphology of products in precipitation reactions. As compared to all the above-referred methods, this method has been found to have a number of advantages, including high yield, easy processability at ambient conditions, the possibility of doping of different kinds of impurities with high doping concentrations even at room temperature, good control over the chemistry of co-doping particularly when different impurities are incorporated simultaneously in the host lattice, easiness of surface capping with variety of reagents (organic as well as inorganic) etc.


        




        

          



          Sol-Gel Method




          The sol-gel method is a wet chemical route that is promisingly used for the fabrication of nanomaterials. A variety of high-quality metal-oxide-based nanomaterials can be developed through this method. It is a facile synthesis procedure for the metal-oxide nanoparticles; it consists of the development of inorganic networks through the formation of a colloidal suspension (sol) and gelation of the sol to form a network in a continuous liquid phase (gel) [91]. The sol-gel technique presents a low-temperature method for synthesizing materials that are either inorganic in nature or both inorganic and organic. It is based on the hydrolysis and condensation reactions of organometallic compounds in alcoholic solutions. This method is advantageous for the fabrication of coatings along with an outstanding control on the stoichiometry of precursor solutions, easiness of compositional modifications, customizable microstructure/nanostructure, simplicity of introducing various functional groups or encapsulating sensing elements, relatively low annealing temperatures; the possibility of coating deposition on large area substrates and above all it needs only simple and inexpensive processing equipment. Metal alkoxides are the conventional precursors for the generation of nanomaterials using this method. The synthesis process of nanomaterials via the sol-gel method can be completed in a series of distinct steps [92-95]:




          Step 1: Hydrolysis of the metal oxides (formation of the sol), i.e., the stable solutions of the alkoxide or solvated metal precursor.




          Step 2: Condensation; gelation resulting from the formation of an oxide- or alcohol-bridged network (the gel) through a polyesterification or polycondensation reaction that results in a remarkable increase in the viscosity of the solution.




          Step 3: Aging of the gel, for the duration in which the polycondensation reactions continue until the gel transforms into a solid mass, together with contraction of the gel network and expulsion of solvent from the gel pores. The aging process of gels can exceed a week or so.




          Step 4: Drying of the gel, when water and other volatile liquids are removed from the gel network. The drying process set hurdles due to fundamental changes in the structure of the gel.




          Step 5: Dehydration, during which surface-bound M-OH groups are removed, thus stabilizing the gel against rehydration. This is usually achieved by calcining the sample at temperatures up to 800°C.




          Step 6: Densification and decomposition of the gels at high temperatures (T > 800°C). The pores of the gel network collapse and the remaining organic species are volatilized. This step is normally reserved for the preparation of dense ceramics or glasses.


        




        

          Solvothermal and Hydrothermal Methods




          Hydrothermal and solvothermal syntheses are branches of inorganic synthesis. The term “hydrothermal” is of geologic origin [96]. It is believed that Schafhäutl described the first results of a laboratory-based hydrothermal reaction in 1845 [97]. He observed the formation of quartz microcrystals from silicic microcrystals. Hydrothermal synthesis refers to the synthesis through heterogeneous chemical reactions in aqueous solution above the boiling point of water, while solvothermal synthesis takes place in a non-aqueous solution at relatively high temperatures. On the other hand, the reactions are referred to as alcohothermal and glycothermal, respectively, when alcohols and glycerol are used as the reaction media. These synthesis strategies are significant for the fabrication of nanocrystals with good crystalline properties. Both synthesis methods are performed in an autoclave, which can bear high temperatures and pressures [98]. Hydrothermal and solvothermal methods are promising methods for the creation of various nano-geometries of materials, such as nanowires, nanorods, nanosheets, and nanospheres [99-101]. Usually, the course of action involves loading precursors and other reagents, including the solvent, in proper ratios into an autoclave, where the solution is heated at a set temperature for a fixed time period. The sample is washed with water and alcohol to get rid of impurities, followed by vacuum drying prior to the final product. This method is advantageous as almost any material can be dissolved in the solvent by increasing the temperature and pressure to its critical point [102]. The microwave-assisted hydrothermal synthesis of nanostructures has proven significant for engineering nanomaterials due to the incorporation of the merits of both hydrothermal and microwave methods [103].


        




        

          Vapour Deposition Techniques




          Vapour deposition techniques can be categorized as physical vapour deposition (PVD), chemical vapour deposition (CVD), aerosol-based processes, and flame-assisted deposition methods. Vapour deposition techniques are the most broadly used nanofabrication approaches in nanotechnology research and industry.




          The physical vapour deposition process involves the creation of vapor phase species through the following processes: evaporation, sputtering, and ion plating. During transportation in the PVD chamber towards the substrate, the vapour phase species undergo collisions and ionization and subsequently condense onto a substrate where the formation of thin films/nanomaterials occurs via nucleation and growth processes. There are three basic physical vapor deposition techniques: (a) evaporation, (b) sputtering, and (c) ion plating, as classified based on various ways of generating the gaseous species. In PVD, the vaporization of material through heating, electron beam, ion beam, plasma, or laser is followed by solidification of the material back at the surface of the substrate that needs to be coated. To enhance the effectivity of the coating, PVD is generally carried out in a high vacuum environment so that interaction with other atoms can be minimized. This technique also has applications in metal coating, glass and semiconductor industries. The laser ablation technique already discussed in this chapter is also a PVD process.




          One of the PVD methods, i.e., sputtering, has been discussed for a comprehensive understanding of the evaporation process. Sputtering is a PVD vacuum process. It is used to deposit very thin films onto a substrate for a broad range of commercial and scientific uses. Sputtering involves the deposition of nanomaterials via the bombardment of solid surfaces with high-energy particles like plasma or gas. An ionized gas molecule is used to displace small atomic clusters of a particular material depending upon the incident gaseous-ion energy. These atoms then bond at the atomic level to a substrate and create a thin film. Sputtering is considered to be an effective method for producing thin films of nanomaterials [104-106]. Several types of sputtering processes exist, such as ion beam, diode, and magnetron sputtering [106]. Generally, sputtering is performed in an evacuated chamber, to which the sputtering gas is introduced. A high voltage is applied to the cathode target in order to create high-energy plasma, and free electrons collide with the gas to produce gas ions. The electric field then accelerates these positive ions towards the cathode target; these ions continuously hit the cathode target, resulting in the ejection of atoms from the surface of the target [107]. The sputtering technique is very interesting as it is cost-effective compared with electron-beam lithography and the sputtered nanomaterial composition remains similar to the target material with fewer impurities [108, 109].




          The chemical vapor deposition process is based on the thermal dissociation and/or chemical reaction of the gaseous reactants on or near a heated surface to form stable solid products. A CVD coating is a material applied to a surface by a method called chemical vapor deposition. Chemical vapor deposition methods are significantly used in the generation of carbon-based nanomaterials, semiconductors, and ceramics. The CVD process carries out the reaction of a volatile precursor, which is injected into a chamber (usually under a vacuum). The coating chamber is filled with precursor gases that can undergo reactions or break down into the preferred coating, which in turn bonds to the material surface (substrate) that needs to be coated. Suitability of precursor for CVD is characterized by ample volatility, high chemical purity, fine stability during evaporation, low cost, non-hazardous nature, and a long shelf-life. Besides these factors, the decomposition of the precursor should not result in leftover impurities [110, 111]. The choice of catalyst plays a significant role in the morphology and quality of the nanomaterial obtained. In the CVD-based preparation of graphene, Ni and Co catalysts give multilayer graphene, while a Cu catalyst offers monolayer graphene [112]. CVD is extended by exploiting several variants like different heating methods e.g., thermally activated, photothermal, plasma-assisted, etc.), the type of precursor used or the choice of catalyst for specific applications, such as spray-assisted vapor deposition, aerosol-assisted chemical vapor deposition, metal-organic chemical vapor deposition, etc.




          Aerosol-based processing techniques involve the atomization of a liquid precursor into finely divided submicrometer liquid droplets (aerosol) distributed throughout gas medium. Aerosol-based processing techniques can be subdivided into spray pyrolysis, electrostatic-assisted vapor deposition, etc., based on the different aerosol generation methods used.




          By and large, CVD is recognized for the creation of two-dimensional nanomaterials [113] and is an outstanding method for producing high-quality nanostructures [114, 115]. In the same way, electrospraying-assisted deposition is classified as corona spray pyrolysis, electrostatic spray pyrolysis/electrostatic spray deposition, electrospray organometallic chemical vapor deposition, gas-aerosol reactive electrostatic deposition, electrostatic spray-assisted vapor deposition, etc.




          Flame-assisted deposition (also known as flame synthesis or combustion flame synthesis) involves the combustion of liquid or gaseous precursors injected into diffused or pre-mixed flames. The flame-assisted deposition can be grouped into various categories as counterflow diffusion flame synthesis, combustion flame chemical vapor condensation, and sodium/halide flame deposition with in situ encapsulation process [116].




          Among all the vapour processing techniques, molecular beam epitaxy (MBE) and metal-organic chemical vapour deposition (MOCVD) are two prominent methods that are used for the fabrication of high-quality, defect-free, highly monodisperse nanostructures for optoelectronic device applications. Molecular beam epitaxy is a refined form of vacuum evaporation. It was first developed for the controlled growth of III-V semiconductor epitaxial layers by Arthur [117] and Cho and Cheng [118]. This method involves neutral thermal energy molecular or atomic beams (Ga, A1, etc.) impinging on a hot crystalline substrate maintained in an ultrahigh vacuum environment that provides the required source of growth. On the other hand, MOCVD is the CVD process that uses metal-organic gas or liquid precursor systems.


        


      


    




    

      



      CONCLUSION




      Semiconductor nanostructures show remarkable properties at nano length scale, making them model systems for researchers and technocrats. Due to these amazing properties, semiconductor nanostructures find various applications in electronic devices, optoelectronics, sensors, catalysis and telecommunication. Semiconductor nanomaterials and devices are still in the exploration phase, but they are promising for applications in many fields. In a low-dimensional system, degrees of freedom are restricted to less than three, leading to astonishing revelations. The present era challenge is to devise facile eco-friendly synthesis techniques for the fabrication of highly monodisperse nanostructures for device applications. However, both the top-down and bottom-up synthesis approaches have pros and cons in different aspects. The top-down approach utilizing lithography and etching techniques can advantageously be used to create required nanostructures in a spatially controlled way, while the bottom-up approach seems a powerful tool for the synthesis of defect-free, highly pure monodisperse nanostructures with atomic precision. For futuristic research explorations, the synthesis of highly monodisperse nanostructures requires more attention to modify the existing synthesis methods.
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