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    I feel immense pleasure to write the foreword to the book, titled “Photonic materials: recent advances and emerging applications” edited by Dr. Aavishkar Katti and Dr. Yogesh Sharma. One of the editors, Dr. Katti is already known in the science community as he has authored a research monograph “Optical Spatial Solitons in Photorefractive Materials” on the photorefractive solitons and their various applications, which is published by Springer, Singapore. He is an expert in photorefractive materials and non-linear dynamics. The other editor, Dr. Sharma has been deeply involved in research on band gap engineering in magnetic photonic crystals. Both editors are well known to me as they have obtained their doctoral degrees from Banaras Hindu University.




    This book describes current and cutting-edge research in the diverse area of photonics. There are fourteen chapters in the book covering theoretical, computational, and experimental research in photonic crystals, nonlinear optical materials, solar cells, semiconductor heterostructures, nano photonics, graphene-based photonics, and silicon photonics among other topics. Near the beginning, the chapters discuss optical logic gates, power splitter, polarizer, all-optical XOR gate, and optical properties of one-dimensional layered structure containing germanium. This optical XOR gate would replace the XOR gate based on semiconductors in the near future. The effect of the photovoltaic field on phase shift grating formed by nonlinear photorefractive materials is well described in one of the chapters.




    When you will further delve deeper into the book, you will find chapters based on graphene plasmonics, third-generation solar cells and the use of graphene in solar cells. Solar cells are always looked at as an alternative to conventional energy sources since they are used for energy tapping through the Sun. The use of graphene for increasing the efficiency of solar cells has been investigated. Nowadays, nanophotonics has aroused the interest of the scientific research community. A few chapters focus on the properties and applications of optical materials used for nanophotonics. Recent research on fiber Bragg gratings has been beautifully captured in subsequent chapters while novel materials have been investigated in the next chapters. The applications of mono chalcogenides, transition metal dichalcogenides, and MXenes from fibre laser have been discussed. Some smart materials in photonics have also been reviewed. Lastly, the book includes Monte Carlo, stochastic collocation, and polynomial chaos expansion techniques for modelling of photonic integrated circuits.




    This book is useful for beginners and advanced researchers in differentfields of theoretical or experimental optics and photonics, and material science. Graduates in physical sciences who are interested to pursue research in photonics will be highly benefitted from this book. I wish the book all the success and hope that it is useful for its target audience.






    

      Dr. Surendra Prasad


      Professor


      Department of Physics


      Institute of Science


      Banaras Hindu University


      Varanasi-221005


      India
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    Is photonics the new electronics?




    If we compare the basic elements in electronics viz. the electron with the basic unit in photonics such as photon, soliton and plasmon, we find an uncanny similarity with device applications. This is reinforced if we go on further and compare other elements like electrical cables and optical fibres or plasmonic waveguides, electrical generators and lasers or masers, electric circuits and optical circuits and finally conventional transistors and optical transistors. It can be clearly inferred that photonics has clear analogues for all tools of electronics. It is due to these similarities that the photonic community believes that photonic devices will be able to replace electronic devices entirely.




    In fact, even now, photonic devices are ubiquitous in fields like, biomedicine, where lasers are used to treat many diseases; aerospace technology, dealing with laser altimeters, laser radars, etc.; in engineering, where photonics is central to manufacturing MEMS and lasers are used for photonic devices, etc.; in information technology for data storage, optical switching, and data transmission using optical fibers among many other applications of practical importance. Such photonic devices encompass a diverse variety of materials like photonic crystals, nonlinear optical crystals like photorefractive crystals and liquid crystals, optical metamaterials, semiconductor laser materials, electro-optic and magneto-optic materials, photonic polymers, and photonic crystal fibers among many others.




    In the present book, we present the latest trends and research in the broad field of photonics and photonic materials applications. The chapters are categorized as follows:




    We shall first consider Photonic Crystals. Chapter 1 summarizes recent developments in the field of photonic crystals by presenting the utmost frequent and necessary optical devices established based on PCs such as optical logic gates, optical power splitters, polarization splitters, sensing devices, and lasers. In comparison to conventional photonic devices, these devices have greater efficiency and a small footprint. In Chapter 2, a novel design for an all-optical XOR gate using 2D photonic crystals has been proposed and investigated. Initially, the XOR gate is designed and simulated by using the FDTD method. The proposed XOR logic is achieved without nano-resonators and then with nanoresonators to get enhanced performance metrics in the form of high contrast ratio. Chapter 3 investigates and studies the effect of hydrostatic pressure on the reflectance and transmittance properties of the one-dimensional PC containing germanium (Ge). They use the transfer matrix method to calculate the transmittance and reflectance spectra.




    Plasmonics is an emerging and fast-growing branch of science and technology that focuses on the coupling of light to the free electron density in metals, resulting in strong electromagnetic field enhancement due to the confinement of light into sub-wavelength dimensions beyond the diffraction limit. Chapter 4 provides a comprehensive description of the theoretical approaches adopted to investigate the dispersion relation of graphene surface plasmons, types of graphene surface plasmons and their interactions with photons, phonons and electrons, experimental techniques to detect surface plasmons, the behaviour of surface plasmons in graphene nanostructures and the recent applications of graphene-based plasmonics.




    Renewable energy is the future in a power-hungry world. Solar Cells and Materials are hence forth going to play a vital role in the energy sector. In Chapter 5, the third generation solar cells, in regard to materials, production, fabrication process, energy payback time, efficiency and applications have been critically analyzed. Chapter 6 gives a brief overview of the recent research work on graphene in solar cell applications. It is notable that graphene has been used in heterojunction solar cells, GaAs solar cells, dye-sensitized solar cells, Perovskite solar cells, polymer solar cells, and organic solar cells and hence such a review will be useful for further research on graphene-based solar cells to achieve higher efficiency.




    Nanophotonics is a component of the broad field of nanotechnology which studies the characteristics of light on nanometer scales. It can also be said to be a study of interactions of objects of nanometer dimensions with light. Chapter 7 and Chapter 8 focus on the recent developments in nanophotonics. The various materials used for nanophotonics, their properties and different applications have been elucidated quite comprehensively. Chapter 9 investigates the electro-optic characteristics of a heterogeneous nanostructure for graded fibre optic cables based on shortwave infrared light communication systems under several number of nanoscale well-thickness layers.




    Some novel photonic materials are considered next. 2D materials are believed to be the future solution to various photonics and opto-electronic technologies including fiber laser. In Chapter 10, the application of monochalcogenides, transition metal dichalcogenides and MXenes is reviewed from the viewpoint of fiber laser technology. It covers the fundamental knowledge about these materials, the operating principle of Q-switching and mode-locking, and the configuration of 2D materials as saturable absorbers. The utilization of these materials as saturable absorbers in a wide range of fiber laser systems including Ytterbium-, Erbium- and Thulium-doped fiber laser is also discussed. Smart materials are those materials whose properties are changed upon application of an external stimulus. Devices using smart materials might replace more conventional technologies in a variety of fields. Smart Materials are attractive due to their light weight, sensing capability, lower component size, and complexity combined with design flexibility, functionality and reliability.




    Bragg Fibers have tremendous practical applications hence spanning a large body of research. In Chapter 11, the propagation and dispersion properties of hollow-core Bragg fibre waveguides for both high and low refractive index contrasts of cladding materials are explored and compared. In Chapter 12, attractive research is presented to review the biological motivation behind the development of multilayer photonic nanostructure and various types of fuel adulteration detection optical sensors using various sensors-based techniques and compare with the Bragg Metal-Polymer nanocomposite optical sensor.




    Silicon photonics is an area that relates to the investigation of photonic systems using silicon as an optical medium. Silicon photonics allows for high yield and complex integration with large processing, packaging, and testing availability. Chapter 13 analyzes different approaches to modeling fabrication variations in photonic integrated circuits, such as Monte Carlo, Stochastic Collocation, and Polynomial Chaos Expansion.




    Finally, Chapter 14 gives a comprehensive review of different types of smart materials, their preparation, characteristics and applications.




    In summary, we would like to state that the book tries to give a snapshot of current exciting research going on in the field of photonics incorporating different types of photonic materials. Photonics and photonic materials are a veritable ocean of which this is a humble attempt to sample a drop. We hope that this piques the interest of new researchers across the world and that they are encouraged to pursue research work in this fascinating field of photonics. In addition, we are hopeful that the book proves useful for scientists, university professors and industry professionals with a keen interest in photonics.
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      Abstract




      Photonic crystals (hereafter represented as PCs), a synthetic dielectric formation that employs periodic and random changes in the refractive index to control the transmission of light, were presented by Yablonovitch and John in 1987. The capability to change the transmission of the electromagnetic wave in these formations on a miniature scale is used by photonic devices built on PCs. Electromagnetic waves scatter within the PC, and destructive intrusion happens at particular wavelengths, resulting in a photonic bandgap like the energy bandgap of electron waves in a semiconductor (hereafter denoted as SC). Because of the possibility of constructing a photonic bandgap, it may be feasible to influence light transmission. Instruments with tiny footprints are also feasible. In recent years, several fascinating PC-based devices, such as sharp bent waveguides (henceforth denoted as W/G), μ-resonator cavities, and Y-branches, have been demonstrated. These remarkable properties have the potential to result in the growth of a dense integrated circuit. Though PC technology is still in its infancy, and more study is needed in this field, this chapter summarizes recent developments in this sector by presenting the utmost frequent and necessary optical devices established on PCs such as optical logic gates, optical power splitters, polarization splitters, sensing devices, and lasers. In comparison to conventional photonic devices, these devices have greater efficiency and a small footprint.
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      INTRODUCTION




      The discovery of PCs in 1987, as described by Yablonovitch [1] and John [2], has flickered a great deal of curiosity. Electromagnetic waves scatter inside the PC, and for specific wavelength ranges, destructive interference occurs, ensuring the formation of a photonic bandgap, which is analogous to the energy bandgap of electron waves in an SC. It may be feasible to regulate light transmission because




      of the probability of creating a photonic bandgap. Light steering, negative refraction, and self-collimation are just a few of the distinguished utilizations where PCs are used. PCs show how to get great performance in sensing applications with a compelling resolution. Several photonic formation proposals established on various platforms have been extensively investigated and used in detection utilities. PCs demonstrate strong optical confinement to a tiny volume, allowing the identification of biochemical species classified on the nm scale. PC W/Gs have recently been investigated for use in microfluidic [3] and biochemical sensing [4].




      Fabrication methods include molecular beam epitaxy, chemical vapour deposition, metal-organic chemical vapour deposition, and holographic ultra-violet beam exposure to photosensitive materials. In two coordinate axes of 2D- photonic bandgaps, the periodicity may be detected, while homogeneity can be found on the third axes. These kinds of structures can be made using dry reactive ion etching (RIE) or wet electrochemical etching. The first technique has a shallow etching depth and allows for nanometer-level precision in the hole size. Wet electrochemical etching has the potential to produce deep trenches, making the technique suitable for manufacturing assemblies with a high aspect ratio, however, the dimension of the etched cavities is unpredictable.




      1D-PC formation is composed of a regular variation of the refractive index (RI) in the path of light transmission, but it offers a regular medium in the other two routes [5]. The RI of 2D-PCs varies in two directions but does not alter in the third. This may be shown by making trenches in a medium with a high RI, such as silicon [6]. 3D-PC formations may be created by changing the RI in all three spatial directions, such as a stack of spheres made of a dielectric medium positioned in the air [7]. Light transmission in a periodic formation, like electron transmission, may be investigated using a regular arrangement of atoms. The PCs are also frequently mentioned in principles like the Bloch theorem and Brillouin zones. Fig. (1) shows a graphic of the 1D, 2D, and 3D PC formations.




      Because of their narrow lattice constant, 1D-PCs, also identified as multilayers, deficient of a broad photonic bandgap, and 3D-PC manufacturing is exceedingly challenging. However, 2D-PCs feature a complete photonic bandgap and are easier to manufacture than 3D-PCs. Consequently, scientists find them more attractive. 2D-PCs are composed of air-holes in a dielectric substratum or cylindrical dielectric rods engrossed in air. The PC’s photonic bandgap may be changed by adjusting the lattice constant, the radius of the rods, and the RI of the dielectric medium. One of the best alternatives for producing a tunable filter for dense wavelength division multiplexing (DWDM) systems is resonant cavities. Cavity structures with an extraordinary Q-factor filter the chosen band of light with an appropriate bandwidth in DWDM systems. A tunable filtering element can also be created by modifying the formation of these cavities.




      
[image: ]


Fig. (1))


      Graphical representation of, a) 1D-PC, b) 2D-PC, c) 3D-PC. Dielectric 1 and dielectric 2 represents the high RI and low RI medium, respectively.



      When the light is incident on PC, it is reflected from each interface. Under the right circumstances, these reflected waves will interact constructively, according to the Bragg condition. The Bragg formula with modest modifications for PCs is given by [8]:
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          	(1)

        


      




      Where m is the diffraction order, λ is the wavelength of the reflected light, neff is the effective refractive index of the regular formation, and d is the crystal’s lattice period in the path of light transmission. When this stipulation is satisfied, an extraordinary reflection for the specified spectrum is seen. To show the Bragg reflection in the 400 nm to 700 nm band, the PCs require a sub-micrometre period (ʌ). When light passes through the PC, a specific spectrum is reflected, which is reliant on ʌ and neff. The photonic stopband is the spectrum range with the highest reflection (means no transmission). The photonic bandgap, instead, shows the spectrum range that is not acceptable to flow into the assembly, ensuing an extraordinary reflection.




      The chapter is systematized in the following way. In the first section, the operational mechanism of the novel sensing instruments based on PCs is discussed and recent developments in the sensing area are presented.




      PC optical logic gates (OLGs) are presently among the most popular optical media for researchers to use in the development of optical processing units. These instruments commonly have a power utilization of about μW and a reaction rate of just under a few ps, which contributes to a high switching rate. In the second section, the novel designs of OLGs based on PCs are discussed.




      In integrated photonics and communication schemes, optical power beam splitters (OPBS) and polarization (hereafter used as pol.) beam splitters (PBS) are essential elements. These elements can be implemented on PCs presenting low transmission loss and eminent pol. extinction ratio (PER). The novel and compact designs of OPBS and PBS are discussed in the third section.




      In the fourth section, the compact polarization maintaining devices based on PC are discussed. The pol. dependency of PC structures is one of their unique characteristics, and it has been utilized to produce a variety of pol.-maintaining instruments, such as polarizers which are extremely helpful in optical systems because they filter out undesired pol. of light for a particular purpose.




      In the fifth section, the recent advances in lasers based on PC are presented. Over the past 40 years, scientists have consistently investigated lasers ranging from gas lasers to semiconductor (SC) lasers in terms of working mediums, laser cavities, and pumping mode, propelling the swift expansion of lasers. The SC PC laser was created by combining PCs with classic SC laser mediums to achieve collective control of photonic statuses and trapped electrons. Painter et al. created the original PC laser in 1999. Fig. (2) presents the applications based on PC structures discussed in this chapter.
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Fig. (2))


      Applications of PC structures are discussed in this chapter.

    




    

      PC SENSING INSTRUMENTS




      Photonic sensing instruments have witnessed substantial development in recent years because of the rising need for sensing utilizations in the military, medical management, adequacy of food monitoring, and aerospace, to mention a few [9, 10]. The PC surface is a regular-modulated dielectric nanostructure medium that may be designed to produce a photonic bandgap, which prevents light from transmitting at a precise spectrum. Consequently, the PC surface’s local optical modes may be utilized in life science research as a very sensitive, label-free stage for bioimaging.




      Label-free tomography of surface-absorbed live cells (containing cell attachment, chemotaxis, and apoptosis) and nanoparticles was executed using third-generation PC-enhanced microscopy. The PC may also be stimulated by a laser light, which combines with the resonant PC mode to generate an electric field augmentation phenomenon, allowing for fluorescence-labelled imaging. PCs provide an intriguing alternative for implementing high-efficiency sensing instruments. PCs have strong optical confinement in a tiny footprint, allowing chemical analytes to be identified. Furthermore, exceptional efficiency in tiny sensor chips may be achieved by employing cutting-edge chemical surface functionalization techniques and integration into microfluidic systems. The identification of dissolved Avidin concentrations of 15 nM or 1 μm/ml was experimentally established [11] using slotted PC cavities with embedded microfluidics. In a study [12], experimental and analytical evidence of extremely high efficiency has been provided. For example, anti-biotin has a detection limit of < 20 pM, which translates to < 4.5 fg of the bound medium on the sensing device surface and < 80 molecules in the integrated μ-cavity modal length.




      Several criteria, including sensitivity (S), stability, selectivity, and detection limit are examined to assess the efficiency of optical biosensing instruments. The degree of contact between the light and the adjacent matter in 2D-PC is computed as the amount of the slightest modification in λres to the difference in medium RI, generally expressed in the nm/refractive index unit. Sensitivity is articulated as:
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      where Δλ and Δn are the modifications in λres and RI of the surrounding medium, respectively. Selectivity is the capacity of the surface of the sensing instrument to recognize target analytes in samples including other assortments, which is the major issue of biosensing instruments. The term “stability” refers to the sensing instrument’s sensitivity in the occurrence of the involvement of the adjacent medium, which influences the sensing instrument’s accuracy. The detection limit is a generic figures of merit that may be used to evaluate the efficiency of a given biosensing instrument to the efficiency of the other optical biosensing instruments. Typically, the detection limit is defined as the slightest essential RI alteration to cause a significant conversion in the optical signal.




      Researchers all around the world are doing considerable research on PC-based RI sensing instruments, and many sophisticated sensing instrument topologies, such as integrated μ-cavities and interferometers, have been proposed for RI sensing utilizations. These sensing instruments have several advantages, including minimum sample assembly that does not need fluorescent tagging and excellent sensitivity. The detection method is established by measuring the RI changes of a bulk solution caused by the occurrence of biochemical analytes. To differentiate the concentrations of biological samples, utilizations in gaseous and aqueous environments have been investigated. Using these sensing instruments, it is feasible to determine the molecules and proteins on their surfaces as well as their volumetric density. PCs have recently been widely utilized in a variety of sensing instrument systems. Gas sensing instruments established on PC are proposed for the mid-infrared spectrum since numerous hazardous gases such as CO2, CO and CH4 display absorption lines in this region. A high-accuracy gas index sensing instrument established on a PC air-slot cavity with S=510 nm/refractive index unit was suggested [13]. In a study [14], a surface plasmon resonance (SPR) nanocavity antenna network with a high S=3200 nm/ refractive index unit is offered for gas sensing utilizations. In another study [15], a guided-mode resonance gas sensing instrument with S=748 nm/ refractive index unit is described.




      Nanoscale PC sensor arrays on monolithic substratum are described [16] as shown in Fig. (3). The sensor design may be utilized as an optofluidic architecture to monitor biological interactions in aquatic atmospheres in a highly parallel, label-free manner. Arrays of lattice-shifted resonant cavities are side-coupled to a single PC W/G in this design. Each cavity has a marginally varied cavity spacing and is demonstrated to move its λdip independently in response to variations in RI. The extinction ratio of a single well-defined drop is greater than 20 dB. This instrument has a RI sensitivity of 115.60 nm/ refractive index unit and a RI detection limit of about 8.65x10-5. By altering the number of functionalized holes, the sensitivity may be changed from 84.39 nm/ refractive index unit to 161.25 nm/ refractive index unit [16].
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Fig. (3))


      PC sensor arrays. It is composed of five marginally dissimilar cavities side coupled to a PC W/G [16]. (Reprinted/Adapted with permission from D. Yang, H. Tian and Y. Ji, “Nanoscale photonic crystal sensor arrays on monolithic substrates using side-coupled resonant cavity arrays,” Optics Express, vol. 19, no. 21, pp. 20023-20034, 2011 © The Optical Society).

    




    

      PC OPTICAL LOGIC GATES




      PC optical logic gates (OLGs) are presently among the most popular optical media for researchers to use in the development of optical processing units [17]. Using PC architectures, the size of OLGs may be lessened to the order of the wavelength. These instruments frequently have a power utilization of about μW and a reaction speed of just under a few ps, which contributes to a high switching rate. PC OLGs increase the likelihood of fabricating integrated optical circuits. At the speed of light, digital data may be transferred from fibre optics to an electronic processor. The highest switching rate for electrical logic gates, with a standard one-switching power of 0.5 mW, is comparable to 50 ps [18]. The switching rate of OLGs implemented on SCs is limited by the p-n junction and connectivity capacitances, but the switching rate of PC-established OLGs is limited solely by the light speed passing through them. OLGs can perform a variety of logic tasks and have a wide range of utilizations in optical communication. For instance, an AND OLG can be used in address identification, data integrity inspection, and it even supports a sampling gate in optical oscilloscopes. The XOR gate may evaluate data forms for address verification, packet switching, data encryption/decryption, and parity check. The NOT OLG may be utilized as an inverter or switch, while the XNOR OLG can be employed for threshold detector operation.




      Various strategies of OLGs in PCs established on linear and nonlinear constituents are presented. For example, SC optical amplifier (SOA) MZI construction [19], SOA cross-pol. modulation [20], ultrafast nonlinear interferometer [21], electro-absorption modulator [22], and PC W/Gs [23]. In a study [24], a NOR gate established on two Kerr nonlinear PC ring resonators (RRs) with a bit rate of 138.9 Gbit/s is presented. OLGs based on PC were originally suggested in 2006 [25], where the researchers proposed and numerically built an AND gate established on a PC interference W/G between a bent W/G with three entrenched Kerr-type nonlinear rods and a T-branch. Similarly, a design process for OLGs and operations established on threshold logic and nonlinear PC RRs are anticipated [17, 26]. The technological implications of silicon nanocrystals have piqued the interest of researchers. Furthermore, it has high nonlinearity and is compatible with the CMOS manufacturing technique. Using a 2D-PC, the new construction of all-optical NOT, XOR, and XNOR OLGs is given in [27]. This section details the optical performance of the XNOR structure. This OLG is crucial for building logic comparators, full adders, and other 2D-PC based logic circuits. The main concept behind optical XNOR is to utilize a resonant cavity with PCs that have a resonant wavelength of 1550 nm. As illustrated in the graphical description of the construction in Fig. (4a), the XNOR OLG has three inputs (Bias (B), Input-1 (I-1), and Input-2 (I-2)), as well as an output port. When “B” =1, “I-1” = “I-2” =0, at a wavelength of 1550 nm, the optical signal at the “B” couples to the RR and flows straight to the output port with an efficiency of 56% as seen in Fig. (4b).
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Fig. (4))


      a) Schematic representation of all-optical XNOR OLG [27]. Optical field mapping for different states for the XNOR OLG, b) B=1, I-1=0, I-2=0, c) B=1, I-1=0, I-2=1, d) B=1, I-1=1, I-2=0, e) B=1, I-1=1, I-2=1 [27]. (Reuse of material which is licensed under CC BY 4.0).



      When “B” =1, “I-1” =0 and “I-2” =1, the signal inputs interfere destructively if the two inputs “B” and “I-2” are both equal to 1, leading in an output signal=0. As illustrated in Fig. (4c), ~0.003% of the signal input power arrives at the output port.




      When “B” = “I-1” =1, and “I-2” =0, negative interference exists between the signal inputs. As indicated in Fig. (3d), the output power at the output is zero with practically zero efficiencies.




      When “B” =1, “I-1” = “I-2” =1, the two inputs “I-1” and “I-2” are linked together and stream straight to the output by coupling with the RR with 71% efficacy, preventing negative interference with the signal input of Bias as illustrated in Fig. (4e).


    




    

      PC OPTICAL POWER SPLITTER AND POL. SPLITTER




      In integrated photonics and communication schemes, OPBS and PBS are essential elements. OPBS splits the power of the incoming light into multiple parts, whereas PBS offers distinct light routing in two polarization states: transverse electric and transverse magnetic [6, 28, 29]. Typically, photonic instruments are designed to function in a single pol. state. If unpolarized or partly polarized light is present, the PBS can split the entering ray of light into two orthogonal pol., ensuring that the pol. is appropriate for the instrument. The PER is a critical factor for determining PBS proficiency. Because of their tiny footprint, PBSs developed on PCs are quite appealing. Light passing through a PC may confront a negative or positive RI. The RI difference, angle of light incidence, and slab thickness all influence the two refraction conditions. By correctly using these features, it is probable to implement straightforward and capable optical modules for light transmission.




      For example, an optical passive instrument that functions as a PBS is demonstrated, with transverse magnetic and transverse electric-pol. bending in positive and negative directions, respectively. In a study [30], transverse electric and transverse magnetic-pol. of rays of lights are separated via in-plane negative refraction in a 2D-PC. The instrument is said to be capable of working in the 350 nm band with a λcentral of 1500 nm. A compact PBS system with a footprint of 15 μm x 10 μm that is generated by combining a hybrid PC with traditional W/G construction is demonstrated [31]. Planar PCs with a tiny footprint have been proven to have a good conception of pol.-sensitive light broadcast [32]. Though, depending on the W/G employed, the substantial light diffraction that this form of PBS experiences may result in low broadcast for both pol(s).




      In recent years, numerous innovative designs of 2D-PC OPBSs have been presented [33, 34]. A unidirectional OPBS based on 2D-PC is displayed [35]. The frontward broadcast is greatly enhanced in a wide frequency domain by adding elliptical air holes on the heterointerface. The unidirectional OPBS is constructed, and the equivalent light intensities of each ray of light may be fine-tuned by adjusting the area ratio of elliptical air-holes. In PC-1, the incident light travels along the x-axis and strikes the heterointerface in the middle for frontward transmission. After then, some of the light energy is reflected to PC-1 and the rest is carried on to PC-2. Finally, light is propagated from PC-2 and split into two output rays of light, P1 and P2, respectively. However, in PC-2 along the x-axis course, the same input light cannot be propagated, and only a tiny amount of light can be sent within the PBS formation for backward transmission. An OPBS structure based on 2D-PCs that can be appropriate to photonic integrated circuits (PICs) is presented [8]. The power splitting mechanism is similar to that of traditional three-W/G directional couplers (DCs), exploiting the coupling between guided modes maintained by line-defect W/Gs. Simple mode analysis determines the position in transmission direction where an input field is divided into the two-folded image by analysing the dispersion curve and field dispersion of modes. The magnetic field mapping in the splitter structure is presented in Fig. 5(a) [8].




      Computational analysis on the design of an exclusive 2D-heterostructure PC capable of splitting two orthogonally pol. of light waves is presented in a study [6]. The instrument is made up of two distinct PC formation patterns as shown in Fig. (5b). The first PC structure is designed to allow the light of both pol(s) to pass through it. The second PC structure, instead, only has a photonic bandgap for transverse electric-pol. of light. Due to the photonic bandgap existing in the second PC construction, these two structures are merged at a 45o angle, resulting in a reflection of self-collimated transverse electric-pol. of light at an angle of 90o. While authorizing the self-collimated transverse magnetic-pol. of the light wave to continue its journey unhindered. The normalized Electric field mapping of light in the heterostructure at the operational wavelength of 1550 nm is shown in Fig. (5c). The suggested instrument has a compact 10.9 μm2 footprint, low transmission loss, and a high PER, making it a perfect contender for use as an on-chip pol. division multiplexing (PDM) system.




      (Fig. 5a) [Reprinted/Adapted] with permission from I. Park, H.-S. Lee, H.-J. Kim, K.-M. Moon, S.-G. Lee, B.-H. O, S.-G. Park and E.-H. Lee, “Photonic crystal power-splitter based on directional coupling,” Optics Express, vol. 12, no. 15, pp. 3599-3604, 2004 © The Optical Society)




      (Fig. 5a and c) taken from [6], material licensed under CC BY 4.0)




      
[image: ]


Fig. (5))


      a) Magnetic field distribution in the OPBS [8], b) Schematic representation of 2D-heterostructure PBS [6], c) Electric field mapping of transverse electric+ transverse magnetic pol. of light [6].

    




    

      PC POLARIZATION MAINTAINING INSTRUMENTS




      The polarization dependency of PC structures is one of their unique characteristics, and it has been used to create a variety of pol.-maintaining instruments, such as polarizers which are extremely helpful in optical systems because they filter out undesired polarization of light for a particular purpose. The polarizer’s operating mechanism is built on the polarization-dependent transmission of a PC W/G, which differs from typical polarizers. It is based on the unique characteristics of 2D- photonic bandgap mediums. Unpolarized light can be decomposed into dual parts: one with the Electric field parallel to the periodic plane (referred to as transverse electric) and the other with the magnetic field parallel to the periodic plane (referred to as transverse magnetic). In 2D- photonic bandgap mediums, the transmission of transverse electric and transverse magnetic pol. of light is independent of one another. It’s worth mentioning that the band structures and photonic bandgaps of transverse electric and transverse magnetic polarization(s) are different. Photonic bandgaps can be either passive or active. The Maxwell equations may adequately explain the contact of passive or active photonic bandgaps with the incident light. Multiple scattering and diffraction, like Bragg reflection and diffraction gratings, interact with and inside a photonic bandgap. Defects (imperfections) in a photonic bandgap can have a big influence on the electromagnetic wave around it. Consequently, unique optical resonances have been discovered in these photonic bandgaps, and their characteristics may be customized by selecting the appropriate bandgap and generated imperfections.




      The structural characteristics of a typical square-lattice PC W/G are shown in Fig. (6a). The numerical study only considers transverse magnetic polarization. The spatial profiles of the forward and backward transmitted powers are probable to converge due to the reciprocal presence of the W/G structure [36]. The dispersion map generated by the plane wave expansion approach, as illustrated in Fig. (6(b)), may verify this expectation. The W/G mode extends to the k-axis and spans a broad frequency range.
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Fig. (6))


      a) Schematic diagram of a typical PC W/G, b) the dispersion curve of typical PC W/G.



      Fig. (7) depicts a standard 2D-PC photonic band design expected along the direction of incoming light. The transmission of an electromagnetic wave is predicted by its frequency and the band assembly of the PC photonic bandgap. Transverse electric and transverse magnetic polarized light waves can also travel in the same region as the transverse electric and transverse magnetic bands. In the overlapping zone of transverse electric and transverse magnetic photonic bandgaps, however, both transverse electric and transverse magnetic waves are prohibited from travelling. Only transverse electric (transverse magnetic) waves may propagate in the imbricated area of the transverse electric (transverse magnetic) bands and transverse magnetic (transverse electric)-photonic bandgap because transverse magnetic (transverse electric) polarization of light cannot transmit in the section of its photonic bandgap [37]. As a result, the transmission wave is polarized smoothly and has only one polarization. This is how the photonic bandgap polarizer operates.
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Fig. 7)


      A 2D- photonic bandgap PC with distinctive photonic band architectures is probable in the path of incoming light. In 2D- photonic bandgap crystals, the transverse electric and transverse magnetic poarization. of light is separated. Photonic bands are shown by the hatching regions. Between the bands, photonic bandgaps may occur.



      The degree of polarization and transmittance are commonly used to describe a polarizer’s effectiveness. The degree of polarization can be written as:
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      Where ITE and ITM are the intensity of the propagating transverse electric and transverse magnetic pol. of light. The degree of polarization for unpolarized and completely polarized light is 0 and 1, respectively. The ratio of the intensity of the




      transverse electric-polarized part at the output to the intensity of the transverse electric-polarized part at the input is denoted as the polarization transmittance “T”.
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      Numerous photonic instruments use transverse magnetic-pol. of light function well [38]. In addition, transverse magnetic-polarization is better for detection purposes than transverse electric-polarization of light because its evanescent field infiltrates deeper through the top and bottom cover layers. Transverse magnetic-pol. of light is also used in polarization multiplexing systems to allow most of the channel volume. As a result, it is recommended that instruments that allow the transverse magnetic pol. of light are essential for the development of operational PICs. To make use of the big difference between the refractive index of Si to SiO2, strong birefringence, considerable optical nonlinearities, and mature CMOS manufacturing methods, most PICs are currently built on the SOI platform [39].




      Transverse electric and transverse magnetic polarization of bandpass instruments established on a hybrid plasmonic W/G with a PER of 20 dB has been suggested [40, 41]. Another type of transverse electric-pass polarizer has been discovered; this time established on a hybrid plasmonic Bragg grating W/G. Over a bandwidth of 160 nm, the PER value of greater than 17 dB is computed [42]. The transverse magnetic-pass polarizer is made by customizing imperfection modes in the photonic bandgap structure is presented [43]. A transverse magnetic -pol.-maintaining instrument established on a 1D-PC W/G which offers a PER of 28.5 dB is presented in [5]. Fig. (8a) shows the graphical illustration for the instrument and the Electric field mapping of the transverse electric and transverse magnetic-pol. of light at the operational wavelength of 1550 nm is shown in Figs. 8 (b and c), respectively.


    




    

      PC BASED LASERS




      The origination and growth of lasers have altered human productivity, life, research, and development. Over the last four decades, scientists have consistently investigated lasers ranging from gas lasers to solid and liquid lasers to SC lasers in terms of working mediums, laser cavities, and pumping mode, propelling the swift expansion of lasers. A diverse range of lasers serves critical roles in several sectors. Owing to their small footprint and high performance, SC lasers are extensively employed in optical broadcastings, computing, storage, display, and pumping sources.
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Fig. (8))


      a) transverse magnetic -polarization-maintaining W/G established on SOI platform, b) Electric field mapping of the transverse electric-polarization of light at the operational wavelength of 1550 nm, c) Electric field mapping of the transverse magnetic –polarization of light at the operational wavelength of λ=1550 nm.



      The SC PC laser was created by combining PCs with classic SC laser mediums to achieve a collective hold of photonic positions and trapped electrons. Painter et al. created the original PC laser in 1999 [44]. At ambient temperature, a 1550 nm PC μ-cavity was realized using the dipole mode of a triangular lattice imperfection cavity. PC edge-emitting (EE) lasers can be created by combining the μ-cavity and line imperfection W/Gs. Sugitatsu et al. demonstrated an EE laser using the slow-light effect of the PC W/G band edge in 2004 [45]. Watanabe and Baba developed an EE laser in 2008 via the connection of a PC μ-cavity with a high Q and imperfection W/G [46]. Recently, Zheng’s group has also presented a variety of PC lasers to enhance the efficiency of the SC laser, such as electrical injection PC vertical cavity and lateral cavity surface-emitting lasers, PC high beam value lasers and so on.




      Purcell first described the modulating impact of the μ-cavity on the coupling between the EM-field and mediums in 1946 [47]. The Purcell effect describes how the magnitude of the wavelength increases the spontaneous emission in the cavity. The Purcell factor is comparative to the μ-cavity’s quality factor (Q-factor) and inversely proportional to the mode volume (V). The number of modes supported by the μ-cavity decreases as V decreases, leading to a rise in the impulsive emission coupling coefficient, even equal to 1 [48]. It is advantageous to obtain a laser with an extremely small threshold. The vertical-cavity-surface-emitting laser (VCSEL) is intended to be the primary laser that reduces the dimension of the optical mode to the scale of the optical wavelength while maintaining a low loss. In addition, the μ-disk laser contains an optical μ-cavity with a high Q-factor and an insignificant V of a cubic wavelength. An extraordinary Q-factor and a smaller V can be produced by leveraging the PC’s bandgap characteristic. 3D-PCs, for example, entirely block light in all three dimensions of space. In theory, this type of defect structure can be used to create threshold-less lasers. Although the 3D-PC is challenging to construct, a variety of active and passive instruments based on a more basic 2D-PC already show promise in the field of photonic amalgamation, which is now a hotspot of study. The μ-cavity laser established on a 2D-PC slab has an elevated Q-factor and insignificant V, and it can also fine-tune the laser wavelength by marginally modifying the laser geometry; hence, it has a lot of utilizations in on-chip embedded light sources [49].




      Scientists distorted the complete lattice of the H1 cavity to achieve the single-mode and enhanced Q-factor, ensuing in the equilibrium modification of the triangular lattice and the parting of the deteriorated dipole mode into x- and y-pole modes [50]. The 2D-PC laser with an H3 cavity was also investigated by Gang et al, [51]. The H3 defect cavity was designed by eliminating 19 air holes in the centre of the flawless PC structure. The laser with a peak wavelength of 1500 nm was created with a mean pumping power of 90 μW and the side mode suppression ratio (SMSR) was 13.8 dB.


    




    

      CONCLUDING REMARKS




      This chapter deals with the recent development in the field of photonic crystals (PCs) and some novel instruments based on these structures are discussed which include sensors, optical logic gates, polarizers, power splitters and lasers. PCs are synthetic dielectric structures that employ periodic and random changes in the refractive index to control the propagation of the electromagnetic wave. These structures were first presented by Yablonovitch and John in 1987. The ability to change the transmission of the electromagnetic wave is used by photonic devices based on PCs. The propagating wave scatters within the PC, and destructive interference takes place at a specific range of wavelength, resulting in a photonic bandgap. The photonic devices based on PCs are compact and highly efficient which makes them suitable for modern-day applications.
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      Abstract




      Most major high-speed applications, such as communications, environ- mental monitoring, transportation, smart homes, industries and gadgets are enabled by recent photonic technology. Basic all-optical logic gates are used in the development of image sensors, ultra-fast optical devices, and positioning equipment in high-speed applications. Among different technologies proposed for all-optical implementation, Semiconductor Optical Amplifiers (SOA) have been widely adopted. They have attractive features such as wide gain bandwidth, low power consumption, compactness and strong non-linearity. SOA still has a limitation that its spontaneous emission noise restricts the performance. The semiconductor optical amplifiers with quantum dots exhibit higher saturation output power, lower current density threshold, wider gain bandwidth, and low noise figure than conventional SOA. Quantum Dot Semiconductor Optical Amplifiers (QDSOAs) also have limitations like large size, high power consumption and spontaneous emission of noise. Photonic Crystal (PhC) is an artificial material that is suitable to overcome all drawbacks of SOA and QDSOA due to its simple structure and compactness, high speed, low power consumption, and low loss. PhC-based structures allow propagation of light in a controlled manner with its periodic crystal arrangements having dissimilar diffraction index. PhCs are considered to be a suitable structure for designing all-optical devices with compactness. In this chapter, an all-optical XOR is designed. Initially, the XOR gate is designed and simulated by using the FDTD method. The proposed XOR logic is achieved without nano-resonators and then with nanoresonators to get enhanced performance metrics in the form of high contrast ratio. The contrast ratio is 260 dB for the XOR gate with a delay time of 0.19 ps. The proposed XOR logic gate has potential practical applications for high speed applications of telecommunication systems.
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      INTRODUCTION




      In a communication network, the current electronic technologies have serious limitations when large amounts of information need to be transmitted. The current electronic technology results in a limited amount of communication speed limit and computation time. Thus, to overcome this problem, all-optical logic gates are used.




      Ultra-compact all-optical logic gates have become attractive devices for real-time optical processing and communications. All-optical logic gates are designed to avoid complications and speed limitations due to the need for optic-electric-optic conversion [1]. Thus, numerous technologies have been described to design and develop all-optical devices.




      PhC devices are nanostructured optical media that can guide, limit and control the light propagation in the waveguide. Such nanostructures are constructed and manufactured to be used in future generation photonic circuits. Conventional photonic devices such as SOA cannot control the intended optical modes in small-scale circuits, because of the limiting factors such as total internal reflection and high loss in refraction. There has been explicit attention paid to PhC structures due to the fabricating feasibility of such material with the silicon and also because of the superior performance metrics such as lesser loss and higher light confining capability of input signals [2, 3]. A class of PhCs in two dimensions have nurtured a rapidly increasing interest over numerous applications with novel phenomena such as strong light confinement, slow light, spatial dispersion, and filtering [2-5].




      The photonic bandgap (PBG) is formed in the PhC structure because of the periodic interaction within the structure. The frequency signals in the PBG span cannot propagate within the structure. By introducing a defect within the structure, the mode of light can be localized and limited in the lattice. This can let the PhC structures a strong capability to control the modes, limit and guide the input light and has improved the use of such structures in producing optical elements. The possibility of limiting optical modes is increased by extending the PhCs into two- or three-dimensional structures.




      Currently, PhC based logic gates have become an attractive waveguiding medium to create all-optical devices [2, 4]. By utilizing the PhC structures, the optical logic gates dimension can be reduced to the order of the wavelength of light. Also, these devices lead to increased switching speed with the microwatts power consumption and its response time over the output in the order of lesser than a few picoseconds. Digital data can be transmitted at the speed of light to an electronic processor by an optical fiber. However, for electrical logic gates, the maximum switching speed is equal to 2 × 105 Hz (50 ps) for 0.5mW average switching power. The switching speed of logic gates made up of semiconductor material is limited by interlinking capacitances and p-n junction, whereas switching speed in an optical logic gate is limited only by light speed propagating through it.




      Periodic dielectrics [6] or magnetic structures demonstrate a photonic bandgap in a PhC arrangement. An array of light wavelengths that cannot pass through the PhC is called Photonic Band Gap [7]. The propagation of electromagnetic waves within certain frequency bands is forbidden, the principle is that the electromagnetic waves cannot propagate through the periodic structures resulting in various optical effects. Light waves with frequencies lying within the bandgap will get reflected by the PhC. PhCs are nanostructures fabricated by means of the interrupted arrangement of different refractive index materials. PhC can have a period of single (1D), dual (2D) or full three (3D) dimensions. 1D PhCs are an alternating sequence of layers with different dielectric constants. 2D PhCs consist of periodic rods in a dielectric medium. 3D PhCs having a periodicity in the refractive index in all three dimensions are very difficult to fabricate, but can have huge potential in areas of optical computation.


    




    

      RELATED WORKS




      PhCs extend an adaptable method for the propagation of light and controlling emission [8] by changing the lattice constant value of the crystal structure. A photonic structure is a regularly repeating structure consisting of two materials or more of different dielectric constants. There have been proposed systems designing an all-optical logic gate using the 2D PhCs. Fariborz Parandina [9] designed structures of NOT, XOR, and NOR with a very low power transfer delay of 0.1 ps and a contrast ratio of about 30dB. Golnaz Tavakolia [10] realized a structure of XOR and XNOR cascading two resonant rings. The delay time for the XNOR and XOR logics is 2.5 and 1.5 ps, respectively, the working bit rates for the XNOR and XOR logics are 400 and 666 Gbit/s. Ahmad Mohebzadeh-Bahabady [11] designed a structure for NOT and XOR gate comprising three waveguides and a nanoresonator. The response time and contrast ratio (CR) for the XOR logic gate were found to be 0.466ps and 19.95 dB, respectively. Sandip Swarnakar designed an XOR gate using Photonic Crystal Ring Resonator [12]. The square lattice PhC is made up of Silicon in Silica and the contrast ratio is calculated to be 8.37 dB.




      In this chapter, the all-optical logic XOR gate in a 2D PhC is proposed. The interference method is used to obtain the logic effect. The simulation of the proposed device is carried out using the Finite Difference Time Domain (FDTD) method of Rsoft Photonics CAD.


    




    

      LIGHT PROPAGATION IN PERIODIC MEDIA




      Recently, the material control of optical features has become an interesting field of study for researchers. One good way to manipulate and control light transmission is utilizing semiconductors with the periodic arrangements called as PhCs. The motivation of scheming and fabricating PhCs is to design structures over which control of photons can be achieved in a limited space for an extended time, but with inner limitations in light confinement over a few wavelengths. Such behaviour of PhC is formulated with Maxwell equations by assuming isotropic, linear and transparent materials in a diverse dielectric medium as follows:
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      where, H(r,t) and E(r,t) are the magnetic and electric fields, μ0 = 4 π ×10−7 and ε0 = 8.854 × 10−12 are vacuum permeability and permittivity, respectively. The dielectric constant is related to position vector in a PhC, thus ε(r) = ε(r + a), where a is the lattice structure constant. The PhC wave equation is represented by combining the above expressions and assuming the light speed at vacuum as c = 1/ √ε0μ0,
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      The electric field of the propagating wave can be calculated with
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      The light beam striking at the periodic structure is partially reflected under a specific condition. The intensity and direction of reflected light depend on the refractive index dispersal and periodicity of the PhC lattice, respectively. Bragg’s law describes the properties of reflected light from the periodic structure,
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      where λ is the reflected light wavelength, m is the diffraction order, neff is the periodic structure’ effective refractive index, d is the plane spacing between the lattice, and θ is the angle of glancing between the crystal diffraction planes and incident light and. If the PhC structure is near perfect and the Bragg’s condition is also satisfied, then the light scattering will be possibly very small. The photon interaction with periodic atom arrays in the PhC creates bands of light energy. The light incident over the specific wavelength range in correspondence to the stop band is very weak within the periodic structure. The stopping band’s existence indicates the availability of a gap in the permitted frequencies where propagation of electromagnetic modes is prohibited. The photon interaction with a dielectric periodic lattice is analogous to electron interaction behaviour with a periodic atomic lattice. The concepts like energy-frequency and emitted momentum being constant can be said to be analogous here. Despite a few similarities between PhC and semiconductors, it is notable to point out that the propagating light is being absorbed in the semiconductor material at a specific wavelength or energy over a particular bandgap but in a PhC, the photonic bandgap refers to a frequency region where light propagation is prohibited.


    




    

      TYPES OF PHOTONIC CRYSTALS




      According to the structure periodicity, PhCs are classified into three different categories namely one-dimension PhC (1D), two-dimension PhC (2D) and Three-dimension PhC (3D). The geometrical representation of 1DPhC, 2DPhC and 3DPhC are given in Fig. (1). where different colours signify material with variable dielectric constants.
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Fig. (1))


      (a) 1DPhC (b) 2DPhC (c) 3DPhC.



      

        1D PhC




        Simple 1DPhCs in periodic dielectric stack arrangements have been utilized for a significantly longer period. Their selective wavelength reflection properties enable them to be used in an extensive application range including Fabry-Perot cavities, high-efficiency mirrors, distributed feedback lasers and optical filters. As shown in Fig. (5a), the basic PhC model is an alternating arrangement of two varieties of dielectric materials. When light is incident on such an arrangement, it gets reflected at each interface. If each layer’s thickness is chosen suitably, then the reflected fields are in-phase with each other and result in strong reflectance interfering constructively(Bragg reflection). In contrast to 2D and 3D PhCs, 1D PhC Bragg reflection happens regardless of the contrast index, though more periods are required to attain high reflectance with small contrast. Since the optical dielectric materials’ absorption is very less, mirrors produced from dielectric arrangements are highly efficient and possible to design with 100% reflectivity of the light incident within a small frequency range. The foremost limitation of 1D PhC dielectric mirrors is that the device operation is limited over a specific angle range near normal incidence.




        The Fibre Bragg grating (FBG) is another recent 1DPhC application, where the fibre core refractive index is periodically varied along its axis, typically with a sinusoidal profile. The properties are fundamentally the same as the previous case but it is more complex due to the continuous variation of the refractive index instead of a discrete variation. The key difference is that the FBG refractive index contrast is so small comparatively (∆n ≤ 0.5%), very narrow operational bandwidth and a requirement of thousands of periods to get the required reflectance properties. They are an essential part of optical fibre systems, used in filters, dispersion compensation and an extensive range of applications.
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