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CHAPTER- 1     INTRODUCTION AND BACKGROUND OF THE THESIS         This chapter represents the Introduction and Background of the Present Thesis Work done.         
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Chapter - 1 ---------------------------------------------------------------------- Introduction and Background of the Thesis ---------------------------------------------------------------------------------------------  Rare-Earth ions (RE)3+-doped nano-material has potential applications in the fields of optical communications, optoelectronic devices [Huang et al., (2013)], flat panel displays, and bio-sensors [Chen et al., (2016); Jain et al., (2018)]. The physical properties of nanometer dimensions host materials may additionally vary appreciably from that of the bulk materials; consequently affecting the optically active luminescence dynamics of the dopant. Knowing the spectroscopic characteristics of these substances is vital for technological applications and optimizing their emissive properties. In lanthanide-doped nanoparticles, particle dimensions may affect luminescence quantum efficiency, emission lifetime, and concentration quenching. A lot of those monitored phenomena are the consequence of size-reduction-induced shape distortion and surface defects that influence the local environments that envelop the doped lanthanide ions. As an outcome, the crystal field strength, site symmetry, and refraction index might be different appreciably from that in the bulk materials. Although levels of electronic energy state shift and lifetime of excited-state vary as a function of particle dimension lots of these effects aren't taken into consideration due to nano-confinement on electronic states. It is well known that in solid phases electrons in the 4fN  orbitals of lanthanides are localized, therefore do not exhibit quantum confinement even in nanocrystals. According to the crystal field theory, the electronic energy levels of lanthanide ions in nanoparticles may vary because of changes in the strength of the local electrostatic field and site symmetry. In nanocrystals, surface defects and structural disorders are 
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inevitable, hence inducing extra significant inhomogeneous line broadening than that in bulk crystals. But, in the literature [Daniel and Astruc, (2004)], some observed variations of nanocrystals have been attributed to quantum-confinement effects when the particle diameter is much less than 5nm. It is reported that, for nanoparticles doped with transition metal ions such as Mn2+: ZnS, the luminescence lifetime becomes shorter by several orders of magnitude [Cao et al., (2013)]. A similar effect has been reported for lanthanide ions in nano-semiconductors [Bhargava et al.,(1994)]. It is challenging the frontier area of laser technology in the development of novel and efficient materials that exhibit optical properties on interaction with laser light and their utilization for device applications. Recently a lot of interest has been taken in RE doped semiconductor nano-material in glass matrices owing to their size-dependent properties and prospective applications in Opto-electronic devices. In general, the glass host offers high transparency, compositional variety, and easy mass production, especially the glasses prepared by utilizing sol-gel methods. The influence of semiconductor nanocrystals (NCs) on the radiative properties of RE ions has been proposed, particularly with Sm3+, Tb3+, Er3+, Ho3+, and  Pr3+. This study centers on the characterization of absorption and photoluminescence properties. At this stage, we merge the Judd-Ofelt result acquired from the absorption data with photo-luminescent spectra to calculate the radiative properties such as the probability of transition, relaxation time, branching ratio, and stimulated emission cross-section for all the measured luminescent transitions. In this present investigation, the above measurement is proposed to be extended to nano-scale material trapped in the host along with RE ions, because they enjoy unique particle size-dependent optical and electrical properties. These materials have prospective applications in optical communications, laser amplifiers, bio labeling, and sensors. The sol-gel process [You and Nogami, (2004)], empowers the possibility of doping organic and inorganic hybrid material in glasses since this technique does not require high temperatures.  
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1.1 Rare-earth elements (REEs) There are seventeen numbers of elements in the periodic table known as rare earth elements along with fifteen elements regrouped as lanthanides. These elements are Lanthanum(57La138.9),Cerium(58Ce140.1),Praseodymium(59Pr140.9), Neodymium(60Nd144.2), Promethium(61Pm145), Samarium(62Sm150.4), Europium (63Eu152), Gadolinium (64Gd157.3), Terbium(65Tb158.9), Dysprosium(66Dy162.5), Holmium(67Ho164.9), Erbium(68Er167.3), Thulium(69Tm168.9), Ytterbium(70Yb173) and Lutetium (71Lu175.5) as well as Scandium (21Sc44.96) and Yttrium(39Y88.91). From these seventeen numbers of elements two elements, such as Scandium with atomic number 21, and Yttrium with atomic number 39 are considered as rare-earth elements because they exhibit identical chemical properties and have various electronic and magnetic properties, and possess the same ore deposits. These elements have unique phosphorescent, magnetic and catalytic properties. In the periodic table, the RE elements and their positions are shown in Fig.1.1. 
 Fig.1.1 Periodic table showing rare-earth elements and their positions [Schuler et al., (2011)] According to the electronic structure of the trivalent rare-earth (RE) ions, there are two types of RE elements, one is the light rare-earth elements (LREEs) and the other 
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is heavy rare-earth elements (HREEs) as presented in Fig.1.1. Yttrium has similar chemical properties to Dy-Ho, so Yttrium is contained in HREE. Similarly, scandium has chemical behaviors and it is dissimilar from the other REEs, so Scandium is LREEs. The RE can be extracted from minerals that are expressed as oxides called rare-earth oxide [REO]. The first rare-earth elements were Yttrium and were discovered in 1794 by Johan Gadolin, a Finnish chemist near Ytterby (Sweden) from gadolinite minerals. Identifying all the RE elements took more than 150 years, that is the period of 1794 to 1947 which is shown in Table-1.1. The electronic configuration and the color of oxides of REEs are shown in Table-1.2 Table-1.1 Discovery of Rare-Earth Elements [Emsley, (1989)] Symbol Name Atomic no. Places of discovery Discoverer(s) Year Y Yttrium 39 Sweden J. Gadolin  1794 Ce Cerium 58 Vestmanland, Sweden C.J. Berzelius and W. Hisinger 1803 La Lanthanum 57 Stockholm, Sweden C.G. Mosander 1839 Er Erbium 68 Stockholm, Sweden C.G. Mosander 1842 Tb Terbium 65 Stockholm, Sweden C.G. Mosander 1843 Yb Ytterbium 70 Geneva, Switzerland J.C. Galissard de Marignac 1878 Sc Scandium 21 Uppsala, Sweden L.F.Nilson 1879 Tm Thulium 69 Sweden Per Teodor Cleve 1879 Ho Holmium 67 Uppsala, Sweden P.T. Cleve 1879 Sm Samarium 62 Paris, France P.E. LeCoq de Boisbaudran 1879 Gd Gadolinium 64 Geneva, J.C. 1880 
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Switzerland Galissard de Marignac Pr Praseodymium 59 Vienna, Austria C. Auer  von Welsbach 1885 Nd Neodymium 60 Vienna, Austria C. Auer  von Welsbach 1885 Dy Dysprosium 66 Paris, France P.E. LeCoq de Boisbaudran 1886 Eu Europium 63 Paris, France E.A. Demarcay 1901 Lu Lutetium 71 Paris, France G. Urbain 1907 Pm Promethium 61 Oak Ridge National Laboratory, Tennessee, United States J. A. Marinsky, L. E. Glendenin,  C.D. Coryell 1947   Table 1.2 Color and Electronic configuration of oxides of Rare-Earth Elements [Haynes, (2014)] Symbol Electronic configuration Color of RE oxides La [Xe]4f05d16s2 White Ce [Xe]4f15d16s2 Pale yellow Pr [Xe]4f36s2 Black Nd [Xe]4f46s2 Grayish blue Pm [Xe]4f56s2 n.a Sm [Xe]4f66s2 Cream Eu [Xe]4f76s2 White 
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Gd [Xe]4f75d16s2 White Tb [Xe]4f96s2 Brown Dy [Xe]4f106s2 Yellowish Ho [Xe]4f116s2 Yellowish Er [Xe]4f126s2 Pink Tm [Xe]4f136s2 Greenish Yb [Xe]4f146s2 Greenish Lu [Xe]4f145d16s2 White Sc [Ar]3d14s2 Slightly yellowish/pinkish Y [Kr]4d15s2 White  The trivalent RE3+ ion has the most stable level of ionization. The ionization process can remove the 6s and 5d electrons, and the electronic configuration, as of lanthanide ions is that of the structure of xenon plus a definite number 1 to 14 of 4f electrons. For trivalent RE ions, the monitored infrared (IR) and visible spectra is a consequence of transitions between 4f states. In the ultraviolet (UV) region most of the ions have wavelengths less than 300 nm, for a few RE3+ ions such as Ce3+ and Pr3+, 5d levels lie as low enough for producing strong and broad absorption bands in the UV region. 1.2 Glasses as host for rare-earth (RE) ions Rare earth (RE) ions can amalgamate easily in a huge quantity in a silica host through the sol-gel method [Pope and Makenzie, (1988); Chakraborty et al., (1994)]. Sol-gel silica glasses are considered a host because of some favorable properties for trivalent RE ions [Ramteke et al., (2017); Vega et al., (2017)]. Silica glass is a material 
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that is used for rare-earth along with ii-vi semiconductors [Rai and Bokatial, (2011); Rai and Fanai, (2016)]. Silica glass has good chemical and thermal stability, low thermal expansion, good mechanical strength, and optical transparency is high in the UV-visible regions. The melting point of silica glass is very high and the synthesis of traditional melts quenching involves high temperatures [Yamane, (2000)]. The glass host typically exhibits lower phonon energies and higher RE solubility. Multiphonon relaxation is responsible to reduce the luminescence properties of RE ions which are excited and lose energy to the silica host matrix with multiphonon forms [Layne et al., (1977)]. The excited RE ions with a smaller energy gap can possess an effective path of multiphonon relaxation due to the high phonon energy ( ̴ 1100cm-1) of the silica host. Homogeneous distribution is occurred for RE ions in SiO2 glasses at low concentrations and the network formation is Si-O-RE structure and at high concentrations, a cluster can be formed as RE-O-RE. The spectroscopic and optical properties of RE ions are dependent robustly on host materials. In industries, the refractive index of glass host materials should be high along with low melting temperature and with the good thermal and chemical stability of heavy metals. The small amounts of (RE)3+ ions doped in glasses can dramatically change the host material properties. 
1.3  Co-doping Co-doping is a process that is used for tuning the dopant's electronic and magnetic properties. To improve the property of luminescence and clustering problem of RE doped glass a suitable co-doping is important. CdS is an intrinsic semiconductor having a direct bandgap at room temperature is 2.42eV which is a Chalcogenide material. Bandgap properties may use for dopant ions that interact with host particles in the electronic state [Kalandaragh et al., (2008); Amma et al., (2008)]. The dopant concentration of the host material can change the properties of CdS nanoparticles. The structural analysis of co-doped CdS nanoparticles can reveal the formation of an orthorhombic crystal structure. CdS have an important role in concentrations of dopants that can affect co-doping as well as the bandgap of CdS nanoparticles. Increasing the dopant concentrations, the size of CdS nanoparticles can be reduced and the bandgap 
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can be increased. CdS doped glasses are spatially interesting for the use of photovoltaic cells, field-effect transistor, phosphor, and hetero-junction lasers. There have been so many works of RE doped silica glasses for the Al effect. The ability to integrate intensive narrowband emission directly with microelectronics processing techniques made the incorporation of RE ions in a wide range of semiconductors appealing. Silicon is a semiconductor used in the vast majority of microelectronics, and also the full integration of Silicon microelectronics to photonic emission would enable low-cost, high-speed communication within circuits or even across local area networks. The low solubility of RE ions in silicon is attributed to an amalgamation of ionic radii mismatches among the 3+ ions and silicon, as well as the silicon hosts mainly sp3 bonding. RE doped glasses and co-doped nanoparticles were studied by Bokatial and Rai [Bokatial and Rai, (2010)]. 1.4 Sol-gel synthesis Sol-gel glasses have the potential to hold much higher RE constituents, beyond the threshold where melt glasses lose their structure. Also, the sol-gel method permits us to synthesize in a set of a far wider range of shapes and sizes, including thin films and fiber. The sol-gel process allows the synthesis of glass samples [Rai and Fanai, (2016)], at low temperatures, dopant concentrations might vary accurately controlled in the solution stage when working with low concentrations of RE ions.  In a sol-gel method, the liquid ‘sol’ for a colloidal solution can transform into a ‘gel’ form. As a catalyst, metal alkoxide is used as a precursor for organic and inorganic metal salts or mixtures. After a progression of hydrolysis and condensation, the precursor might form a ‘sol’ or a colloidal suspension. The 'sol' molecule might form a liquid stage during the condensation stage (gel). The 'gel' is turned into a glass sample for additional drying and heating. For the sol-gel process, there have three reactions are used: (i) Hydrolysis, (ii) Water condensation, and (iii) Alcohol condensation. As co-solvent alcohol is used, water and alkoxides can't be combined as one. The hydrolysis is 
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formed by thoroughly mixing the sol-gel precursor and alkoxide with water in the presence of the co-solvent (alcohol).                 (1.1) The expansion of water wants to replace alkoxide groups (OR) with hydroxyl groups (OH) during the hydrolysis process. The condensation process involves in silanol group (Si-OH) which structures siloxane bonds (Si-O-Si). A silica network is shaped by the quantity of siloxane group increments and they crossed over with one another. The solvents trapped in the network are driven off as the network dries. Producing more heat, the organic residue moves up, the interconnected pores break down and a densified glass is formed.  The alkoxide group is protonated fast in acid conditions. As a result, the silicon atom's electron density is reduced, making it more electrophilic with partial positive charges. When the nucleophile hits the central atom, Si, it is on the opposite side of the R-OH leaving group. Finally, the transition state decays by breaking the Si-OH-R bond, resulting in a silicon configuration reversal, as shown in Eq. (1.3). The following Eq. (1.2) and Eq. (1.3) of acid-catalyzed mechanism can be depicted as:                    (1.2)  
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                    (1.3) The hydroxyl anion acts as a nucleophile in basic conditions, attacking the silicon atom. The following Eq. (1.4) shows the process of the base-catalyzed mechanism:                  (1.4) Alkoxide gel precursor, a by-product of water or alcohol, goes through a condensation reaction. The acid/base catalyst has an impact on the condensation reaction, just as it does on hydrolysis. A weakly cross-linked polymer is molded in the presence of the acid catalyst and may undoubtedly total after drying, providing a low-porosity microporous structure. As the base catalyst is applied, discrete highly branched clusters form, resulting in a mesoporous structure after gelation.                (1.5)                (1.6) After gelation, which is more crucial, continuous chemical and physical changes occur during aging. During this process, more cross-links form, the gel shrinks as 
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covalent bonds replace non-bonded contacts, and the size of pores and the strength of pore walls alter as the gel's structure evolves. The gel has high water content and is three-dimensional within the structure, with interconnected pores. Drying is expected to remove the fluid trapped in the linked pores before the pore closes during the densification cycle. Then again removal of the liquid from the small pores causes stress as a result an inhomogeneous shrinkage occurred. So the problem is that cracking is overcome because the structure is under a lot of stress. The drying stress is minor for small cross-sections, such as powder, coating, or fiber, and can be imposed by the materials to avoid cracking; no additional attention is required for those sol-gel structures. The prepared sol-gel silica glass dried at room temperature has many appliances, for the formation of dense glass high temperature is used to porous gel as heat treatment to form the silica gel. The pores are eliminated using high-temperature annealing, and the density of the sol-gel materials finally approaches that of melded glass. 1.5 Semiconductor Nano-phosphors Nano-crystallized semi-conductors have distinct optical, structural, and electrical properties than bulk semiconductors. A variety of phosphor materials exhibit size-dependent luminescence properties when doped with an impurity to create a quantum-confined structure. The dominance is transferred from the surface to the impurity states by the impurity. For induced emission, the efficiency of impurity for rare-earth elements can be dramatically increased.  As a result, doped nanophosphor materials are promising candidates for optoelectronic device applications. The atoms of nanoparticles have highly sensitive optical properties. In optoelectronics, the electron-hole movement and surface structure have crucial importance for the development of technology. The optical properties of semiconductor nanoparticles are directly associated with their size. In the early 1980s, the blue shift of bandgap of CdS and CdSe doped glasses were first reported [Jain and Lind, (1983)]. Nano-phosphors are synthesized using the sol-gel 
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method. To study phosphor's luminescence properties usual techniques and instruments are used. The doping system of semiconductor nanocrystals plays a crucial role in tuning the electrical and optical properties. Semiconductor nanoparticle has attractive electronic and optical properties as compared to their bulk counterparts. The distance between nanoparticles and rare-earth ions, as well as their size, shape, and number density, all have a role in rare-earth ion fluorescence enhancement [Yanagida et al., (2015)]. CdS nanocrystals are employed as a wide bandgap semiconductor in optoelectronics. CdS nanocrystals show the laser properties that are electronically driven and used as data storage areas and telecommunications [Xiang-feng et al., (2003)]. CdS is a Chalcogenide semiconductor that is used in solar cells and optoelectronics [Reisfeld, (2001); Singh et al., (2004)]. The optical properties of size-dependent nanocrystals have several applications, including, light-emitting devices, non-linear optical devices, and biological labels [Niemeyer, (2001); Alivisatos, (1996); Bandaranayae et al., (1995)]. 1.6 Optoelectronic Devices A technological improvement began after the development of the light-emitting diode (LED) in 1907 and the diode laser in 1962, both of which are essential for semiconductors as well as optoelectronic devices. In the last decades, there have been many kinds of research done about the commercial success of semiconductors, optoelectronic devices such as the design of the devices, semiconductor epitaxy, etc. Nowadays there are huge numbers of applications, for example, solid-state lighting and displays, fiber-optic telecommunications, image recording, optical storage, and,  medicine, etc. The operating system of lasers and LEDs depends on electric charge entering and with carrier spin ignores. For optoelectronics, the spin is a non-equilibrium process. The absorption process in semiconductors for circularly polarized light is the orientation of the optical process of the carrier spins [Meier and Zakharchenya, 1984]. This technique provides a fundamental link amid optical and spin polarizations for optical transitions of the selection rules. The reverse process is also applied for the circularly polarized light by radiative properties of spin-polarized electrons which are 
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based on the spin-polarized LEDs. LEDs are used in spectroscopy, integrated chemical sensors, reconfigurable optical interconnections, etc. In optoelectronics ii-vi wide-bandgap semiconductor is used, for example, LEDs are used in the visible region for the short wavelength region. 1.7 Transition Probabilities 1.7.1 Radiative Transitions The laser ions in solids with optical transitions between the electronic states have electric dipoles in nature. According to Laporte’s rule, in the same electronic configuration and transitions between the states are parity forbidden. The allowed electric dipole transitions have opposite parity configurations (4fn-15d for rare earth) for the crystal field [McClure, (1959)]. Spin-orbit interaction may occur due to the forbiddenness of transitions with ad-mixing the different spin states. As a result, the degree of admixing for crystal field interactions by spin-orbit interactions determines the host-dependent oscillator strengths of forced electric-dipole transitions. The oscillator strengths of transitions between J states are small ⁓10-6 for RE ions. Spin allowed transitions for ions of the iron group for the oscillator strength is large and for spin forbidden transitions the oscillator strength is small. Rare-earth ions have f-f transitions for the spectra intensities which are treated as a phenomenological approach by Judd and Ofelt. The states of RE ion approached as a 4fn configuration connecting with the sum of the product of tensor operator matrix elements and intensity parameters as an electric dipole line strength. For ion-host intensity, parameters are utilized to estimate the probability of transitions of laser action between any two levels of 4fnconfiguration. The J-O parameters estimated the extrapolating values and do not differ for the adjacent ions. J-O theory includes the fluorescence and absorption intensities, radiative parameters, radiative lifetime, branching ratios, excited-state absorption, and stimulated emission cross-section for the combination with fluorescence spectra. The use of the J-O theory and the validity of the 
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J-O theory are reviewed by Peacock [Peacock, (1975)]. The parity-allowed RE ion electric-dipole transitions have the transitions between the configurations 4f and 5d. Transitions between f-d and f-f are substantially greater for oscillator strengths with magnitudes of 10-1 to 10-2. Some RE ions have fluorescence starting from 5d states which are not common for all RE and a relatively large energy gap is produced from the lowest 5d to lowest 4f states [Weber, (1973); Yang and DeLuca, (1978)]. Magnetic dipole as well as electric-quadrupole transitions are allowed among states of the equal configuration and might be determined using the appropriate eigenstates. The selection rule of magnetic-dipole transitions are  |∆�| ≤ 1 and ΔS = ΔL = 0 which is used for intra-multiplet transitions. Electric-quadrupole transitions can be neglected because of less probability than dipolar processes. In silica glass, the energy levels and transition probabilities vary from site to site [Brecher and Risberg, (1976)]. Fluorescence decay includes a sum of exponentials in preference to an easy exponential time dependence following broadband, nonselective excitations. 1.7.2 Non-radiative Transitions The interaction of the ion with the oscillating crystalline field causes phonon processes to relax electronic states. In this process, the excited ion's electronic energy is transferred to the host lattice's vibrational energy. One- and two-phonon processes are used to relax non-radiatively across levels separated by energies ranging up to a few hundred cm-1. Natural line broadening is caused by these direct and Raman processes, which can occur in as little as ≤10-11 seconds. The broadening of both the initial and final states determines the transition's linewidth. Only spontaneous phonon activities are active at low temperatures, but as the host temperature rises, stimulated phonon processes become more active. The R lines in ruby laser have a uniform linewidth due to quick phonon processes that limit the lifetimes of ions within the 2̅ and �� states. Stark level splittings for rare-earth ions are typically ≤100 cm-1. Non-radiative transitions between Stark levels are very quick since they are inside the single-phonon spectrum's range, resulting in lifetime broadening [Kushida, (1969)]. 
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To conserve energy, non-radiative relaxation between the layers that are separated by hundreds or maybe thousands of cm-1 needed the coinciding emission of multiple phonons that happens at considerably slower rates. Radiative quantum efficiency, pump conversion efficiency, and the lifetime of the final laser level in four-level lasing schemes are all determined by multiphonon relaxation processes. The ion-phonon interaction that generates transitions among rare-earth 4f levels is known as weak coupling. In higher-order processes the average out the particular features of individual electronic states including phonon modes, with both the energy gap on to the next level being one of the most important elements influencing the rate. Experimental studies have demonstrated that rare earth decay rates have quite an approximated exponential dependence upon that energy gap ΔE towards ensuing the lower level as well as the format W(T)exp(—α ΔE), where, W(T) and α are the constants likely to depend on the host in addition to the strength of ion-lattice coupling, yet not with a few exceptions, on the particular rare-earth ions and even sometimes electronic state [Riseberg and Weber, (1976)].  Multiphonon relaxation is sufficiently stronger within the materials accompanied by high-frequency vibrations as a result of higher-energy vibrations can conserve the transition energy during a lower-order method. Multiphonon relaxation within glasses is site-dependent and is mostly caused by vibrational modes related to the glass network former's molecular groups (e.g., for silicate glasses the SiO44- tetrahedron). These modes range in frequency from 700 to 1400 cm-1, depending on the glass [Layne et al., (1977)]. Low vibrational frequency materials have higher fluorescence intensities in both crystalline and amorphous hosts, owing to lower multiphonon emission rates and hence more opportunities for efficient laser action. Rare-earth ions in 5d states interact significantly more strongly with the local field than ions in 4f states. The non-radiative decay of 5d levels is a sign of intermediate strength coupling rather than weak coupling [Riseberg and Weber, (1976)]. The 4fn-15d configuration overlaps the 4fn configuration for the majority of 
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divalent and trivalent lanthanide ions. As a result, optical pumping can be accomplished via excitation cascaded from 5d to 4f states as well as 5d bands. Transition metal ions move with the crystal field a lot of strongly than rare-earth ions. Multiphonon processes are quite possible and solely states with very vast energy gaps to the next lower levels (≥ 104 cm-1) have sufficient radiative quantum efficiencies to be seen in visible light.  The long-wavelength operative limit of solid-state lasers is mostly determined by non-radiative phenomena [Johnson and Guggenheim, (1973)]. Radiative transitions have a probability proportional to (ΔE)3 that decreases as the separation between energy levels decreases, whereas non-radiative transitions have a higher probability. The radiative quantum efficiency eventually decreases to the point that it is no longer usable for practical lasers. The frequency, as well as line width of optical transitions for the paramagnetic ions in solids, is normally temperature-dependent due to the ion-lattice interaction. Between 0 and 300 K, rare-earth frequency changes are typically less than or equal to 10 cm-1. Cooling the line narrows the stimulated emission cross-sections, which can lead to lower threshold operation. For high-order processes, the rate of multiphonon relaxation is temperature sensitive and may be a strong function of temperature [Riseberg and Weber, (1977)]. 1.7.3 Interactions between Ion-Ion Non-radiative energy transfer typically between like and unlike ions of paramagnetic substances occurs at concentrations where typical ion separations are low (≤ 1nm) and interactions through electric multipolar or exchange forces are strong enough to create transitions at rates comparable to radiative rates.  This can result in a corresponding, energy migration, luminescence quenching, or an improvement in optical pumping efficiency through luminescence sensitization, depending on the transitions and ions involved. All of these methods are used in solid-state lasers of various types. Consider an exciting Nd3+ ion in the 4F3/2 state to see how the ion-ion energy transfer 



17  

process affects rare-earths lasing action. Fig.1.2 depicts energy levels, radiative transitions, as well as pairings of energy-conserving transitions systems for two adjacent ions. The central process results in spatial energy movement but no net relaxation. Energy migration has two effects, the initial effect of migration is that rapid energy diffusion leads to a spatial excitation equilibrium. Energy migration mitigates spatial hole–burning in the laser gain caused by standing waves in an optical resonator [Danielmeyer, (1971)]. Second, if other ions or defects act as quenching centers, relaxations can happen in a single step [Dexter, (1953)] or a multistep process including energy migration and transfer [Dexter and Schulman, (1954)]. The process is characterized by first-diffusion as well as diffusion-limited relaxation determines the rate and time dependence of those in the donor ion decay [Weber, (1971)]. Energy transfer in materials containing inhomogeneous broadening is often more challenging due to the energy mismatch as well as possible inconsistencies in the transition probabilities for the ions in physically different regions [Motegi and Shionoya, (1973)]. The occurrence of the pairs of transitions that can produce self-quenching is a significant factor for rare earth as well as Nd3+ in particular. This is depicted in Fig.1.2 on the right. Increased absorption including the pump radiation is neutralized by decreasing quantum efficiency assuming concentration quenching is present, limiting the increases in optical pumping feasible by increasing the concentration level of laser ions at ≥ 1%, ion concentrations, self-quenching happens for many fluorescing states, resulting in a significant drop in fluorescence lifetime as well as quantum efficiency. The rate of self-quenching is determined by that the spectral overlap between the two transitions, oscillator strengths, and the distance between the two ions [Dexter, (1953)]. Self-quenching can be decreased if the transitions seem to be sufficiently nonresonant or even the ions are adequately separated, allowing materials with rare earth ion concentrations up to 100% to be employed for lasers. 
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 Fig.1.2 Radiative transitions containing Nd3+ (solid lines) as well as pairs of energy-conserving transitions (dashed lines) caused by ion-ion interactions. Non-radiative transitions are shown by wavy lines. Ion-ion transfer of energy may proceed even while the energy differences among pairs of transitions are more substantial, with the difference in energy conservation system through phonon creation or annihilation. The rate of phonon-assisted transfer almost between like and unlike ions is determined by the available phonon energies and also has a roughly exponential relationship with energy difference, similar to that observed for multiphonon emission [Miyakawa and Dexter, (1970); Yamada et al., (1972)]. Two excited Nd3+ ions in 4F3/2 states are another example of self-quenching not shown in Fig. 1.2. The method includes the de-excitation among one ion, followed by that the excitation of the other entire ion to such a higher excited state, and then non-
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radiative relaxation comes back to 4F3/2. The rate of this process becomes relevant only when the ion of excited state density has become high enough. Radiative energy transfer with a certain type of transition is shown above which occurs when a photon is produced by absorbing another ion. This results in radiation trapping as well as migration, but not in a gradual decrease in a lifetime. Fig.1.3 depicts the energy level diagram and laser transitions of trivalent rare-earth ions. 
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 Fig.1.3 Schematic Energy level diagram of trivalent rare-earth ions and laser transitions.   1.8 SCOPE OF THE STUDY  The majority of the technological applications in various fields of RE-doped Silicon-based compounds consider the possibility of mixing the electronic properties of Si also with optical features of (RE)3+ ions. LED and fluorescent lighting devices, glass grinding, and polishing compounds, glass and ceramic colorants, chemical catalysts, lasers, fiber optics, optical amplifiers, metal alloys, powerful magnets, display screens, and other applications require RE materials. The RE compounds are used in many of the technology products that make our lives better and easier. The study of energy transfer in which low-energy light is converted to high-energy radiation via multiple photon absorptions in sequential order. The study of RE-doped glasses and RE co-doped 
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nanoparticles is continued by Hayakawa et al., Bokatial, and Rai, and Chen et al. [Hayakawa et al., (2000); Bokatial and Rai, (2010); Chen et al., (2016)]. Nanocrystals (NCs) in biomolecules such as peptides, proteins, and DNA have involved the ability to new interest in bio-photonic applications. One of the most important areas nowadays is the knowledge of Forster resonance energy transfer (FRET) from NCs to dyes. 1.9 REVIEW OF LITERATURE RELATED TO THE PRESENT WORK In 1961, Nd3+-doped glass was used to demonstrate one of the earliest solid-state lasers [Snitzer, (1961)]. Three years later, lasing in Nd3+-doped multi-component fiberglass was observed [Koester and Snitzer, (1964)]. In 1972, the very first thin-film waveguide optical glass amplifier was demonstrated using the same material composition [Yajima et al., (1972)], and the first integrated optical glass laser was developed in 1974 [Saruwatari and Izawa, (1974); Kothari and Nariyal, (2014)]. Whenever the major operational wavelength in optical-fiber communication networks changed to the 1.5 μm bands, interest in Er3+-doped glasses arose somewhat later [Righini and Ferrari, (2006)]. The electronic configuration of all the RE (lanthanide) ions has always been [Xe].4f12.6s2; they all exhibit the identical outer-shell configuration, 5s25p66s2. The trivalent ionization state is perhaps the most stable, with both the 5s and 5p electrons staying unaffected and functioning to shield the 4f electronic levels of energy from the effects of the local environment. The ions around the RE and the design of suitable 4f states affect the transition probabilities and the investigation of numerous spectroscopic parameters using rare-earth-doped (RED) glasses. The Judd-Ofelt theory [Judd, (1962); Ofelt, (1962)] is commonly used to determine transition probabilities using data comprising absorption cross-sections among several f-f transitions besides considering various approximations. According to J-O theory, the total of the products among three intensity parameters Ωi (i = 2, 4, 6) times the squared matrix components U(i) between both the initial as well as terminal J-states can be employed to determine the strength of such an f-f transition. The Einstein 
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equation for the transition probability among both absorption and emission coefficients can be used to compute the radiative lifetime. Rare-earth doped (RED) materials are commonly used in fiber amplifiers as well as solid-state lasers and yet are extremely important in optoelectronics. Recent advancements in the fields of rare-earth-doped (RED) semiconductors and insulators have developed numerous classes of materials that allow for increased functionality or even optoelectronic integration. Although recent advances have been made in more conventional material systems are discussed, nanostructured materials, as well as wide-bandgap semiconductors, are of special interest. Rare-earth (RE) nanophosphors are indeed an alternative for biological labeling as well as medical diagnostics due to their long lifetime, sharp emission spectra, large Stokes shift, low toxicity, multiphoton as well as up-conversion excitation,  and lowered photo-bleaching, particularly in comparison to semiconductor nanocrystals such as QDs (quantum dots) but also organic phosphor molecules. Instead of particle size variation, those kinds of materials can emit brightly at multiple wavelengths due to an adequate choice of color-center components. RE ions possessing 4f electronic levels seem to be spatially limited at sizes considerably smaller than that of the size of nanoparticles using RE-doped nanophosphors, and thus are unaffected through the nanostructure's dimensions. In nonlinear optics, Yttrium Oxide (Y2O3) has been extensively studied as a host for RE ions [Nigam et al., (2016)]. It possesses a wide transparency range (0.2-8 µm) and a 5.6 eV bandgap, as well as a high refractive index, improved thermal conductivity, and low photon energy, making it a good candidate for host materials. The majority of Y2O3: RE research has centered on their Stokes luminescence, as well as their down- and up-conversion fluorescence characteristics. [Tyminski and Grzyb, (2017)].  A variety of semiconductor structures have been investigated as rare-earth ion hosts. Silicon has been of special interest and relevance for apparent technological reasons, yet recent research has shown that it is a good host for ions emitting in the 
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region of the visible spectrum, and also may find utility in color displays [Rai, (2013); Rai and Bokatial, (2011); Rai and Fanai, (2016)]. The ability to integrate powerful narrow-band emission straightly with microelectronics processing processes makes the incorporation with RE ions in a wide spectrum of semiconductors attractive. Silicon is the most widely used semiconductor within microelectronics, and full integration between Silicon microelectronics and optical emission would enable low-cost, high-speed communication throughout circuits or even across local area networks [Zhang and Xue, (2016); Yu et al., (2017); Yagoub et al., (2017)]. Modern optoelectronic technologies depend on III–V semiconductor heterostructures because of all the corresponding processing complexity and cost due to ground as well as excited state absorption transitions especially Erbium (Er) [Kenyon, (2002)], and thus the energy band gap of Silicon has often hindered such integration. Erbium (Er) is the single most important RE ion in particular interest in the field since it can interface with the wavelengths of existing telecommunications. Ion implantation is using high-quality bulk amorphous or crystalline samples, or deposition techniques including molecular beam epitaxy as well as metal-organic chemical vapour deposition, are the most common methods for producing Erbium-doped Silicon. Diffusion is also being used with mixed results in crystalline Silicon, but it works best in porous Silicon. Erbium-related entrapment sites across the Silicon matrix serve as effective and reliable recombination centers for injecting carriers, resulting in excited state Er3+ -ions which somehow decay radiatively, allowing for optoelectronic emission of approximately 1.5 mm from Silicon. Moreover, finding room-temperature Rare earth ions, for example, Er3+ luminescence from doped Silicon is difficult, mainly attributed to Erbium's poor solubility in bulk Silicon and also the Erbium ion's strong non-radiative interaction with the Silicon host [Lourenco et al., (2016)]. The non-radiative transfer processes have a substantially shorter time constant than the Erbium luminescence (microseconds and milliseconds, respectively). RE ions may easily synthesize by crystalline silicon that used ion implantation as well as Si: Er growth. The comparatively wide absorption cross-section of Erbium within crystalline Silicon has now become one of its most appealing 
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properties. Moreover, the strong non-radiative de-excitation mechanisms which predominate with this substance at room temperatures neutralize almost all of the advantages derived from certain efficient excitation. The short and even to some extent measure of tunable radiative lifetime of rare-earth ions such as Er3+ within Silicon seems to be a significant advantage in terms of creating sources that can be modulated quickly, while the low emission efficiencies and strong temperature quenching severely limit the use of bulk Silicon as that of a host material. The low solubility with RE ions into Silicon is owing to the same combination of ionic radii inadequacies between both the (RE)3+ ions and Silicon, as well as the Silicon host's mainly sp3 bonding. Erbium (Er) ions have a strong tendency to form a cluster together through precipitates, providing additional non-radiative de-excitation processes, only a small amount of Erbium can be assimilated into Silicon. As a result, much of the effort in this field has focused on resolving these issues. In Erbium-doped Silicon, either direct optical or carrier-mediated excitation processes are found. Although a substantial understanding of Zinc-Oxide (ZnO)-based nanosystems has indeed been developed and published in the literature [Llusca et al., (2017)], the study of pure Al and Mg-doped ZnO nanoparticles generated at low temperatures is insufficient. The sol-gel process allows the synthesis of glass samples [Rai and Fanai, (2016)], at relatively low temperatures, dopant concentrations can be very accurately controlled in the solution stage, when working with low concentrations of RE ions. Sol-gel glasses have the potential to hold much higher RE constituents, beyond the threshold where melt glasses lose their structure. Furthermore, the sol-gel method enables the synthesis of a far wider range of shapes and sizes, including thin films and fibers.     
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CHAPTER- 2      EXPERIMENTAL TECHNIQUES        This chapter deals with the details of the experimental techniques as well as characterization techniques used in the present thesis work done.         
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Chapter - 2 ---------------------------------------------------------------------- Experimental Techniques ---------------------------------------------------------------------------------------------  2.1 Introduction This chapter represents the experimental process relevant to the present work. It is related with several sections and sub-sections related to the UV-Vis and infrared spectrum of absorption or fluorescence of a solid or liquid sample and also the structural properties of the solid sample which was manufactured by the sol-gel method. 2.2 Glass sample preparation: The sol-gel method is utilized for the manufacturing of glass samples. In the Sol-gel method tetraethylorthosilicate (TEOS) is used as the main precursor in presence of ethanol, deionized water. The silica gel contains RE compounds such as Sm3+/Tb3+/Er3+/Ho3+/Pr3+used as the initial materials. A concentrated HNO3 of a small amount was supplied as a catalyst. TEOS was hydrolyzed with a combined solution of deionized H2O and EtOH. The dopants were added as cadmium nitrate, thiourea, and RE compounds. For some particular RE doped samples, Al(NO3)3.9H2O was used as a dopant. A two-step sol-gel based hydrolysis method is utilized to prepare Pr3+/ Er3+/Ho3+/ Tb3+/Sm3+ ion doped silica glasses [Meng et.al.,(2000); Bokatial and Rai, (2010); Rai et.al.,(2011), Rai and Bokatial,(2011); Rai and Fanai,(2015); Rai and Fanai,(2016)]. A TEOS of volume 1.5 ml is utilized for room temperature hydrolysis for ½ hour along with a mixed solution of deionized H2O, EtOH, Conc.HNO3 retained the molar 
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percentage ratio 9.9: 54.41: 34.65: 0.97 of TEOS: H2O: EtOH: HNO3 and stirred for 1 hr. after an appropriate quantity of RE ions was added. In the next step, a solution of SC(NH2)2 (thiourea) and ethanol was prepared to add CdN2O6.4H2O. It is stirred to form a sol using a magnetic stirrer for 1 hour. Similarly, Al(NO3)3.9H2O is used for other samples to transform into a sol. The two mixtures are combined and stirred for 4 hours. This rigorously stirred sol is transferred into a plastic container. It is sealed with polythene to avoid evaporation and allows stranding at room temperature for a few days to convert into a rigid gel.  Some pinholes are made on the containers cover for slow evaporation and then again allowing to stranded for another three-four weeks. The pace of slow evaporation is maintained to overcome non-uniform shrinkage, which may lead to deformation and cracking of the sample. An electric muffle furnace is employed to dry the gel to convert it into disc-shaped samples. For the Rhodamine-B (Rh-B) dye sample, the different concentration of RhB dye is dissolved in ethanol solution and doped in silica glasses. The preparation system of the Rh-B dye sample is similar to RE doped sample. Fig.2.1 was used for stirring to form a sol and Fig.2.2 was used for annealing the prepared sample. The flowchart of the sample preparation process is shown in Fig.2.3, Fig.2.4, and Fig.2.5.      Fig. 2.2: Muffle furnace used for annealing Fig. 2.1: Mixture in appropriate ratio stirred using magnetic stirrer 
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  Fig.2.3 Flowchart of RE compound doped with CdS and silica glass sample preparation 



33  
    2.3 Measurement of refractive index A Refractive index is used for a glass sample for optical studies. The method used for finding the refractive index is based on the Brewster angle [Brewster, (1815)]. According to Brewster, when randomly polarized light falls on a surface of the material, the refracted light will be partially polarized and the angle between the refracted and reflected rays is 90°. The relation between Brewster angle θB and refractive index as  tanθB =  ����                     (2.1) Here, n1 and n2 stand for the refractive index of the media and the material respectively. Thus at maximum polarization, the angle of incidence depends on the 

Fig.2.4 Flowchart of RE compound doped with Al and silica glass sample preparation Fig.2.5 Flowchart of RhB dye compound doped with CdS and silica glass sample preparation 
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refractive index only. In my work, the refractive index n1 is measured in the air so it is considered as 1. So the refractive index of the prepared sample “n” as, n = tan θB                     (2.2) Using the experimental setup as laser source, polarizer, sample on rotating mount, and Brewster angle can be utilized to estimate refractive index with the above equation.    2.4 Spectroscopic measurements: In the UV-VIS range, absorption spectra were recorded with an iHR320 imaging spectrometer (model) as presented in Fig.2.7. For fluorescence light sources of 370nm and 430nm of diode laser of power of 2W is used at 90o geometry to the sample. The glass matrices were recorded utilizing the same imaging spectrometer iHR320 with software Syner JYTM from Horiba Scientific. It is empowered with integrating the acquisition and analysis of data for spectroscopic systems. The iHR320 imaging (model) is fitted with a CCD detector. It has a different sample compartment and no light source exists, so an external light source is used. 
Fig.2.6 Experimental setup for refractive index measurement 
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 Fig.2.7 iHR320 imaging spectrometer An incandescent bulb is utilized as a source of light for the continuous spectral range from visible to IR region for capturing the absorption spectra. Since the emission from the bulb is very weak in the UV region so it cannot use for absorption spectra. For absorption spectra, the light source is placed as an external source and passes through the monochromator (Fig.2.8). The slit of the monochromator is adjusted in such a way that the light can pass through the monochromator and reaching to the detector which separates the incident light into different wavelengths and the CCD detects the intensity for each wavelength in a fixed range. Using computer software some RE doped samples and a reference sample for silica glass can be analyzed to obtain the absorption spectrum.   
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 Fig. 2.8: Block diagram for the recording of absorption spectrum. For the fluorescence spectrum, the light source is at a 90° angle to the sample placed in the sample holder and that minimizes the excitation light to the monochromator (Fig.2.9). A filter is used to remove the unwanted wavelength. The intensity of the required sample can be measured by using this process.  Fig. 2.9: Block diagram for the recording of fluorescence spectrum. 2.5 Structural and micro-structural studies The structural studies were carried out by utilizing X-Ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FT-IR) and transmission electron microscopy (TEM) is used to study microstructure. TEM also shows the morphological structure of the sample. Theoretical background in brief of FT-IR, XRD, and TEM is given in this chapter.  
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2.5.1 Density and porosity With the help of Archimedes’ principle, the density of a sample can be determined. This principle states that “the upward buoyant force that is exerted on a body immersed in a fluid, whether fully or partially, is equal to the weight of the fluid that the body displaces”. The experimental density (dexp) of the samples can be estimated by measuring the volume and weight of the sample in the air using the following relation, ���� = �������        (2.3) Where, �� and ��  stand for the weight of the sample in air and liquid respectively. The porosity can be defined as the relative volume of the pores available in the sample. The porosity is calculated for any sample as, p = ���� �!�� × 100 %       (2.4) Where dx is the relative density and dex is the experimental density of the sample. 2.5.2 Fourier Transform Infrared Spectroscopy (FTIR) FTIR is the most useful for identifying organic and inorganic chemicals. It can use to quantitate some unknown mixture and for analysis of solid and liquid samples. FTIR spectroscopy works as the collected data which converted from interference pattern to spectrum. It is also used for identifying chemical bonds such as hydrogen bonding interactions. In FTIR Spectra, the IR absorption is expressed as a function of the vibrational frequency measured in cm-1. In Fig.2.10 Michelson Interferometer is used as an experimental set-up, which consists of a fixed mirror, beam splitter, and a movable mirror. A beam of light radiation strikes from an infrared source to a beam splitter from which one part transmits to a fixed mirror and the other part reflects the movable mirror. Both the mirror reflects the beams through a beam splitter and the sample and detector. 
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The path difference is produced by the movable mirror with the two splits beam as a result constructive and destructive interference is produced. To record FTIR spectra we used spectrometer IRAffinity-1S (SHIMADZU) from the Department of Chemistry MZU.  
 Fig.2.10 Schematic diagrams of component and working of FTIR spectrometer.  2.5.3 Effective mass approximation (EMA): To evaluate the dimension of CdS nanoparticles (NPs) we utilized the EMA formula to determine the average nano-particle dimension. A photon having energy greater than the semiconductor’s bandgap energy is needed as a form of optical absorption to have a hole-electron pair. The electron's availability in the solid is influenced by the exciton binding energy by the screening hole.  A shift towards blue color observed in the energy of excitation for nanoparticles with Bohr radius is termed a 
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quantum size effect caused by the finite size broadening of the bandgap. For a clear understanding of the effective mass approximation formula, Brus [Brus,(1984)] elucidate the blue shift theory, which represents energy E(R) as it depends on the radius R of the nanoparticle, as below,          ER = E0 + ℏ&�'(� ) *+ + *+-. - *.0��1(  + ��( ∑ 3�4�5* )6(.'�                                 (2.5) Here cluster radius is represented by R, the bandgap is with E0, μh/ μe stand for an effective mass of holes and electrons respectively, and e for an electronic charge of the electron. The dielectric constant (ϵ) of the medium, on which 3� depends on the hole-electron separation S. From Eq.(2.5), the second term symbolizes quantum localized energy. The third term symbolizes Coulombic potential energy and the fourth term stands for the energy of polarization. For the cluster of CdS NPs, a decrease in cluster size initiate a change in the eigenvalues of the lowest excited states which are positioned no longer parabolic for the energy band, and hence the curvature of the lowest conduction band and highest valance band reduces. In comparison to electron-hole confinement kinetic energy, the third and fourth terms of Eq.(2.5) can be neglected due to the lesser value of polarization energy and Coulomb potential. Hence Eq. (2.5) can be represented as,   ER = E0 + ℏ&�'(� ) *+ + *+ℎ.          (2.6) Using Eq. (2.6), the diameter of CdS nanoparticles can be determined.  2.5.4 Diffraction by X-Ray (XRD): This process is used to determine X-ray wavelength for the regular arrangement of the atoms in a crystal lattice. We are ascertaining the lattice structure characteristic of the crystal, for example, the wavelengths of the characteristic radiation. The line spectrum of the material of the target-which is superimposed on the continuous radiation [Reimann, (1971)]. 
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Bragg’s Law: When X-rays of monochromatic wavelength impinge on atoms enclosed in a crystal lattice, each one of these atoms behaves as a source of scattering radiation of the identical wavelength.  The crystal behaves as reflecting planes parallel to each other. At certain angle intensity of the reflected beam at certain will be maximized when the path difference among two reflected waves from two unlike planes is an integral multiple of wavelength (λ). Derivation of Bragg’s Law: A set of parallel planes of atom points is considered at spacing (d) among two succeeding planes. Let at glancing angle θ a narrow X-ray monochromatic beam of wavelength λ be incident on the first plane as presented in Fig.2.11 
 Fig.2.11 Diffraction of radiation by crystal planes In Fig.2.11, on the first plane, PQ and QR are the incident ray and the corresponding reflected ray which is inclined at the identical angle θ to the plane. With 
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higher penetrating power X-rays reflect partially at each plane compared to ordinary light. The x-ray beam is completely absorbed as it penetrates through several layers. From the beam, the parallel rays P1OR1 and PQR strike two atoms O and Q respectively and are reflected.  Q is vertically above O. The ray P1OR1 has traversed a longer path compared to the ray PQR. Two perpendicular QS and QT are drawn from Q on OR1 and P1O respectively. Here 2dsinθ is the total path difference. So, 2dsinθ = nλ, here n=1, 2, 3…α. The order of the scattered beam is represented by integer n and λ stands for X-ray wavelength. This equation is called Bragg’s law. The reinforcement occurs among two rays to generate maximum intensity [Murugeshan, (2016)]. In XRD analysis, by knowing Bragg’s angle the wavelength can be determined by knowing the spacing between the lattice planes can be known. So, the crystals have characteristic XRD patterns and can be used to identify the composition of samples.  The observed broad peak in the diffraction pattern of powder X-ray of CdS nanoparticle doped in sol-gel silica glass confirmed its amorphous characteristic. The sharp peak is owing to the plane of CdS [Yang et al., (2018)]. The dimension of the CdS nanoparticles is anticipated using “Scherrer’s formula”. � =  8.9:ꞵ;<=>          (2.7) Here θ is the angle, λ stands for the wavelength of the X-ray, and ꞵ represents the half-width of the diffraction peak.  In this work, finely powdered samples were investigated using the X-ray diffractometer “Panalytical X-Pert(3) powder” at the Department of Physics NIT, Silchar. The X-ray source is CuKα radiation having a wavelength of 0.15406nm. 2.5.5 Transmission Electron Microscopy (TEM) In TEM, an electron beam is accelerated to energy 80-300 keV which is emitted from an electron gun. A small probe of the electron is focused with an array of magnetic lenses focuses the electrons into a small probe which is allowed to transmit through the 
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specimen. With the use of these transmitted electrons, another set of lenses then produce either an image or a diffraction pattern of the specimen. TEM is empowered with a smaller de-Broglie wavelength hence it is capable of providing a higher resolution image compared to the light microscope. It has proved its employability in various research frontiers in physical, chemical, and biological sciences. The requirement of thickness for TEM samples is around less than 100 nm. The high vacuum operating condition of TEM imposes some restrictions on samples such as the samples must be dry and capable to withstand high energy electron beam exposure. A crucial part of this technique is sample preparation.                Fig.2.12: Schematic diagram of TEM [Leng, (2013)] 
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In TEM, a beam of a high-energy electron is created by the electron gun with energy E = eV0, where “e” is the electron emitted from the cathode and V0 is the high voltage. In this work, TEM analysis was done by Model: TECNAI G2 20 S-TWIN (200KV); Resolution: 2.4A0 Software: TIA (FEI imaging software), EMMENU4, EMTOOLS, Make: FEI COMPANY, USA. Analysis: IMAGE ANALYSIS. SAIC BUILDING, TEZPUR UNIVERSITY.                  
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Chapter - 3 ---------------------------------------------------------------------- Experimental results on Sm3+ doped with CdS nanoparticles ---------------------------------------------------------------------------------------------  3.1 Introduction Trivalent RE3+ ions are widely admirable dopants in various types of laser materials and glasses [Qiao et al., (2018) and Rai et al., (2011)]. RE ions are mostly preferred for their narrow emission band as well as high quantum efficiencies which consequence of transition that occurs within the confinement of 4f electronic shells. The sol-gel process is widely utilized to incorporate RE ions in huge quantities in a different type of silica host [Chakraborty et al., (1994), Rai and Fanai, (2016)]. In the sol-gel technique, it is advantageous to synthesize inorganic hosts at room temperature such as homogeneously doped RE ions in a silica matrix [Donato et al., (2017)]. In trivalent samarium (Sm3+) ion, an intense luminescence is observed in the visible spectral regions [Ramteke et al., (2017)]. An immense deal of interest has been dedicated nowadays to the wavelength in the range of visible light for employ in numerous applications, including laser material processing, optical data storage, sensor, and an optical amplifier. A close association between the host glasses and the active ions is noticed. A vital point is that to accomplish intense up-conversion luminescence intensity the RE host must have lower phonon energy which in turn can trim down the loss from non-radiative transitions owing to the multi phonon relaxation [Mawlud et al., (2017)]. CdS is a significant II-VI direct bandgap semiconductor with diverse utility in, sensor, nonlinear optical materials, optoelectronics, photo-catalysts, solar cell, address decoders, and electrically driven lasers [Zhang et al., (2017); Huynh et al., (2002); Yang et al., (2018); Wild et al., (2018); Fahad et al., (2017); Bhambhani and Alvi, (2016)]. A bulk CdS has 
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a stable crystal structure of hexagonal wurtzite type which melts at 1600℃ with bandgap energy (Eg) 2.42 eV at room temperature [Cao et al., (2006); Singh and Chauhan, (2009); Rajeswar et al., (2001)]. Since CdS has the capability of detecting visible radiation with a 2.42 eV (515 nm) bandgap, make it is one of the major gifted contenders amongst II-VI compounds.   In this chapter, we study the sol-gel synthesis route of Sm3+ ions co-doped with CdS nanoparticles in silica xerogels. We recorded XRD, TEM and HR-TEM, FTIR spectra, absorption spectra, and fluorescence spectra of Sm3+ ion in sol-gel silica glass annealed at various temperatures. The optical properties are investigated to derive J-O intensity parameters from the absorption spectra which in turn lead to radiative properties of the glasses. In the visible range, these radiative properties such as transition probability, probabilities of spontaneous emission, the cross-section of stimulated emission, and the branching ratios are physical quantities of prime concern. These estimations were performed for the sample with 1% CdS, and 7% Sm3+ concentrations.  3.2 Atomic structure of Sm: Samarium is an element with the symbol Sm of the rare earth family of hard silvery metals is an f-block element with an atomic weight of 150.36g/mol and atomic number 62 which belongs to the Lanthanide series in a periodic table. The boiling point of Sm is 2173K (1900 ℃). The electron configuration of Samarium (Sm) is [Xe] 4f66s2, and the atomic structure is presented in Fig.3.1 
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       3.3 Experimental Procedure 3.3.1 Preparation of sample  Sol-gel synthesis method was utilized to prepare Sm3+-doped silica glasses in the two-step hydrolysis method mentioned elsewhere [Rai et al., (2011)]. Here tetraethylorthosilicate (TEOS) and Samarium nitrate (Sm(NO3)3.6H2O) were used as initial raw materials. At first TEOS of volume 1.5 ml is utilized for room temperature hydrolysis for 30 min after preparing a solution of deionized H2O, ETOH, and HNO3 (conc.) sustaining the molar percentage ratio 9.9:54.41:34.65:0.97 of TEOS:H2O:C2H5OH:HNO3. A stoichiometric amount of samarium nitrate (Sm(NO3)3.6H2O) was added and stirred for 1 hour.    In the next step, thiourea (SC(NH2)2) and ethanol solution were prepared to disperse CdN2O6.4H2O, and a magnetic stirrer was employed to stir the solution for 1 hour to form a sol. Finally both the solution combined and stirred for another 4 hours. After rigorously stirring, this sol is dispensed into a plastic container which is potted with thin plastic film to avert evaporation and stranded at room temperature for 2-3 days to convert into a rigid gel. A few pinholes are made on the cover of the container for evaporating slowly and then stranded for 3 to 4 four weeks. Very slow evaporation usually prevents the sample from non-uniform shrinkage which may lead to deformation 
Fig.3.1 Atomic structure of Sm 
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as well as cracking of the sample. In an electric muffle furnace, the gels were dried for gradually heating up to 110℃ to convert into disc-shaped samples. Brewster angle is measured to calculate the refractive index of the sample. About 2 mm thick disc-shaped samples have a density of 2.08 g/cm3 with 16 mm diameter and refractive index of n = 1.54. 3.3.2 Experimental set-up In the UV-Visible region, absorption spectra of the samples were recorded utilizing iHR320 imaging (model) spectrometer where Syner JYTM software was installed from Horiba Scientific, fully enabling integrating acquisition cum analysis of the absorption of data for spectroscopic systems using an incandescent lamp. The fluorescence spectra of these samples were also recorded with an iHR320 imaging spectrometer with an excitation wavelength of 370nm and 430nm diode laser. FTIR spectra were recorded by IRAffinity-1S (SHIMADZU). All these recordings of spectra were performed at room temperature. 3.4 Results 3.4.1 FTIR analysis The spectrum of FTIR for the sol-gel silica glass along with Sm3+ ion co-doped with CdS which is annealed at different temperatures is shown in Fig.3.2. In the hydrolysis of TEOS, the Si-OH group comes out through a polycondensation reaction. In the gel stage, these sol-gel matrices have a lot of water with other organics. Those compounds gradually escaped from the matrix as-prepared samples were heated with a muffle furnace and converted into a stiff glassy network. The bands situated at 1042 cm-1, 787 cm-1 and 552 cm-1 are due to Si-OH groups initiating Si-O-Si bonds in a cyclic structure. The peak at 954 cm-1 can be interpreted as Si-O-free broken bond that arises due to heat-treated gel at 350 ℃. The process of polymerization in Si-OH groups is contributing to this weak band at 954 cm-1. Total four more bands appeared at about 
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1327 cm-1 and 1631 cm-1 along with at 3367 cm-1 and 1631 cm-1 are owing to H2O molecules.   Fig.3.2- FTIR Spectra of different heat-treated silica glass co-doped with Sm3+ ions and CdS NPs. A peak at ca. 856 cm-1 in the IR spectra is assigned to wrecked Si-O bonds present in the silica network of gel-derived silica glass. After forming the Sm-O-Si bond, a new band is formed by new silicate anions. Another peak at 954 cm-1 is also observed due to the formation of the Sm-O-Si bond. As Si-O-Si bonds break and non-bridging oxygen (NBO) is formed for samarium. The band is owing to the stretching vibration of -OH around 3367 cm-1 which may indicate the existence of adsorbed water at 1631 cm-1.  The removal of –OH gradually occurs with the rise in temperature due to evaporation is evident from the steady departure of the band centered on 3367 cm-1. 3.4.2 The Absorption Spectra cum Fluorescence spectra The absorption spectra and fluorescence spectra of silica xerogel doped with CdS NPs are presented in Fig. 3.3 (a) & (b) respectively. The quantum confinement is a size-dependent property of CdS NPs which is a direct consequence of the crystallite 
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dimension. The photo-generated carrier’s holes and electrons, experience spatial confinement, which is an outcome of the energy level shift to higher energy. This initiates a rise in the bandgap (2.975eV) in contrast to that of bulk CdS (2.42eV). A comparison between absorbance and energy gap for the prepared sample is presented in Fig. 3.3(c)  
 Fig.3.3- Optical (a) Absorption cum (b) Fluorescence spectra of silica glass doped with only CdS NPs. 
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2.4 2.8 3.2 3.6 4.00.00.40.8 2.975 eVAbsorbance (A.U.) Energy (eV)  Fig. 3.3(c) - Optical absorption vs. Energy bandgap of silica glass doped with CdS NPs only.  The absorption spectrum of the sample (7mol% Sm3+, 1mol% CdS) is presented in Fig. 3.4 which was heated to 110 °C. The typical 4f-4f transition of Sm3+ ions centered in the 325-485nm range is evident as a series of sharp absorption bands presented with proper band assignments in Fig.3.4. The observed transitions are labeled as 6H5/2→4D7/2, 4D3/2, 6P7/2, 6P3/2, 4P5/2 or 6P5/2, 4I13/2, 4I9/2 with wavelength 346, 362, 375, 403, 416, 464, and 478nm respectively.  



52  
325 350 375 400 425 450 4750.00.20.40.60.81.0 4I9/24I13/24P5/26P3/26P7/24D3/2Absorbance(A.U) Wavelength (nm)

4D7/2  Fig.3.4- Absorption spectra of silica glass sample co-doped with 7% Sm and 1% CdS.  The fluorescence spectrum in the 400-850 nm range is presented in Fig.3.5. There are four emission bands centered at 705 nm, 644 nm, 596 nm, and 562 nm in the emission spectra. The transitions from 4G5/2 levels of the Sm3+ ion’s emission peaks are assigned as follows 4G5/2 → 6H5/2, 6H7/2, 6H9/2, and 6H11/2. In this present study transition from 4G5/2 to 6H7/2 is the most intense while the 4G5/2 → 6H11/2 is the feeblest one. A different color possibility could be anticipated such as weak red, moderate yellow, intense orange, and moderate green from these emission bands. A schematic diagram of different energy levels of Sm3+ ion-doped in silica glass is depicted in Fig.3.6. Here 4G5/2 → 6H5/2 & 6H7/2 transitions are allowed by magnetic dipole (MD) as well as an electric dipole (ED) but this transition is dominated by ED  with the selection rule ΔJ = ±1 despite its MD allowed transition properties. The 4G5/2 → 6H9/2, 11/2 transitions are purely electric dipole transitions. The intensity ratio between ED transitions to MD transitions can be employed to resolve the local environment symmetry around the trivalent ions in 



53  

a host. A more intense ED transition represents further asymmetry around RE ion in a host. The observed comparison between the intensity of 4G5/2 → 6H5/2 and 4G5/2 →6H9/2   transition, the dominance of ED transition over the MD transition is evidence that demonstrates the asymmetry of the sites of Sm3+ ion in the glassy matrix. Though it emerges as if the 4G5/2 → 6H5/2 transition is intense at 562nm over the 4G5/2 → 6H9/2 transition at 644nm, CdS broad emission in the background contributes a mammoth part of it. The dominance of the transition 4G5/2 → 6H9/2 (ED) over the transition 4G5/2 → 6H5/2 (MD) is evident as we subtract this background.   Fig.3.5- Fluorescence spectra of various Sm3+ ion concentrations co-doped with CdS NPs in SiO2 glasses. 
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 Fig.3.6- Fluorescence mechanism of Sm3+ ion in the visible range 3.5 Discussions 3.5.1 Effective Mass Approximation (EMA): The dimension of the CdS NPs estimated using EMA as discussed in Chapter 2 (2.5.3) using the following relation,                       ER = E0 + ℏ&�'(� ) *� + *�ℎ.                   (3.1) Here, ER =2.975 eV, E0= 2.42 eV, effective mass of electron (me) is 0.21 times m0, effective mass of holes(mh) is 0.80 times m0, free-electron mass(m0) 9.109 ×10�?* kg is the free electron mass. The diameter of the CdS NP was estimated as 4.01nm by utilizing the EMA formula. In the case of the particle with a smaller diameter, the surface area would be larger which authenticates the mammoth share of the defect-associated luminescence emission.    
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3.5.2 Fluorescence Spectra of CdS nanoparticle: The fluorescence spectra are recorded for CdS doped silica glass with an excitation wavelength of 370nm as in Fig. 3.3(b). The dimension of the CdS NPs can be estimated from fluorescence spectra. The shift in the blue side of the fluorescence spectra of CdS nanoparticles is recorded. The fluorescence peak shifted to 450-550nm. This is anticipated in a few of the amplified surface areas of the nanoparticle and emission probability from various defect centers. The defects in the surface play a vital role in determining the luminescence property. In the crystalline material of bulk size, charge carriers can be entrapped at the site of dopant ions. On the other hand in the nanoparticles, these traps are most possibly to be situated. 3.5.3 XRD and TEM analysis Fig.3.7 presents the X-ray diffraction pattern of silica glass powder doped with CdS NPs baked at 1000℃. A broad peak observed centered on 2θ = 22° is characteristic of the amorphous silica glassy matrix. The intense peak at 2θ = 26.6° is owing to the plane (002) of CdS NPs [Yang et al., (2018)]. The dimension of the CdS nanoparticles are estimated with the aid of Scherrer’s formula, � =  8.9:ꞵ@<=>       (3.2) Here λ stand for x-ray wavelength and half-width of the diffraction peak β with angle θ. The dimension of the CdS NPs is estimated to be ca. 9.65 nm. Though the estimation of crystallite dimension utilizing the Scherrer’s equation is still debatable [Scardi et al., (2004); Detlef, (2009); Pawel, (2013)] we observed comparable data from the image of HR-TEM and TEM (Fig.3.8) which indicate clusters of more or less spherical shape in CdS NPs. 
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 Fig.3.7 XRD pattern of sol-gel silica glass doped with CdS NPs at 1000℃.     (a) 
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        (b)      (c)         (d)      (e)           (f)     (g) Fig.3.8 (a) Selected area diffraction pattern (b) HR-TEM image of CdS nanoparticle in 2nm scale (c) HR-TEM image of CdS NPs in 5nm scale (d) TEM image of CdS nanoparticle in 10nm scale (e) TEM image of CdS nanoparticle in 20nm scale (f) TEM image of CdS nanoparticle in 50nm scale (g) TEM image of CdS nanoparticle in 100nm scale. 
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A diffraction pattern is produced on the back-central plane of the target focal point while a beam of energetic electrons goes throughout a crystal specimen in a TEM. In Fig. 3.8(a), a normal electron diffraction pattern of a single crystal is formed in light of the fact that the transmitted dot at the center is highly intense than the other diffraction dots. From Fig.3.8 (b, c, d, e, f & g) it is observed that the estimated crystal size varies from 5nm to 10nm. 3.5.4 Optical Properties and Judd-Ofelt analysis Theory of Judd-Ofelt  In August 1962 Judd and Ofelt [Judd, (1962); Ofelt, (1962)] proposed a hypothesis to calculate radiative parameters from absorption spectra of RE3+ ions, which came to be recognized as the Judd-Ofelt (J-O) hypothesis. Indeed, even priors to the appearance of lasers, the rare earth introduced an enigma in attempting to comprehend RE’s spectral properties with regard to the quantum hypothesis that bloomed in the 1920s and 1930s. The RE3+ showed sharp otherworldly lines, which might be normal if the changes happened amid levels within the 4ƒN electronic shell. Analogous changes were recognized to be illegal by Laporte’s selection rule, which states that, even parity states can be associated by the transitions of electric dipole kind just with conditions of odd parity, and states with odd parity just with even ones. A different method of expressing this is that the algebraic sum of the initial and final state’s angular momenta of the electrons should differ by an odd integer. For transitions within the 4ƒN shell, magnetic dipole or electric quadrupole radiation are allowed where ED transitions are forbidden. The terms allowed and forbidden are not strictly rigid. A forbidden transition is possibly occurring in principle but has a small probability. Having strong intensities along with intense spectral features of rare earth spectra makes this depiction a riddle with the subsequent possibilities:  (i) Transitions from 4ƒ to 5d.  (ii) Magnetic dipole (MD) or Electric Quadrupole (EQ) transition.  
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(iii) Electric Dipole (ED) transition.  One of the pioneers in the field of RE3+ spectroscopy Professor B. G. Wybourne had once stated, “The Judd-Ofelt theory marked a turning point in our understanding of the fascinating spectroscopic properties of the rare earth. It has been in a very real sense the first step in the journey to an understanding of the rare earth and their heavier cousins, the actinides, but like many journeys into the unknown, the end is not in sight”[Walsh, (2006)]. We want to conclude our review with the famous word of Professor Brian G. Wybourne that as he suggested the time is again right to dig more into this problem. Total Hamiltonian, A = A< + A� + A6B + + + ⋯ + A;D      (3.3) According to Carnall et al, the free-ion Hamiltonian can be assumed as (Carnall et al., 1989) A = A< + E FGG58,',I,J KLM, LMNMG + OP=< + 3QKQ + 1N + RSKS'N +TSKUVN + E W�X� + E YℎZℎℎ + E [P\PP + E ]K̂GN_ K̂GNG,^,� K`N�  (3.4) Here Ho is the Hamiltonian of one electron for a spherically symmetric part.  Fk and ζf stand for the electrostatic and spin-orbital integrals respectively; the angular components of the electrostatic and spin-orbit interactions are represented by fk and Aso respectively. Three parameters linked with the two-body correction terms are assigned as α, β, and γ; Casimir’s operators for the groups G2 and R7 are G (G2) and G (R7). Finally, L stands for orbital angular momentum. 
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Judd configuration interaction three-particle terms tiTi (i=2, 3, 4, 6, 7, 8) are kept the same. It arises from the perturbing effects of those configurations that vary from the 4fN in the quantum numbers of a single electron. Here, ti and Ti are three particle operators and parameters respectively. Magnetically correlated corrections (Mh and pf) are also used. The relativistic correction of spin-spin and spin-other-orbit is represented by Marvin integral Mh (h=0,2,4). The electro-statically correlated spin-orbit perturbation pf(f=2,4,6) is involved in the excitation of an f electron into a higher-lying f-shell. According to the crystal field theory of single particle, Hamiltonian for crystal field calculation with appropriate crystal field parameter for a site symmetry: A;D = ∑ ]K̂GN_ K̂GNG,^,� K`N        (3.5) Here spherical tensor Cq(k) (i)  of rank k depending on the ith electron coordinates and the summation linking i is running over all f electrons of the ion of interest; the parameter Bq(k) are non-zero for those k and q which depends upon the symmetry of the site [Carnall et al., (1989)]. M. P. Hehlen and co-researcher pointed out in their article on J-O theory that as an experimentalist they are fascinated by realizing the basic ideas, implications, postulations, and constraints of the J-O theory in order to appropriately relate it to practical problems.  A great appeal of the J–O theory is in its capability to guess oscillator strengths in luminescence and absorption spectra. In the later stage three parameters, Ω(λ) (λ=2,4,6) can be utilized to calculate luminescence branching ratios, radiative lifetimes of excited-state, probabilities of energy transfer, and quantum efficiencies estimation. The reduced matrix elements of the U(k) and L+gS tensor operators, on which J-O theory is based. These matrices enjoy direct dependence on the wave functions of the electronic states involved. According to this work, the calculation of wave functions and 
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subsequently reduced matrix elements is typically the most difficult and laborious feature of utilizing the Judd–Ofelt theory [Hehlen et al., (2013)]. The refractive index dispersion’s effect, the labeling conventions for and assignments of 4f excited states, and the sort of least-squares fitting utilized in the estimates are important aspects to be noticed [Hehlen et al., (2013)]. According to Smentek and Wybourne, the J–O theory and its variety of annex, is embedded in the language of the basis of LS-coupling, in which the various radial integrals are independent of j, the total angular momentum quantum number of one electron, characteristic of the j-j coupling basis. In the non-relativistic Schrodinger equation, the LS-basis is natural while the j-j basis is utilized for the relativistic Dirac equation. The radial integrals on a j-j basis depend explicitly on the small and large components induced from the Dirac equations solution and are reliant on ℓ and j of the one-electron orbital quantum number [Smentek and Wybourne, (2000)]. To accomplish the above two coupling schemes usually, two extreme approaches are used to have the resultant J from L and S. For Hs << He, the Russel–Saunders (L-S) coupling scheme is suitable where the orbital and spin angular momenta couple individually, i.e. S =∑ si and L=∑li, and the total angular momentum is realized as J = L+S. For Hso>> He, the j-j coupling scheme employs where the individual orbital and spin angular momentum are coupled initially, i.e. ji = si + li, and the total angular momentum is then realized as J =∑ ji (Hehlen et al., 2013). Originally the J–O theory was formulated in the framework of 2S+1LJ  multiplate. All though the introduction of crystal-field interactions is the vital component that provides intensity to the 4f-4f parity-forbidden transitions. The spectra of the RE3+ observed in crystal lattices or solution occur from "forbidden" transitions within the ground 4fN configuration. Rare-Earth ions with [Xe] 4fN electron configuration, where N runs from 1 (Ce3+) to 13 (Yb3+) down the chain of RE ions are only considered.  
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Non-Relativistic Approach:  According to the terminology proposed by Judd, an intermediate coupling (Hso ≈ He) and the L–S coupling scheme are generally utilized to study RE ions’ transitions. The terms “2S+1L” of RE ions with [Xe]4fN configuration is split into several multiplets “2S+1LJ” with dissimilar energies due to spin-orbit interaction [Hehlen et al., (2013)]. (a) Wigner symbols Similar to Clebsch–Gordan coefficient, the mathematical treatment of two angular momenta coupling presents the Wigner 3-j symbol [Hehlen et al., (2013)], )[ a b3 R T. = K−1N��^�de∆K[, a, bN × efK[ + 3N! K[ − 3N! Ka + RN! Ka − RN! Kb + TN! Kb − TN!h  × E K−1NijKWNi    (3.6) Where jKWN = W! Kk − a + W + 3N! Kb − [ + W − RN! K[ + a − b − WN! × K[ − W − 3N! Ka − W + RN!  ∆K[, a, bN = K[ + a − bN! K[ − a + bN! K−[ + a + bN!K[ + a + b + 1N!   The Wigner 6-j symbol is used to represent the coupling of three angular momenta. It is basically a sum of products of 3-j symbols and appraises to [Hehlen et al., (2013)], lm* m' m?�* �' �?n = e∆Km*m'm?N∆Km*�'�?N∆K�*m'�?N∆K�*�'m?N  × ∑ �*oKip*NPKiNi      (3.7) 
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This summation is calculated over all t for which all factorials in f(t) are greater than equal to zero [Hehlen et al., (2013)]. MKWN = KW − m* − m' − m?N! KW − m* − �' − �?N! KW − �* − m' − �?N! × KW − �* − �' − m?N! Km* + m' + �* + �' − WN! Km' + m? + �' + �? − WN! × Km? + m* + �? + �* − WN!          (3.8) (b) Wigner-Eckart theorem and Reduced Matrix Elements (REM) The Wigner–Eckart theorem is advantageous to calculate any matrix element from a known tensor operator simply by multiplying the Wigner 3j-symbol with the corresponding REM, here a particular Tq(k), j and j՛ combination have to be estimated only once [Hehlen et al., (2013)]. Mathematically qm ′Y′3 ′rX̂KGNrmY3s = K−1Nt′��′ u m ′ v m−Y′ a Yw xm ′3 ′yXKGNym3z               (3.9) The tensor operator Tq(k) is used to describe different interactions in the multi-electron system, it transforms similar to the spherical harmonics Yk,q(θ,φ) [Hehlen et al., (2013)].  x{|}Qy~KGNy{|}Q� z = �eK2Q + 1NK2Q՛ + 1N × ∑ ⟨{|�*}Q���|{|}Q⟩�K����N lQ { Q�{ Q� vn K−1N��p�p�pG              (3.10) In this approach, the eigenstate of a 4fN electron configuration is expressed as linear combinations of one additional 4f electron and angular momentum of the states of the preceding 4fN-1 electron configuration [Hehlen et al., (2013)]. The coupling of L and S to J then yields: 
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q{|}Q�r~KGNr{|}Q��� s = �eK2� + 1NK2�՛ + 1N × x{|}Qy{|}Q� z l� �� vQ� Q }n K−1N6p�� p�pG              (3.11) Spin-Orbit interaction operator: x{|}Qy�K*�Ny{|}Q� z = �e�K� + 1NK2� + 1NK2} + 1NK2Q + 1NK2}� + 1NK2Q՛ + 1N ×∑ ⟨{|�*}Q���|{|}Q⟩�K����N l} }� 1� � }̅n lQ Q� j{ { Q�n K−1N6̅p��p6p�p=p�p�p*         (3.12) Here s =1/2 and l =3 for f electron and x{*I�|}Qy�K*�Ny{*I�|}�Q� z = K−1N�x{|}Qy�K*�Ny{|}�Q� z              (3.13) Magnetic-dipole transition intensities For J/=J, g = 2.002319304362 x{|}Q�yQ + �}y{|}Q��z = �e�K� + 1NK2� + 1N               (3.14) For J/=J-1 ⟨{|}Q�|Q + �}|{|}QK� − 1N⟩ = K� − 1N�K6p�p�p*NK�p��6NK�p6��NK6p���p*NI�                                (3.15)  (c) Intermediate Coupling Approximation For RE3+ ion-doped solids, the atomic cum interaction of crystal-field has demonstrated that the collective magnitude of He and Hso weightage 80–90% of total interactions. The rest 10–20% of contributions come from higher-order atomic (e.g. two-body spin-orbit interactions and inter-configurational) cum crystal-field interactions [Hehlen et al., (2013)]. 
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The energy-level structures of the 4fN to a first approximation arise from electrostatic cum spin interactions between the 4f electrons. Hamiltonian of these interactions may be characterized as [Hehlen et al., (2013)],  H=Ho +Hso                  (3.16) Where, HO involves the Coulomb potential among couples of 4f electrons, and magnetic interaction for f electrons is embodied in the coupling between spin and orbital angular momenta, i.e. HSO [Hehlen et al., (2013)]. The spin-orbit interaction’s magnitude amplifies with the 4th power of nuclear charge (Z4). For light transition metals, Hso is small contrast to He amid the electrons in 4f states, it turns out to be equivalent to He for the rare earth [Hehlen et al., (2013)]. The energies (E) of the respective multiplet 2S+1LJ are then estimated by solving the Schrödinger equation (time-independent):  HΨ = EΨ          (3.17) Here, the wave functions of all z 2S+1LJ multiplets represent by Ψ= (Ψ1, Ψ2, Ψ3, Ψ4…) for the 4f electron configuration. This Schrödinger equation multi-electron system has no exact solution.  The central-field approximation In this approximation, a single electron is assumed to move in the potential of form f��K��N� h, which is contributed independently in the nuclear field cum an averaged spherical central field created by the other electrons. Thus the wave function Ψ is allowed to express in terms of the spherical harmonics Y l, ml (θ, φ), and radial function R nl (r). The matrix form of the eigenvalue equation with intermediate coupling approximation: 
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�A** A*' ⋯ A*�A'* A'' ⋯ A'�⋮ ⋮ ⋱ ⋮A�* A�' ⋯ A�� � ��*�'⋮�� � = ��*�'⋮��� ⎣⎢⎢⎢⎡��*�'⋮�� �⎦⎥⎥⎥⎤               (3.18) Here Hij is square and symmetrical. Electrostatic interaction Hamiltonian operator for the electrostatic interaction  A� = ����� ∝  ∑ _�KGN_tKGNG58,',I,J                (3.19) Here _ K̂GN = � I&K'Gp*N¡¢£ and Ykq is spherical harmonics. The matrix element of He (l=3): q{|}Qr_�KGN_tKGNr{|}�Q� s = ¤66�¤��� K−1NI�K−1N�K2{ + 1N' × ∑ ){ v {0 0 0.' ¥{ { v{ { Q¦G58,',I,J FKGN              (3.20) With l=3 q4M|}Qr_�KGN_tKGNr4M|}�Q� s = ¤66�¤��� K−1N�K7N' × ∑ )3 v 30 0 0.' ¥3 3 v3 3 Q¦G58,',I,J FKGN             (3.21)  In terms of Legendre polynomials, electrostatic interactions expansion is allowed to separate the variables and guides the result (Carnall et al., 1968), �< = ∑ MGFKGNJG58 (k even)              (3.22) Here MG = ¤66� ¤��� K−1N�K7N' × )3 v 30 0 0.' ¥3 3 v3 3 Q¦              (3.23) 
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The products of Slater radial integrals (F(k)) and angular coefficients(p) articulate the electrostatic energy (EO) in Eq. (3.22). All other k apart from k = 0, 2, 4 give rise to zero values for the 3j and/or 6j symbols. The electric interaction He contributes zero if S ≠ S and L ≠ L as it cannot act on the spin, and denoted by the Kronecker delta [Hehlen et al., (2013)]. Two common Slater integral notations F(k) and F(k) for and the respective conversions are [Hehlen et al., (2013)], F(0) =F(0) F(2) =F(2)/225 F(4) =F(4)/1089 F(6) =25F(6)/184041 Racah’s respective classification of states is applied by Nielsen and Koster for all 4fN electron configurations to get all electrostatic matrix elements in the type [Hehlen et al., (2013)], x4M|}QyA�y4M|}�Q� z = ∑ �G�G?G58                (3.24) E(k) parameters are related to Slater integral mentioned elsewhere [Hehlen et al., (2013)]. The matrix elements of He for a set of Slater integrals F(2), F(4), and F(6) can now be readily estimated utilizing the Nielsen and Koster tables of the electrostatic matrix. Spin-orbit interaction (ESO) For spin-orbit interaction, the Hamiltonian operator is: A�ª = ∑ «Kb�NK��. {�N|�5*                 (3.25) The ith electron has spin (si) and orbital (li) angular momentum with ri radial coordinates, and  
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«Kb�N = ℏ���@��� ¥K��K��NN��� ¦     (3.26) Here the central field potential is U(ri).The matrix elements of Hso, q4M|}Q�rA�ªr4M|}�Q��� s = «K−1N�p�p6� e{K{ + 1NK2{ + 1N × l} }� 1Q� Q �n x{|}Qy�K**Ny{|}�Q� z              (3.27) Here l = 3 for f electron and in a known material, ξ  is the constant spin-orbit coupling parameter for all the states of a particular 4f configuration [Hehlen et al., (2013)]. The energy occurring from the interaction of spin-orbit (ESO) may be presented as for 4f configuration, .                                                �6B = 6BOIP                (3.28) With radial integral OIP and spin-orbit interactions’ angular part ASO.  The total energy is EO+ Eso in this approximation [Carnall et al., (1968)]. Wavefunctions in Intermediate coupling scheme and 4f energy levels For Hamiltonian H= He+Hso matrix elements are estimated utilizing basis set (4fNSLJ). The off-diagonal elements H-matrix has occurred due to “the mixing of different states with the identical J by spin-orbit coupling as well as from mixing of states with the same S and L by electrostatic interaction”. Now computational task at hand is to calculate the entire energies of all the 4f states of RE3+ ion where F(k) and ξ parameters are material-specific sets. For each (4fNSLJ) state, numerical diagonalization of H-matrix computes this eigenvalue equation as well as the wave functions and energies capitulate. In the Jacobi method, a strong matrix diagonalization algorithm is employed to estimate. For each (4fNSLJ)/multiplet, the matrix diagonalization yields the intermediate coupling wave function. It is 
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articulated as a linear combination of all other states in the configuration having the same J and being mixed by spin-orbit interaction [Hehlen et al., (2013)], i.e. K4M|}Q�N/ = ∑ k�K4M|}�Q��� N�                 (3.29) i.e. pure wave function of rare-earth in the lack of orbital-spin coupling(ξ=0) is tainted. From 1950 to 1970, G.H. Dieke et al., W.T. Carnall et al., and K.H. Hellwege et al., extensively published their work for all (4fNSLJ) energy levels which contribute to a comprehensive survey, assignment, and calculation of up to 40,000/cm. That’s how the idea of today's “Dieke diagram” evolved. Optimizing wave functions for a RE3+-doped material For a specific pair of material doping with RE3+ion, there is a characteristic set of F(2), F(4), F(6), and ξ parameters.  In order to acquire the best wave function (4fNSLJ) in intermediate coupling for a specific RE3+ion-doped host, it is essential to fit these parameters to a set of energies for the experimental 2S+1LJ multiplet. Otherwise unphysical J–O intensity parameters are unavoidable [Hehlen et al., (2013)]. Judd–Ofelt intensity parameters calculation In any real system, the interactions due to the crystal–field allow each 2S+1LJ multiplet to completely or partially split into its (2J+1) components which depends on the RE3+ ion cum  the point symmetry associated with the RE3+ ion site. For each crystal-field level, the energy and degeneracy are determined with each multiplet 2S+1LJ utilizing low-temperature polarized absorption spectra and luminescence spectra and then estimating the barycenter energies, �K Q�'6p* N = *'�p* ∑ �����                 (3.30) 
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The 2S+1LJ multiplet also can be approximated from polarized absorption spectra at high temperatures. All crystal-field levels at adequately high-temperature initial state i are thermally populated and accordingly all transitions due to crystal-field to the final state f  from the initial state i are contributing to the recorded absorption spectrum, ε(E). An equal thermal population is assumed for the levels of crystal-field in the initial state over and above identical oscillator strength within the i-f transition due to crystal-field. The absorption spectrum weighted with polarization is used to estimate EB (2S+1LJ) such from energy at which ® εKENdE = 0.5 ²³8  in spectra. To avoid distortion, the integral is performed in the energy domain rather wavelength domain.  The limitations in calculating barycenter energies from absorption spectra at elevated-temperature still exist. A range from 200–500 cm-1 is present in the splitting of 2S+1LJ ground state multiplets due to the crystal field. At 300 K, all the crystal-field levels in the ground state will be significantly populated and their thermal population is distant from equivalent at any practical temperature. As a result, barycenter energy will be overestimated due to fact that transition to diverse excited-state multiplets will be weighted further towards the respective higher-energy crystal-field transitions [Hehlen et al., (2013)]. The barycenter energies are calculated and fitted to a set of experimental barycenter energies. It is utilized to estimate the electrostatic (F(2), F(4), F(6)) cum spin-orbit (´) parameters. It is achieved with a process such as the Downhill Simplex algorithm. This optimization is typically not constrained.  Among the experimental and calculated barycenter energies, relative RMS deviation or absolute root-mean-square (RMS) deviation is minimized such that p is the number of fit parameters (herein p = 4) and n is the number of experimental barycenter energies [Hehlen et al., (2013)]. 
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The spin-orbit cum electrostatic interaction parameters: With an increase in the number of 4f electrons, a boost is observed in the J-O parameters. Two possible reasons are (a) an enhancement in Coulomb repulsion among electrons in the 4f state as stirring from Ce to Yb and (2) the rise in atomic number (Z), as the interaction due to spin-orbit is proportional to 4th power Z [Hehlen et al., (2013)]. Intermediate coupling reduced matrix elements q4M|}Q�rµr4M|}�Q��� s = ∑ ∑ k�t kt� q4M|}Q�rµr4M|}�Q��� s   (3.31) In 1978, for LaF3 host RE3+ (Pr3+ to Er3+) ion is doped to publish a table of intermediate coupling reduced matrix elements by W.T. Carnall, H. Crosswhite, and H.M. Crosswhite. These matrix elements are extensively utilized by the researcher over the last thirty years for RE3+materials. The reduced matrix elements are partially independent of the nature of the host material and comparatively estimation of these reduced matrices warrants a significant amount of calculation [Hehlen et al., (2013)]. The Judd–Ofelt theory: Transitions among 4f electronic states: A transition probability to Ψ2 from Ψ1 to occur is proportional to the transition moment       Z*'¶¶¶¶¶¶¶⃗ = ® �'¸⃗�*�¹                                                                                   (3.32) Here μ is dipole moment operator. Selection rule of Laporte: According to the Laporte selection rule, with respect to the center of symmetry if the direct product of (�'  ⊗ ¸⃗  ⊗ �*) is symmetric (gerade) the integral in Eq. 3.32 is non-zero. The interaction of the electric-dipole (ED) type dominates the energy exchange among electrons of an atom and electromagnetic field. Both ED operator and 4f wave functions have ungerade (u) inversion symmetry. As a result, the integral 
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vanishes for an ED-induced 4f ↔ 4f transition or transition has zero probability. Here the direct product is u⊗u⊗u = u. These ED-induced 4f→4f transitions can be initiated by admixing opposite parity states into the 4f wave function. Thus in a solid, such admixtures can be arbitrated by odd-parity vibrations (initiate vibronic transition) and components of odd-parity crystal-field (initiate electronic transitions). The formalism initiates as in pure 4f wave function (fNJMJ), an even-parity state is admixed via an odd-parity crystal field in order to achieve a new wave function (B), |]⟩ = yP��»¼zp∑ ½xP��»¼y¾y¿ÀÁzÂÃÀÁ |s²½P��»¼Â�²K¿ÀÁN                                                          (3.33) Here the interaction of the crystal-field operator is represented by V and �½M|�Z�Â −�KÄ��N energy difference.  For a transition among two 4f states B→B and utilizing the admixed wave functions, the matrix element for the ED moment is q]rÅK̂GNr]� s = ∑ ⎩⎪⎨⎪⎧ xP��»¼y¾y¿ÀÁzqP���»� ¼rÊ£K¢Nr¿ÀÁs²½P��»¼Â�²K¿ÀÁN+ xP���»� ¼y¾y¿ÀÁzqP��»¼rÊ£K¢Nr¿ÀÁs²½P��»¼Â�²K¿ÀÁN ⎭⎪⎬⎪⎫¿ÀÁ                              (3.34) Two assumptions were made to solve the above equation: 1) For an even-parity state Ä�� , all the sublevels are degenerate. 2) �½M|�Z�Â − �KÄ��N = �KM|�Z�N − �KÄ��N  Hence for the matrix element of the ED moment, it was possible to represent it as a sum of only three terms.   Thus the intensity of the ED- provoked yM|�Z�z → yM|�Z�z absorption is articulated as oscillator strength then it becomes, 
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M²Ê�Ï= = 0&�� ?ℎ ÐK'�p*N ÑÒÓ�ÔÕ� ∑ Ö::5',I,J yxM|�Z�y~K:NyM|��Z� �zy'                       (3.35) Where the J-O intensity parameters and correction due to the local field are Ω(λ)  and  ×²Ê�Ï= respectively. The oscillator strength of the magnetic-dipole (MD) induced absorption yM|�Z�z →yM|�Z�z then becomes M»Ê�Ï= = ℎÐJ� @� �K'�p*N ØyxM|�Z�yQ + �}yM|��Z� �zy'                                         (3.36) For non-magnetic material, local field correction for magnetic field is zero. Total oscillator strength M�Ï= = M²Ê�Ï= + M»Ê�Ï=                                                                                     (3.37)  The models for ‘‘local-field correction’’ For solid crystal or glass host, the Lorentz model or virtual-cavity model is capable of approximating reasonably for doped RE3+ ions.  In the case of ED-induced absorption with local field correction, ×²Ê�Ï= = Ù²ÁÚÛ² Ü' = Ù½��p'Â? Ü'                                                        (3.38)   The theoretical oscillator strength fcal from J-O theory is articulated by summing up all the transition matrix elements concerning host reliable intensity parameters Ωλ and is presented by,  M²Ê�Ï= = 0&�� ?ℎ ÐK'�p*N� ½��p'Â�9� ∑ Ö::5',I,J yxM|�Z�y~K:NyM|��Z� �zy'  (3.39) 
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                                                                                                         Here, ν = c/λ, such that h, c, and λ represent the Planck’s constant, velocity of light and mean wavelength of the transition respectively.  m is electronic mass and n is the refractive index. The reduced matrix elements amid the initial and terminal levels are represented by U(t). For a particular ion-host combination, the phenomenological parameters Ωt are estimated from optical data.  Refractive index dispersion of the material Using Sellmeier equation, LKØN' = 1 + ∑ �:�:��;�?�5*                                                                 (3.40) The phenomenological material constants Bi and Ci are normally estimated from a fit of the above equation to a number of refractive index measurements at various wavelengths. The extraordinary and ordinary refractive index is averaged as part of a good approximation for uniaxial crystal with low birefringence [Hehlen et al., (2013)]. The MD and ED-stimulated absorption oscillator strengths are different from emission one by n2. Application to experimental data From absorption spectra, the experimental oscillator strengths are estimated as follows,  M��� = 4Ý°Y�k'�' 10 logK10N�á â ∈ Kä̅N�ä̅                                         = 4.319 × 10�9 �<�.@��� ® ∈ Kä̅N�ä̅                       (3.41) Here the integral in the above equation is estimated from the absorption spectrum plotted as ε(ν) vs ν by integrating above the individual band. For a particular wavenumber ä̅ (cm-1), the decadic molar extinction co-efficient [ε(ν)]is expressed as, ε(ν) = 3Ð/2.303, 3Ð articulated the absorption probability of per unit length of optical path per unit time per unit concentration, from the law of Lambert-Beer and ® ÝKäNdä̅ = 
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Ý���dä̅  and dä̅ = ä̅' - ä̅*. Fig.3.9 represents the calculation system of oscillator strength from absorption spectra. 
 Fig.3.9 calculation system of oscillator strength from absorption spectra With lower symmetry than cubic for host crystals, it is essential to compute polarized absorption spectra too and arithmetically add to ‘‘unpolarized’’ ε(ν) one. The examples of systems having uniaxial symmetry are trigonal, tetragonal, and hexagonal which have other axes (a) as well as extraordinary axis (c). The ‘‘unpolarized’’ ε(ν) is achieved by individually recording the π-polarized E parallel to c and σ-polarized E perpendicular to c  absorption spectra and summing them according to [Hehlen et al., (2013)],                      ÝKä̅N = 2ÝæKä̅N + Ý&Kä̅N                             (3.42) The absolute root-mean-square (RMS) deviation or the relative root mean square deviation can be minimized amid the experimental and estimated oscillator strength and p = 3 is the number of parameters. 
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UZ}��� = ç *��� ∑ èP� �!�P�Û�ÁÛP� �! é'��5*                              (3.43) Derived quantities The probability of spontaneous emission (A), for |ê�⟩ → yê� ��z transition is associated with its dipole strength (Petrovic et al., 2011): ½ê�, ê� ��Â = JI&�Ðë?ℎK'�p*N ì�½��p'Â�9 ²Ê + L?»Êí                              (3.44) The rate of spontaneous radiative decay 6��→6��� ��²Ê  for an electric-dipole transition yM|�Z�z → yM|�Z�z is 6��→6��� ��²Ê = 0&îÐë@ë ]6��→6��� ��²Ê                                                                        (3.45) Here Einstein coefficient is ]6��→6��� ��²Ê = ��Iî� ï°Ð M²Ê                                                                            (3.46) Finally combining all, we have  6��→6��� ��²Ê = *J&ë��?ï°î@ë ÐëK'�p*N ×²Ê��� ∑ ÖK:N:5',I,J yx{|}Q�y~K:Ny{|}�Q� ��zy'               (3.47) 6��→6��� ��²Ê = 16ò?�'3Ý°ℎk? ä?K2� + 1N LKL' + 2N'9 E ÖK:N:5',I,J yx{|}Q�y~K:Ny{|}�Q� ��zy'    (3.48) The local-field correction in emission differs by a factor of n2 from that in absorption, i.e. ×²Ê��� = L'×²Ê�Ï=                                                                                                          (3.49) 
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The magnetic-dipole transition  6��→6��� ��»Ê = &î��?ï°@ô� � ÐëK'�p*N L?yx{|}Q�yQ + �}y{|}Q��zy'   (3.50) The total spontaneous radiative decay rate for a transition |M|}Q�⟩ → yM|}�Q� ��z is given by 6��→6��� �� = 6��→6��� ��²Ê + 6��→6��� ��»Ê                                                                    (3.51) The resulting radiative lifetime of the state |M|}Q�⟩ excited state, ¹6����� = *∑ )áõö¼→õ� ö� ¼�ÒÓ páõö¼→õ� ö� ¼�÷Ó .õ� ö� ¼�                                                                (3.52) Or,  ¹K}Q�N = ½∑ K}Q�, } ′Q′�′N6′,�′,�′ Â�1      (3.53) The decay of |M|}Q�⟩ multiplet is done by the above equation.  An array of energy-transfer processes such as energy migration, cross-relaxation, and up-conversion along with multiphonon relaxation are additional available non-radiative decay mechanisms.  The average lifetime values of the sample were calculated by the equation [Petrovic et al., (2011)]:   ¹�øù = ® iúKiN�i∝0® úKiN�i∝0                 (3.54)  Branching ratio The contribution relative to one |M|}Q�⟩ → yM|}�Q� ��z  transition to the entire rate of radiative decay of  |M|}Q�⟩  to excited state is, RyP�6��z→yP�6��� ��z = áõö¼→õ� ö� ¼�ÒÓ páõö¼→õ� ö� ¼�÷Ó∑ áõö¼→õ� ö� ¼�ÒÓ páõö¼→õ� ö� ¼�÷Óõ� ö� ¼�                                                          (3.55) 
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In a photoluminescence spectrum, the branching ratio is directly reachable through the comparative intensities of the different emissions from  |M|}Q�⟩ to excited state. The branching ratio from fluorescence spectra can be estimated as,                  ꞵK}Q�, } ′Q′�′N = áK6��, 6′�′�′N∑ áK6��, 6′�′�′Nõ′,ö′,¼′                         (3.56) From emission spectra,  Petrovic et al. calculated J-O parameters  [Petrovic et al., (2011)] as follows:                  Ωü = ýþ���ë
����ë 9�ë

�K��p'N�x��y�K�Ny�� ��z� ® 	�K�N
�® 	�K�N
�             (3.57) Here for lanthanide ions, MD transitions are considered independent of the surroundings of the ions (DMD=9.6×1042 esu2 cm2=9.6×106 D2). The ratio of the intensity of the 5D0 to 7Fλ transitions (here λ=2, 4, and 6), ® �:KäN�ä, to the intensity of the 5D0 to7F1 transition ® �1KäN�ä used to estimate J-O parameters. This term xê�y~K:Nyê� ��z2can be used from data prepared by Carnall et al. due to its environment-independent property [Carnall et al., (1968)]. From emission spectra, the energies of average transition are recorded as an average over the chosen transition region:                  ä: = ® úKÐN�Ð4
�0® úKÐN�Ð4
�0                (3.58) The cross-section of stimulated emission (����) determines the potentiality of laser material. From the emission spectrum, ���� can be estimated from the emission spectrum and the probability of emission is calculated utilizing the relation [Jacobs and Weber, (1976)]. ���� = :!48&@�2�: �� ��        (3.59) 
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Where, λp and n represent the peak emission wavelength and refractive index respectively, Aed is the probability of emission for the specific transitions and �Ø�PP =® úK:N�:ú���   is the effective line width.  For a transition from the ground state to the excited states, one can resolve the experimental oscillator strengths from the absorption spectra, utilizing Eq. (3.41). The least-square fitting is employed the J-O parameters along with the oscillator strengths utilizing Eq.(3.41) which are determined experimentally to co-relate with the theoretical expression agreed in Eq.(3.39). The calculated and experimental oscillator strengths along with J-O parameters of 1mol% CdS, 7mol% Sm3+ doped glass beaked up to 110 ℃ such that refractive index n=1.54 for the glass sample as in Table 3.1.  The theoretically calculated oscillator strengths are compared to the experimental one to have J-O parameters. In this present study, we have gotten some trend that connects the J-O parameters to the Sm3+ ions’ local environment where Ω2 > Ω4 > Ω6 is the trend. The covalent bonding’s presence between glass host and RE ions is indicated by a large Ω2 value. The J-O parameter Ω2 is correlated with the covalency and symmetry of lanthanide sites; hence it is highly responsive to the structure. The values of Ω4 and Ω6 illustrate the viscosity and dielectric of the media and are also influenced by the vibronic transition of the RE ions bond to the ligand atoms. Finally, parameters Ω2 and Ω4 are structure-dependent. J-O intensity parameters can be used to calculate.  There is a term spectroscopic quality factor (SQF= Ω4Ω6) can be estimated from J-O parameters, which decide the luminescence transition cum materials’ quality. For the laser-active medium, the SQF is significant for the stimulated emission such as to characterize the quality of the prepared glasses [Mawlud et al., (2017); Nii et al., (1998); Praveena et al., (2008)]. The Ω4 parameters are associated with symmetry and long-range effect causes by hydrogen bond from a water molecule on the other hand the rigidity of the system is correlated with Ω6 parameters [Lakshminarayana et al., (2009); Agarwal et al.,(2009)]. 
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In this study, fairly rigid silica glass is represented by the value of SQF(=1.39). In the earlier studies, for borate glass 1.71 was the SQF [Agarwal et al., (2009)]. The SQF cum J-O parameters of the glass matrix with Sm3+ doping are obtained in Table-3.2. The SQF magnitude specified the finest features among the prepared glasses. Table 3.1 J-O intensity parameters cum Oscillator strength of glass sample with 1mol% CdS, 7mol% Sm3+ doping Transitions  Energy (in cm-1)  fexp (×10-6) fcal (×10-6) Ωλ (×10-20cm2) Ω4/ Ω6 6H5/2→4D7/2 28901 0.267 0.397    Ω2=18.508  Ω4=2.007  Ω6=1.445      1.39 6H5/2→4D3/2 27624 0.595 0.359 6H5/2→6P7/2 26666 0.805 0.743 6H5/2→6P3/2 24813 2.048 2.091 6H5/2→4P5/2 24038 0.337 0.316 6H5/2→4I13/2 21551 0.244 0.209 6H5/2→4I9/2 20920 0.214 0.228        
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Table 3.2 J-O intensity parameters cum SQF (= Ω�Ω�) of different Sm3+ concentrations in various glass matrices.   Glass J-O parameters  Ωλ (× 10-20 cm2) Quality Factor KΩ�Ω�N Trends of Ωλ Ref. Ω2 Ω4 Ω6 Silica Glass 18.508 2.007 1.445 1.39 Ω2 > Ω4 > Ω6 Present Work Sodium-tellurite glasses, TNS4 0.802 0.719 0.449 1.61 Ω2 > Ω4 > Ω6 [Mawlud et al., (2017)] Fluoro-tellurite 4.94 3.15 1.75 1.8 Ω2 > Ω4 > Ω6 [Ghoshand Debnath,(2009)] Tungsten tellurite 6.68 3.78 1.86 2.03 Ω2 > Ω4 > Ω6 [Venkatramu et al.,(2007)]. Borate glass 6.36 6.02 3.51 1.71 Ω2 > Ω4 > Ω6 [Agarwal et al.,(2009)., Boehm et al.,(1979)] 20ZnO-10Li2O-10Na2O-60P-2O5 1.07 1.457 0.8402 1.7341 Ω4 > Ω2 > Ω6 [Ramteke et al.,(2017)]  The radiative parameter can be evaluated using Eq.(3.48), Eq.(3.53), and Eq.(3.56) for the glass sample as in Table-3.3. The ���� can be estimated from the emission spectra and further calculation of emission probability is performed utilizing Eq.(3.59) and ��is the emission probability for the particular transition presented in Table-3.3. In Table-3.4 for higher σemi value is observed for the sample with a lower ratio Sm/CdS due to contracted effective line width.   
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Table 3.3 Probability of Spontaneous emission, the lifetime of radiative transitions, and branching ratios are estimated for Sm3+ with the help of Ωλ in Table 3.2 Transitions Energy   (in cm-1) Aed  (in s-1) ꞵ (%) τ  (μs)     4G5/2 4G5/2 → 6H5/2 17930 4.55 1.02    2259.94 4G5/2 → 6H7/2 16896 50.29 11.36 4G5/2 → 6H9/2 15690 292.44 66.08 4G5/2 → 6H11/2 14364 13.56 3.06 4G5/2 → 6H13/2 12959 1.73 0.39 4G5/2 → 6F3/2 11394 10.75 2.43 4G5/2 → 6F5/2 10890 59.69 13.48 4G5/2 → 6F7/2 10022 1.25 0.28 4G5/2 → 6F9/2 8842 8.23 1.86  Table 3.4 The cross-section of stimulated emission ( ����N estimated for Sm3+ utilizing Ωλ parameters (from Table 3.2).  
 Transitions Energy (in cm-1) Ø� (in nm) Δλeff  (in nm) σemi (×10-22cm2) 4G5/2 →  6H5/2 17930 562 6.45 0.39 4G5/2 →  6H7/2 16896 596 11.33 3.13 4G5/2  → 6H9/2 15690 644 13.75 20.46 4G5/2 →6H11/2 14364 705 17.31 1.08 
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3.6 Conclusions The sol-gel method has been utilized in silica glass processing along with Sm3+ ions and CdS nano-crystallites co-doping. The CdS nano-crystallites dimension is estimated from the XRD pattern using the Scherrer formula and effective mass approximation. From TEM analysis it is observed that the estimated crystal size varies from 5nm to 10nm. HR-TEM image confirmed the polycrystalline structure of the sample because of distinctive circular rings. FTIR spectra are studied for various heat-treated silica glass doped with Sm3+ along with CdS NPs to know the presence of chemical bondings in the sample. The optical fluorescence cum absorption spectra are utilized to estimate the three Ωλ parameters, probability of spontaneous emission, the lifetime of radiative transitions, and cross-section of stimulated emission of Sm3+ ions doped in CdS and Silica glass host. The J-O parameter was observed with the following trend Ω2 > Ω4 > Ω6. The large value of Ω2 indicates the presence of covalent bonding between the rare-earth ions and glass host which has already been discussed in previous sections. Under UV excitation, strong emissions in the visible region were monitored.           
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CHAPTER- 4       SPECTROSCOPIC STUDIES OF Tb3+ CO-DOPED WITH CdS AND ALUMINO-SILICATE GLASS         This chapter deals with the Spectroscopic studies of Tb3+ co-doped with CdS and Alumino-Silicate glass   
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Chapter- 4 ---------------------------------------------------------------------- Spectroscopic studies of Tb3+ co-doped with CdS and Alumino-Silicate glass ------------------------------------------------------------------------------------------------  4.1 Introduction: Rare-earth ions (RE)3+ -doped semiconductor nanophosphor have several 4f-4f transitions that enable us to obtain laser emission. An extensive application of semiconductor nanoparticles has promising potential and novel properties [Baig et al., (2021); Bachtold et al., (2001); Lee and Kang, (2004); Othmani et al., (1994)]. Since the semiconductor nanoparticles have smaller size with a few nanometers show attractive properties for a glass matrix and are different from the bulk materials. Rare-earth ions have a few utilities in the fields of optoelectronic devices, optical communications, flat panel displays and bio-sensors, and so forth. CdS [Jyothy et al., (2009); Salhi and Deschanvres, (2016)] is a semiconductor that is utilized as a host material for RE ions [Rai and Bokatial, (2011); Rai and Fanai, (2016)]. A CdS nanoparticle which is among II-VI semiconductors has many applications in optoelectronics. Energy level structures of Tb3+ maintain in a good manner and shows photoluminescence (PL) in silica host. Silica host has good mechanical strength, high thermal stability, and UV transparency [Fenderlik, (1991); Sigel Jr, (1977)]. Low solubility occurs for RE ions in silica glass and a cluster is formed as a result of concentration quenching occurred [Minascalco, (2001)]. Solubility of the RE ions can increase with the help of Aluminium [Arai et al., (1986)] and the quenching effect can reduce. Aluminum can diminish the RE ions clustering of RE ions [Lockhead and Bray, (1995); Fujiyama et al., (1990); Thomas et al.,(1992)] although Monteil et al [Monteil et al., (2004)] proposed that the effect is owing to the local modification around the RE ion structure.                                      
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The fluorescence properties of Eu3+ ion and CdS NPs co-doped silica matrix were studied by many researchers [Mu et al., (2006); Julian et al., (2006)]. In the work of Reisfeld et al., sol-gel zirconia films showed improved fluorescence from Tb3+ and Eu3+ ions as it was influenced by CdS NPs [Reisfeld et al., (2000)]. Our samples were prepared by sol-gel process and an immersion process into a CdS sol. I also compare another sample of Tb3+doped with Aluminum. Tb3+ gives an intense fluorescence in green regions caused by the transitions 5D4 → 7F5 [Fanderlik, (1991)], and for blue emission, the transition is 5D4 → 7F6. Tb3+ ions silica host show intense peaks in the visible region from upper-level 5D4. The estimated branching ratio for one sample Tb3+ doped with Al and for the other sample Tb3+ doped with CdS gives potential laser transitions. 4.2 Atomic Structure of Terbium: Terbium is an element of the rare earth family of metals is an f-block element with atomic number 65 and an atomic weight of 158.92g/mol which belongs to the Lanthanide series of the periodic table. The electron configuration of Terbium (Tb) is [Xe] 4f96s2, and the atomic structure is shown in Fig.4.1.      
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 Fig.4.1 Atomic structure of Tb (Source: wikipedia.org) 4.3 Experimental: 4.3.1 Preparation of Sample Two-step hydrolysis used to dope Tb3+ in silica glasses was prepared by sol-gel process [Sigel, (1977)]. Tetraethylorthosilicate (TEOS) is used as the precursor for silica glass. CdN2O6.4H2O and SC(NH2)2 were the Cadmium and Sulfur sources. For a particular sample, Tb(NO3)3.5H2O and Al(NO3)3.9H2O  of specific concentrations, are dissolved in deionized H2O, then C2H5OH is inserted which proceeds as the co-solvent as TEOS and H2O are immiscible. In the first step, a solution with a molar percentage ratio of 9.9: 54.41: 34.65: 0.97 of TEOS: H2O: C2H5OH: HNO3 is prepared at room temperature by mixing for half an hour in a glass vessel. TEOS of 1.5 ml is used for hydrolysis. An appropriate amount of Tb compound which stirred for 60 minutes.  In the second step, CdN2O6.4H2O is mixed with thiourea (SC(NH2)2), EtOH solution is used for the preparation of one sample and Al(NO3)3.9H2O is used for another sample. For both, the sample magnetic stirrer is used separately and stirred for 1 hour to convert a sol. Now a combination of both the mixture (first and second step) is stirred for 4 hours. This sol is transferred in a plastic container after rigorous stirring and covered to 
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avert evaporation and stranded for 2-3 days at room temperature to convert into a stiff gel. Some pinholes are created on the thin cover of the container to allow slow evaporation and again left undisturbed for 3-4 weeks. To avoid non-uniform shrinkage, which might lead to deformation or cracking of the sample; evaporation should be very slow. The gels baked dried gradually up to 90°C and were further annealed in an electric muffle furnace up to 1050°C at a rate of heating rate 1°C/min to convert into dense disc-shaped glass samples. The samples manufactured with 0.1 to 0.5mol% Tb3+concentration along with Al3+/Tb3+ ratio from 0 to 8.  4.3.2. Experimental set-up The PL spectra of the manufactured glass samples were recorded utilizing an iHR320 imaging spectrometer loaded with the software Syner JYTM from Horiba Scientific. The excitation source was a 254nm line of a mercury lamp used for the sample that doped with Al and the excitation source 370nm LED is used for the sample that doped with CdS. At room temperature, every spectrum was recorded. 4.4 Structural analysis 4.4.1 X-ray Diffraction analysis The diffraction pattern of powdered silica-doped CdS NPs sol-gel at 1000℃ as in Fig.4.2. The amorphous wide characteristic peak of the silica glass is centered at 2θ = 22°. The (002) plane of CdS is represented by a sharp peak at 2θ = 26.6° [Yang et al., (2018)]. The dimension of the CdS nanoparticle "d" is estimated using the Scherrer equation, Eq. (2.7), the crystalline size is found to be 6.90 nm. 
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 Fig.4.2 X-ray diffraction pattern of Tb3+ doped in Silica glasses co-doped with CdS.  4.4.2 Effective mass approximation (EMA): To estimate the dimension of the CdS nano-particle the EMA formula is used to estimate the average particle size as discussed in Chapter-2 (2.5.3), using Eq. (2.6); here the diameter of the CdS nanoparticle was estimated as 4.0nm by using the EMA formula. The value of the constant used in this calculation is as follows; me= 0.21m0, Yℎ= 0.80m0, m0= 9.109 ×10�?* kg, ER =2.975 eV, E0= 2.42 eV. 4.5 Fluorescence studies: 4.5.1 Fluorescence studies of Tb3+ doped with CdS The fluorescence spectra of Tb3+ ions co-doped with CdS NPs were recorded at an excitation wavelength of 370nm at room temperature. Fig.4.4 shows an energy level diagram of trivalent terbium with different transition levels with fluorescence lines between 400nm and 650nm. There is a low efficiency of energy transfer amid non-
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clustered ions; hence the intensity of emission of Tb3+ is feeble. 5D4 emission dominates spectra with Tb3+ concentration samples. The fluorescence peaks are due to transitions between the excited 5D4 levels with 5D4→7F6, 5D4→7F5, 5D4→7F4, 5D4→7F3 at 490nm, 545nm, 585nm, 622nm, etc. Among these emission peaks, the strong transition occurs at 5D4→ 7F5 with the green color of Tb showing the highest intensity of all transitions. From Fig.4.3 it is noted that the emission occurs for Tb3+ ions in sol-gel glasses co-doped with CdS at different temperatures. 5D4 fluorescence increases with raising annealing temperature. The fluorescence is dominated by the broadband centered on 564nm of mixture SiO2 defect levels independently of the doping concentrations. The strongest emission lines of Tb3+ are located at 545nm. The strong fluorescence intensity signifies the good crystalline quality of the CdS nanoparticles. The fluorescence spectral study supports that the CdS nanoparticles have uniform size distribution. A slight increase in the excitonic photoluminescence intensities of the spectra Tb3+ and CdS samples was observed as compared to their un-doped counterpart. The emission spectrum of Tb3+ because of f-f transition excitation lines in the range 370nm. The fluorescence range is an expansive band going from 450-900nm which is the excitation lines of Tb3+ annealing at 90°C with different peaks observed at 490nm, 545nm, 585nm, 622nm. Tb3+ spectroscopy is a new opportunity for investigating the mechanism of fluorescence quenching in sol-gel glasses.  Fig.4.3 Fluorescence spectra of Tb3+ doped with CdS and silica glasses. 
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 Fig.4.4 Energy level diagram of Tb3+doped with CdS demonstrating the transitions that initiate emission in the visible region 4.5.2 Fluorescence studies of Tb3+ doped with Al  Emission spectra of Tb: Al in silica glass consists of two groups of emission bands transitions from 5D3 to 7FJ manifold and 5D4→7FJ manifold of the ground state, excitation at 254nm. Because of the multiphonon relaxation from a higher excited level of 5D3→5D4 level has a high probability; the emission intensity from 5D4 to 7FJ manifolds of the ground state is much higher than that from the 5D3 level to the 7FJ manifolds. Therefore we could only observe three energy bands at 379nm, 414nm, and 439nm corresponding to 5D3→7F6, 5D3→7F5, and 5D3→7F4 transitions respectively as shown in Fig.4.5. Similarly, we observe four energy bands at 489nm, 543nm, 588nm, and 623nm corresponding to 5D4→7F6, 5D4→7F5, 5D4→7F4, and 5D4 →7F3 transitions respectively as 
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shown in Fig.4.5.  Fig.4.5 Fluorescence spectra of Tb3+ (0.1mol %) in sol-gel silica glass co-doped with and without Aluminum 
 Fig.4.6 Schematic diagram of Energy levels of Tb3+doped with Al demonstrating the transitions that initiate emission in the visible region. 
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 Fig. 4.7 Fluorescence spectra of Tb3+ ions (0.5mol %) in silica glass with various Al concentrations  In the case of the Tb3+ doped sample devoid of Al, it is monitored that the emissions from the 5D4 level are very intense while those from 5D3 are nearly non-existent on the other hand for Al co-doped sample, the 5D3 emissions are drastically improved. Modification in form and comparative intensity of 5D4 emission peaks are also monitored. For the sample doped with Al, 5D4→7F6, and 7F3 peaks are comparatively less intense. With the addition of Al, the 5D4→7F6, and 7F5 peaks are faintly blue-shifted and the 5D4→7F4, and 7F3 peaks are to some extent red-shifted. There is a broadening of the 5D4 emission peaks due to the presence of Al. Glass samples with higher Tb3+ concentrations were prepared to study the effect of Al doping. Fig.4.7 presents the fluorescence spectra of samples holding 0.5 mol% Tb3+with different Al content. The fluorescence spectra of the Tb3+ (0.5 mol %) ions /Al sample is alike to that of the sample with a poorer Tb3+ concentration. The 5D4 emissions and 5D3 emissions are significantly enhanced as the Al/Tb ratio is amplified from 0 to 4, but further 
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amplification of this ratio produced only minor changes. Fig.4.8 represents the comparative intensities of the 5D3 emissions to 5D4→7F6 for the different samples manufactured and baked at 1050°C. Though 5D3 emissions are existed but extremely faint in the case of both the 0.5 and 0.1 mol% Tb3+ doped samples devoid of Al. The Al co-doping is predominantly useful for the minor concentration Tb3+sample consequentially intensity of 5D3 emissions is high relative to the 5D4→7F6 emission. The 5D3emissions are also appreciably improved for the higher concentration Tb3+ doped samples with Al co-doping but the ratio of 5D3/5D4 emission intensity is drastically lesser compared to the sample with a lower concentration of Tb3+ ion-doped yet for the identical Al/Tb ratio. 
 Fig.4.8 The emission peaks for 5D3 for various dopants Tb3+/Al concentrations  4.6 Discussion cum Results As the energy gap between the 5D3 and 5D4 levels is many minors, hence quenching due to multiphonon relaxation and residual hydroxyl ions is much more prominent. Due to the cross-relaxation between two nearby Tb3+ ions the radiation is 
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quenched. The energy gap between 5D3 and 5D4 levels closely resembles the gap between the ground state and 7F0 levels. Thus the transfer of energy (ET) is probable from an excited ion in the 5D3 level to the ground state ion in a neighborhood characterized as (5D3, 7F6) → (5D4,7F0). The samples devoid of Al are probably caused by the faint 5D3 emission; which is the effect of cross-relaxation. On the other hand enhancement of the emission in presence of Al is accredited to the decline in cross-relaxation. It is supposed that Al boosts the solubility of RE ions which have a higher affinity towards an Al-affluent surrounding [Arai et al., (1986)]. For the Tb3+ ions, Al generates non-bridging oxygen inducing an additional open network structure. This in turn decreases the cluster formation of the Tb3+ ions and boosts the average distance among Tb3+ ions; hence energy transfer is reduced. The Tb3+ions’ coupled phonon energy reduction is also a possible contributing factor. The Si-O bond has higher phonon energy than the Al-O bond. To reduce the quenching owing to multiphonon relaxation, the RE ions would preferentially co-ordinate with Al-rich sections. This justification is sustained by the outcomes attained by Nogami and Abe [Nogami and Abe, (1996)] for Al2O3-SiO2 glass with Eu3+doping. In presence of Al, the cross-relaxation reduction was also accounted for recently in our lab for sol-gel silica glass with Pr3+ doping. Thus decreasing phonon energy is the leading contribution to the enhancement of the 5D3 emission, if the ratio of 5D3 to 5D4 emission is invariant to be more or less the same for different Tb3+ ion concentrations keeping the constant ratio of Al/Tb. Table 4.1 presents the 5D3 to 5D4 emission ratio (R) for the manufactured samples with different doping concentrations as follows, R = ® úKÐN�Ð53® úKÐN�Ð54                        (4.1) Here at energy (ν in cm-1), the emission intensity is I. The integration in the denominator and numerator are for the 5D4 and 5D3 emissions respectively. 
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Table 4.1 Prepared samples with different doping concentrations and peak ratio 
  For highly Tb3+ doped samples, the ratio R is appreciably reduced even for the equal Al/Tb ratio. Hence the quenching mechanism is possibly dependent on the Tb3+ ions concentration recommending cross-relaxation. The decrease in phonon energy due to the Al-O bond is still not refutable as the fluorescence enhancement might be due to a variety of contributing factors. An increasing amount of residual hydroxyl content is also capable of reducing the relative intensity of the 5D3 emission for samples with higher concentrations. The hydroxyl content is contributed by the hydrous salts of dopants. The Al effect on the luminescence property of the samples is possibly better discussed if hydroxyls are completely removed. Thus available hydroxyl groups are very much responsible for quenching the 5D3 emission and even the samples co-doped with Al show 5D3 emissions of noteworthy intensity only after baking above 900°C. Though this annealing up to high temperatures is an efficient way to get rid of the hydroxyl content, however, traces are present yet in fully densified glass samples. The further rise in temperature from 1020°C to 1050°C considerably enhances the emission ratio from 5D3 to 5D4 as in Table 4.1. The presence of hydroxyls is still confirmed at 1020°C. Few samples baked to 1050°C foamed and turn white opaque hindering optical studies. This 

         Tb3+ concentration (mol%)  Al3+ concentration (mol %)         Ra    Rb  0.1 0.0 <0.01 <0.01 0.1 0.8 0.27 0.35 0.5 0.0 <0.01 <0.01 0.5 2.0 0.08 0.12 0.5 4.0 0.09 0.13 b annealed to 1050°C,  a annealed to 1020°C  
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pattern of an opaque white core is assumed to be due to the expansion of air pockets and pores in the inner section; it follows by the outer layer densification as well as the blocking of outer pores to prevent air from escaping.  Table 4.2 Peak position cum Branching Ratio of 5D4 emissions  Transition 5D4→  0.1% Tb3+, 0% Al  0.1% Tb3+, 0.8% Al  0.5% Tb3+, 0% Al  0.5% Tb3+, 2% Al  0.5% Tb3+,  4% Al λp nm β % λp nm β % λp nm β % λp nm β % λp  nm β %  7F6  488  19  487  15  488  18  487  17  487  17  7F5  541  65  540  71  541  65  540  69  540  70  7F4  585  10  587  9  585  11  586  10  586  9  7F3  623  6  626  5  622  6  623  4  623  4  Table 4.2 presents the branching ratio ‘β’ and peak positions ‘λp’ of the 5D4 emissions for the various prepared samples. The 5D4→7F2, 7F1and 7F0 transitions are abandoned in the branching ratio calculation as their intensities are comparatively low, hence a feeble signal-to-noise ratio. The different transitions more and less, have similar branching ratios for the samples devoid of Al. Analogous consistency is also noticed with Al co-doping. For the 5D4→7F5 emission a trend of increasing branching ratio with the Al addition is observed; while for the other emissions, the ratios are faintly reduced. These modifications in shape, position, and relative intensities of the emission peaks 
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noticed with Al co-doping specify that the local environment of the Tb3+ ions is modified in Al surrounding. The broad emission peaks are too noticed both in the 0.5 and 0.1 mol% Tb3+ doped samples with Al surrounding (in Fig. 4.5 and 4.7). All the RE ions occupy a similar site in the crystal site and hence initiate sharp emission lines that can be determined in the various Stark components in the crystal host. On other hand, the RE ion sites are to some point dissimilar in glasses from one another as a consequence of the additional random nature of the amorphous glass network [Minascalco,(2001)]. Hence, the individual spectroscopic properties of ions partially vary from one another and the emission lines are broadened as well as the Stark components are unresolved. A further broadening of emission lines occurs due to deviation from the crystal nature cum larger multiplicity of RE site. The 5D4 emission peaks broadening in the presence of Al proposes that the Tb3+ ion's local surroundings become more diverse in the Al presence. 4.7 Conclusion In sol-gel silica glass samples, Tb3+ co-doped with different amounts of Al were manufactured. It was observed that samples annealed to 1020°C are optically transparent; whereas after attaining an annealing temperature of 1050°C, some of the samples foamed owe to the expansion cum bursting of air pockets in the inner section after the outer pores shuttered. These manufactured sol-gel glasses preserve amorphous nature yet after densification and baking to 1050°C. The 5D3 level emissions are highly reliant on both Al co-doping and annealing temperature. The exclusion of residual hydroxyls with annealing is attributed to an increase in 5D3 emission. It was not completely removed even after annealing to 1020°C. The emission intensity of 5D4 is comparatively less artificial by Al co-doping and annealing temperature. The Al co-doping considerably amplifies the intensity ratio of 5D3/5D4 emission for 0.1mol% Tb3+ samples though it is not as useful in the sample with higher Tb3+ concentration. The enhancement of 5D3 emission with Al co-doping has appeared as a consequence of reduced cross-relaxation. Analyzing relative intensities and the shape of the peaks of 5D4 
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emission indicates that Al transforms the Tb3+ ion surroundings and in addition indicates higher diversity around Tb3+ ions sites with Aluminum’s presence. These shortcomings uphold the anti-clustering cum dispersal effect of Al in RE3+ ions doped glasses.                       
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CHAPTER- 5      SPECTROSCOPIC STUDIES OF Er3+, Ho3+ AND Pr3+ IONS CO -DOPED WITH ALUMINUM          This chapter deals with the Spectroscopic Studies of Er3+, Ho3+ and Pr3+ ions co-doped with Aluminum      
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Chapter- 5 ---------------------------------------------------------------------- Spectroscopic Studies of Er3+, Ho3+, and Pr3+ ions co-doped with Aluminum ------------------------------------------------------------------------------------------------  5.1 Introduction: RE3+ ions doped into crystals and glasses along with nanoparticles through the sol-gel method enable the design of Opto-electronic cum photonic materials. Sol-gel silica glass has numerous constructive properties as a host for trivalent rare-earth (RE3+) ions [Kim, (2021); Ramteke et al., (2017); Vega et al., (2017)]. A semiconductor has the primary focus of remarkable research activities due to their promising potential in optoelectronic appliances in lasers and for optical communication systems [Qiao et al., (2018); Snitzer, (1961); Furuse and Yasuhara, (2017); Secu et al., (2011); Seshadri et al., (2015)]. Silica glass is an acceptable material for the rare earth host along with II-VI semiconductors [Rai and Bokatial, (2011); Rai and Fanai, (2016)]. The optical properties of RE3+ ions initiate from the transitions among the various 4fN energy states [Peacock, (1975)]. In the ground state, the RE ion may be excited to a higher energy state by absorbing radiation and may relax back to the lower energy levels by emitting radiation with energy equivalent to the energy difference between the ground state and that particular excited state. The sol-gel technique [Rai and Fanai, (2016)] permits the synthesis of glass at lower temperatures so that it doesn't necessitate melting. The strong shielding enjoyed by f- orbital electrons from the outside ligands, allows only a slight variation in the position of the spectral lines with the environment. However, the intensities of RE3+ ions are strongly dependent on the embedded host. Currently, there is mounting attention to the study of new photonic materials manufactured by the sol-gel method. These studies of RE3+ ions doped materials are intended for their possible 
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applications in display devices, optical amplifiers, solid-state lasers, and communication fields [Nurbaisyatula et al., (2014); Kostova et al., (2018)]. Glasses can be considered, as suitable hosts for the RE3+ ions as they offer a long composition range and good rare earth solubility along with cost-effectiveness. Silica glass has many beneficial properties as a host for RE3+ ions as it has high transparency, good mechanical strength, low thermal expansion, and good chemical cum thermal stability [Lian et al., (2013); Yang et al., (2007); Yang et al., (2014); Vega et al., (2017); Rai and  Fanai, (2016)]. With a highly transparent composition and easy mass production, glass has established its usefulness as a host material for RE3+ ions along with a huge concentration of radiation-induced color centers [Babu et al., (2015)]. The Er3+ is the most favorable and widely studied among RE3+ ions [Weber, (1967), Ferrari and Armellini, (2000); Biswas et al., (2003)]. Silica gel is used for coating as a result of the wide-bandgap. The sol-gel process is used for the sample preparation in which the mixing of at least two or more phases can be organized by the nano-scale or yet in molecular levels. The specific utilizations of these sol-gel fabricated glasses are obtained from a variety of material shapes created in the gel state. Ho3+ is one of the most lucrative candidates among the rare earth ions as it demonstrates a strong luminescence at diverse wavelengths along with visible regions [Wang et al., (2007)]. Pr3+ is a fascinating dopant contributing to laser transition in the blue, green, orange, and red regions utilizing the identical pumping scheme. Overall luminescence or radiative relaxation is more feasible from levels with larger energy gaps and intense luminescence has been monitored from levels like 4F3/2 of Nd3+, 4I13/2 of Er3+, 5D4 of Tb3+ and so on [Jacobs and Weber, (1976); Snitzer and Woodcock, (1965)] which have comparatively large energy gaps. With adequate energy gaps for radiative relaxation, the 1D2 and 3P0 states of Pr3+ ion can initiate luminescence in the visible region of the spectrum through relaxation to the lower energy levels. The energy level structure of Pr3+ ions furthermore presents probable channels for cross-relaxation when the ions are in close proximities which can greatly reduce luminescence [Remillieux et 
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al., (1996); Kirkpatrick, (1997); Naresh and Ham,(2016); Ram et al.,(2017)]. Al3+ had been utilized to amplify the solubility of RE ions [Arai et al., (1986)]. Inside this chapter, we explore the Optical properties of Er3+, Ho3+, and Pr3+ ions co-doped with Al3+ in sol-gel silica glass. The optical absorption has been examined utilizing the Judd-Ofelt theory. Three J-O parameters Ω2, Ω4, Ω6 were estimated from the absorption spectrum and utilized to study the optical properties of the manufactured glass sample [Judd, (1962); Ofelt, (1962); Hehlen et al., (2013)]. 5.2 Preparation of glass sample: The silica glass samples were manufactured by sol-gel process using a hydrolysis process [Biswas et al., (2003)]. The sol-gel silica glass containing the molar percentage ratio of TEOS, H2O, C2H5OH, and HNO3 is 9.9: 54.41: 36.65: 0.97, and Erbium oxide is used as a source of Er3+ mixed with an appropriate amount and stirred for two hours to form a sol. Using another conical flux Al(NO3)3.9H2O is used for Al source mixed with ethanol solution and stirred for two hours. Combining, both the solution and stirring by magnetic stirrer for four hours and placed the sol in a plastic container with sealing by polythene paper by making with some pinholes for evaporation and left for 3-4 weeks to make a stiff gel. The samples were slowly dried by heating to 90℃ then annealed up to 1000℃ with a heating rate of 1℃ per minute in a furnace to convert into dense glass samples with a thickness of 0.2cm, a diameter of 1.6cm, the density of 2.06 g/cm3 and refractive index 1.62. Absorption spectra were recorded in the visible region at room temperature using an iHR320 imaging spectrometer specification mentioned earlier. A similar preparation process is used for Ho3+ [Rai and Fanai, (2016)] and Pr3+ using a refractive index of 1.46 and density of 2.2 g/cm3.   
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Studies of Er3+doped with Al 5.3 Absorption Spectra of Er3+ ions doped sample: Fig. 5.1 presents the absorption spectrum of 1mol% Er3+ and 3mol% Al co-doped in silica glass; it was recorded in the range of 400-900nm. Absorption bands were monitored at various wavelengths of 795nm, 653nm, 543nm, 521nm, 488nm, and 433nm consequent to the transitions 4I15/2 →4I9/2, 4I15/2 →4F9/2, 4I15/2 →4S3/2, 4I15/2 →2H11/2, 4I15/2 →4F7/2, 4I15/2 →4F5/2 + 4F3/2 to different excited states from the ground state (4I15/2). The transitions 4I15/2 →4H11/2 have a maximum intensity of 521nm among all available options. 
400 500 600 700 800 900 10000.150.200.250.300.350.400.450.500.55 4I9/24F9/24S3/24F5/2+4F3/22H11/24F7/2Absorbance(a.u) Wavelength(nm)  Fig. 5.1 Absorption spectra of 1mol% Er3+doped with 3mol% Al in silica glass The J-O theory is already discussed in detail in Chapter-3 (3.5.4). The experimental J-O intensity parameters along with the calculated oscillator strengths of Er3+ ions doped sample baked to 10000C having a refractive index of glass sample ca. n=1.62 is shown in Tables 5.1 and 5.2.  
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Table 5.1: The oscillator strengths from absorption bands of 1mol% Er and 3mol% Al co-doped in silica glass sample.          Table 5.2: The Judd-Ofelt intensity parameters from the absorption bands of 1mol% Er3+ and 3mol% Al co-doped in a silica glass sample.  Transition 4I15/2 →  ǀǀU(2)ǀǀ2  ǀǀU(4)ǀǀ2  ǀǀU(6)ǀǀ2  fcal (×10-6)  fexp (×10-6)  Ωλ(×10-20cm2)  SQF = Ω4Ω6 4I9/2 0 0.1733 0.0099 0.10344 0.17   Ω2 = 0.704  Ω4 = 0.471  Ω6 = 0.104     4.4 4F9/2 0 0.5354 0.4618 0.4575 0.44 4S3/2 0 0 0.2211 0.0422 0.069 2H11/2 0.7125 0.4125 0.0925 1.347 1.347 4F7/2 0 0.1469 0.6266 0.27429 0.274 4F5/2+4F3/2 0 0 0.1272 0.0304 0.0342  
 Transition 4I15/2 →  Wavelength (nm)  Energy (cm-1)  Area   Concentration  Thickness (cm)  fexp(×10-6)  ǀǀU(2)ǀǀ2  ǀǀU(4)ǀǀ2  ǀǀU(6)ǀǀ2  fcal (×10-6) 4I9/2 795 12578 6.59 1 0.2 0.17 0 0.1733 0.0099 0.10344 4F9/2 653 15313 17.185 1 0.2 0.44 0 0.5354 0.4618 0.4575 4S3/2 543 18416 2.679 1 0.2 0.069 0 0 0.2211 0.0422 2H11/2 521 19193 52.094 1 0.2 1.347 0.7125 0.4125 0.0925 1.347 4F7/2 488 20491 10.595 1 0.2 0.274 0 0.1469 0.6266 0.27429 4F5/2+4F3/2 433 23094 1.324 1 0.2 0.0342 0 0 0.1272 0.0304 



110  

The J-O intensity parameters Ωλ (λ=2, 4, 6) are estimated by comparing theoretically calculated oscillator strengths with the experimental one. In our current studies, we have observed some trends in the local environment of the Er3+ions and three J-O parameters. From Table-5.2 it is noticed that J-O intensity parameters follow trends such as Ω2 > Ω4 > Ω6. A large value of Ω2 indicates the existence of covalent bonding among the glass host and rare RE3+ ions. The J-O intensity parameter Ω2 is very sensitive to the structure and it is linked with the covalency and symmetry of lanthanide sites. On the other hand values of Ω4 and Ω6 demonstrate the viscosity and dielectric of the media and are also affected by the vibronic transition of the rare earth ions bond to the ligand atoms. Three J-O intensity parameters can be utilized to estimate the spectroscopic quality factor (SQF= ����) = 4.4 which decides the stimulated emission for the laser active medium. 5.4 Radiative properties of Er3+doped sample: The radiative properties were discussed in Chapter-3 (3.5.4). The probability of spontaneous electric dipole transitions and radiative parameters can be estimated by using the value of J-O intensity parameters Ω2, Ω4, and Ω6 using Eq. (3.39); the fluorescence branching ratio can be calculated using Eq.(3.56), and a radiative lifetime can be calculated using Eq.(3.53); for different transitions, as shown in Table-5.3 Table 5.3 Radiative parameters of 1mol% Er-doped in 3mol% Al in silica glass sample Transition 4S3/2 → Energy (cm-1) Aed (Sec-1) β % τ (μsec) 4I15/2 18300 98.74 64.80    6563 4I13/2 11800 40.68 26.69 4I11/2 8200 3.92 2.57 4I9/2 5900 8.97 5.88 4F9/2 3100 0.05 0.03 
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5.5 Fluorescence Spectra of Er3+ doped sample: The fluorescence spectra with the transition 4S3/2 → 4I15/2 for three glass samples with various Al concentration is shown in Fig.5.2. The fluorescence is observed in the glass sample with an excitation 399nm laser source. The Er3+ ions can excite by the laser source from the ground state to the higher excited states, and through non-radiative relaxation, they fall to the 4S3/2 state. The ions then emit radiations and relax from the 4S3/2 state to the ground state. From Table 5.3 it is observed that for the transition 4S3/2→4I15/2 the branching ratio is the greatest, so in the excited state, the dominant transition arises. The Al concentration is varied by varying amounts of Al(NO3)3.9H2O in the preparation method. So the fluorescence intensity increases with the increase of Al concentrations, and reaches a maximum position, then again decreases with further increase of Al concentrations. Fluorescence can decrease with a further increase in Al concentration because of the clustering of Al. 
500 550 600 650 7000.05.0x1041.0x1051.5x1052.0x1052.5x1053.0x105  1mol% Er, 0mol% Al 1mol% Er, 1mol% Al 1mol% Er, 3mol% AlIntensity (a.u) Wavelength (nm)  Fig.5.2 Fluorescence spectra of Er3+ doped with different concentrations of Al3+ in silica glass. 
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The stimulated emission cross-section (σemi) can be estimated by using the fluorescence spectrum and the calculated fluorescence probability using Eq.(3.59) for a particular transition as shown in Table-5.4 Table-5.4: The cross-section of stimulated emission (σ���) values for 4S3/2 → 4I15/2 transition with 3mol%Al concentration Al3+ concentration (mol %) λp (nm) Δλeff (nm) σemi ( × 10-22 cm2) 3 534 26.57 1.53 From Table-5.4 it is observed that the ratio of Er/Al has a higher σemi value, which shows narrow effective line width.  Studies of Ho3+ doped with Al  5.6 Absorption spectra of Ho3+ ions doped sample: The absorption spectra of Ho3+ co-doped with Al are shown in Fig.5.3. The six absorption bands of Ho3+ were observed at peak positions 418, 454, 468, 487, 539, and 643nm respectively. The electric dipole (ED) transitions responsible for the observed absorption peaks are the transitions from ground state 5I8→ 5G5, 5I8 → 5G6, 5I8 → 5F3, 5I8 → 5F2+3K8, 5I8 → 5S2+5F4, and 5I8 →5F5 respectively. Where the maximum intensity and highest oscillator strength were obtained for the transitions 5I8 → 5G6 in comparison to other observed transitions. The absorption spectra were studied with the help of the J-O theory. The values of the reduced matrix elements U(2), U(4), and U(6) were taken from Carnall [Carnall et al., (1968)] for Ho3+aqueous ion for the calculation. The values of calculated and experimental values of the oscillator strength for the observed transitions were discussed in (3.5.4); Eq.(3.41) and (3.39) in Chapter- 3.  
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400 450 500 550 600 650 700 7500.000.050.100.150.200.250.30 5F55S2+5F45F35F2+3K85G65G5Absorbance (a.u) wavelength (nm)  Fig.5.3:  Absorption spectrum of 1mol% Ho3+ and 2mol% Al co-doped in sol-gel silica glass The experimental and calculated values of the oscillator strengths, the three J-O intensity parameters, and the SQF of the manufactured samples are demonstrated in Table 5.5. Table 5.5: Oscillator strengths cum J-O intensity parameters for Ho3+ 1mol% and 2mol% Al co-doped samples. Transitions 5I8→ Energy (in cm-1) fexp (×10-6) fcal (×10-6) Ωλ (×10-20 cm2) Spectroscopic Quality Ω4/Ω6 5G5 23920 1.34 1.62  Ω2=2.05   Ω4=1.55   Ω6=1.68     0.92  5G6 21960 8.30 8.29 5F2+3K8 21360 0.59 1.23 5F3 20550 0.75 0.99 5F4+5S2 18540 3.1 2.96 5F5 15550 2.56 2.08  The J-O intensity parameters are estimated from absorption spectra; along with the trends Ω2 > Ω6 > Ω4 in our present studies for Ho3+ions as in Table-5.5. The large value of Ω2 shows the existence of covalent bonding among the Ho3+ ions and glass host 
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as this parameter is very sensitive to the structure and associated with the symmetry and covalency of Ho3+ ions. On the other hand, Ω4 and Ω6 values demonstrate the viscosity and dielectric of the media and are also affected by the vibronic transition of the Ho3+ ions bond to the ligand atoms. The three J-O intensity parameters along with the spectroscopic quality factor (SQF = Ω�Ω�) = 0.92 for Ho3+ ions decides the stimulated emission for the laser active medium. 5.7 Fluorescence spectra of Ho3+ doped sample: The fluorescence spectra of Ho3+ doped samples are presented in Fig.5.4. The Fluorescence spectrum was observed in the visible region utilizing 450nm excitation which excites the Ho3+ ions to the 5G6 state. Fluorescence peaks were recorded from the radiative relaxations which initiate from the 5F3 and 5S2 states to the lower energy states centered at 490, 550, 662, and 756 nm; e.g. 5F3 → 5I8, 5S2 → 5I8, 5F5 → 5I8, and 5S2 → 5I7 as shown in Fig.5.5. Fluorescence of significant intensity was not monitored in the sample's pre-annealing which is owing to hydroxyls quenching initiated by the remaining hydroxyls from the initiating materials for the preparation. Annealing revealed its significance in luminescence improvement which is accredited to the removal of residual hydroxyls. 
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400 500 600 700 800 900 100001000020000300004000050000

Wavelength (nm)1mol% Ho 2mol% Al1mol% Ho 0mol% AlIntensity (a.u) 1mol% Ho 4mol% Al  Fig.5.4: Fluorescence spectra of Ho3+ ions co-doped in sol-gel silica glass along with different Al3+ concentrations. 
 Fig.5.5:  Fluorescence mechanism in the visible range for Ho3+ ions. 
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Using Eq.(3.48), Eq.(3.53), and Eq.(3.56) from Chapter-3 in (3.5.4) we can estimate the value of spontaneous ED transition probability, radiative lifetime, and branching ratio for different transitions as shown in Table-5.6 Table-5.6 Radiative parameters of 1mol% Holmium doped with 2mol%Al sample. Transition 5S2 → Aed (Sec-1) β % τ (μsec) 5I8 5481.19 53.92    98.38 5I7 3695.94 36.36 5I6 637.8 6.27 5I5 176.33 1.73 5I4 172.32 1.69 5F5 1.26 0.01  The cross-section of stimulated emission (σemi) can be estimated by utilizing the fluorescence spectrum and the calculated fluorescence probability using Eq.(3.59) from Chapter-3 in (3.5.4)  as shown in Table-5.7  Table-5.7: The stimulated emission cross-section (σemi) values of Ho3+ for 5S2→5I8 transition with Al concentration. Al3+ concentration (mol %) λp (nm) Δλeff (nm) σemi ( × 10-22 cm2) 2 550 61.39 5.08 From Table-5.7 it is observed that the higher σemi value of the ratio of Ho/Al shows narrower effective line width.   
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Studies of Pr3+co-doped with Al   5.8 Absorption spectra of Pr3+ doped sample The absorption spectra of the manufactured Pr3+ doped sol-gel silica glass annealed to 1000 °C are presented in Fig. 5.6. Absorption peaks were monitored at 447 nm, 474 nm, 485 nm, and 592 nm consequent to the transitions from the state 3H4 (GS) to the states 3P2, 3P1, 3P0, and 1D2 (ES) respectively. These absorptions are in the yellow-orange and violet-blue regions without prominent green absorptions initiating the samples to emerge pale green. The strong absorption of 3H4 → 3P2 peaking at 447 nm implies that efficient photo-excitation is possible by a 450 nm source. The 3P2 peak was monitored at 444 nm in the case of the pre-annealed sample in the wet gel stage. The positions of the other peaks were also found to be in the shorter wavelength side pre-annealing. This redshift in the absorption peaks with annealing was also observed in the case of Nd3+ doped glass [Rai and Fanai, (2016)] and is attributed to the nephelauxetic effect as the Pr3+ ions are getting incorporated into the covalent glass network [Jorgensen, (1962)]. 
400 500 600 700 8000.000.020.040.060.08 3P2 1D23P2 3P03P13P2Absorbance(a.u) Wavelength (nm)

3P2  Fig.5.6 Absorption spectrum of Pr3+ doped in sol-gel silica glass 
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In Chapter-3 using the relations (3.39) and (3.41), JO intensity parameters were estimated and presented along with the calculated and experimental oscillator strengths in Table 5.8. Table 5.8: The oscillator strengths cum J-O intensity parameters of Pr3+ ion  Transitions 3H4 →  Energy  (in cm−1 )  fexp  (×10−6 )  fcal  (×10−6 )  Ωλ  (×10−20 cm2 )  Ω4/Ω6  1D2  16,900  1.26  1.26   Ω2 = 5.40   Ω4 = 3.88   Ω6 = 7.41      0.52   3P0  20,620  1.70  2.16  3P1  21,100  2.65  2.18  3P2  22,370  4.01  4.0  The J-O intensity parameters also provide insight into the binding and local structure in the vicinity of RE ions. The parameters Ω2, Ω4, and Ω6 along with their significance already been discussed in previous sections. The SQF is also determined to study the optical properties of prepared samples. A comparison of the J-O parameters with other glass systems is given in Table 5.9      
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Table 5.9 A comparative analysis of J-O parameters in different glasses Ωλ (pm2) Present work SiO2-CdS[Bokatial and Rai.,(2010] Borate [Sharma et al.,(2003)] Phosphate [Sharma et al.,(2003)] CP [Sharma et al.,(2003)] BP [Sharma et al.,(2003)] CLBP [Sharma et al.,(2003)] ALBP [Sharma et al.,(2003)] Ω2 5.40 10.38 0.50 1.43 2.32 1.05 5.32 0.88 Ω4 3.88 7.4 4.98 4.22 3.05 3.49 2.92 5.24 Ω6 7.41 0.95 5.00 4.87 5.86 6.30 5.39 6.59 Ω4/ Ω6 0.52 7.79 0.99 0.87 0.52 0.55 0.54 0.79  5.9 Fluorescence spectra of Pr3+ doped sample The fluorescence spectra of the manufactured sample at different stages of annealing are presented in Fig.5.7. The excitation source used as 450 nm for  Pr3+ions to the 3P2 state because of the extremely narrow energy gap below and thus the excited ions rapidly relax non-radiatively to the lower energy states. Multiple fluorescence peaks primarily because of radiative transitions from 3P0 and 1D2 states are monitored in the visible and NIR region. The intense peaks centered at 495 nm, 615 nm, and 650 nm are owing to 3P0 → 3H4, 1D2 → 3H4, and 3P0 → 3F2 transitions respectively. Relatively weak 3P1 → 3H5 change around 540 nm is too monitored as the 3P1 level lies near the 3P0 metastable state and can be thermally populated at room temperature. The fluorescence is roughly unobservable up to 300 °C but then noticeably amplifies with annealing. The spectra presented in Fig.5.7 are of Al3+ co-doped sample with Al3+/Pr3+ ratio around 4. Sample without Al3+also presents an identical increase in fluorescence intensity with annealing. Fluorescence spectra of samples annealed to 1000 °C doped with 0.5 mol% Pr3+ with varying concentrations of Al3+ are presented in Fig.5.7. In the case of a Pr3+only doped sample, the fluorescence intensity is comparatively weak. An important 
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development is monitored when co-doped with Al3+and intensity amplifies with increasing Al/Pr ratio. The high levels of Al3+ doping adversely affect the structural integrity and cause cracking in the samples, hence only a concentration of up to 2 mol% was utilized for this work. An appealing observation about Al3+ co-doping is that in addition to the overall rise in fluorescence intensity, there is also a modification in the intensity ratio of the peaks. In presence of Al3+, the 1D2/3P0 intensity ratio increases, and the 1D2 → 3H4 fluorescence at 615 nm turn out to be the dominant emission inducing bright orange-red luminescence simply evident to the naked eye.  
500 600 700 800 900 100001x1042x1043x1044x104Intensity (a.u) Wavelength (nm) 0.5mol% Pr 0mol% Al 0.5mol% Pr 2mol% Al  Fig.5.7 Fluorescence spectra of Pr3+doped in sol-gel silica glass co-doping with varying Al3+ concentrations  The Pr3+ ions alone doped sample produces very feeble fluorescence (Fig. 5.7) which can be primarily accredited to cross-relaxation which quenches both the 3P0 and 1D2 emitting states. Also, because of the larger energy gap and lower multiphonon 
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relaxation, the 1D2 fluorescence is probably to be dominant. Since it is not observed; instead it is believed to be owed to the multiple channels and the higher strengths of transitions that participated in the cross-relaxation affecting the 1D2 state. It also influences the intensity ratio of the 3P0 and 1D2 emissions. 5.10 Conclusion In this chapter Er3+, Ho3+, and Pr3+doped in sol-gel silica glass with different concentrations co-doped with Al were manufactured and the optical properties were studied and discussed. The optical absorption of the manufactured sample is utilized to contemplate the spectroscopic properties and to get Judd-Ofelt intensity parameters which give insight into the spectroscopic properties of the manufactured glasses. The J-O intensity parameters for these samples are in the order of patterns Ω2> Ω4> Ω6 for Er3+ doped sample, Ω2 > Ω6 > Ω4 for Ho3+ doped sample and Ω6 > Ω2 > Ω4 for Pr3+doped sample. The J-O parameters were also employed to calculate various radiative parameters that can help in determining the appropriateness of the glasses for photonic applications.   The fluorescence spectra of various Al concentrations are also discussed and it is seen that the ideal concentration of Al enhances the fluorescence. This enhancement is especially prominent for the transitions that are more prone to cross-relaxation and concentration quenching. The outcomes of this work are soundproof that Al co-doping limits energy transfer among RE3+ ions. Moderate tempering to 1000 °C is likewise recommended for RE doped sol-gel silica glass as it decreases hydroxyl quenching and hinders auxiliary re-absorption of environmental dampness by densifying cum shutting the pores.    
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CHAPTER- 6       SPECTROSCOPIC STUDIES OF RhB DYE IN SILICA MATRIX          This chapter deals with the details of Spectroscopic Studies of RhB dye in the silica matrix and the Spectral overlap between the fluorescence spectrum of CdS and absorption spectrum of RhB dye and the FRET system  
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Chapter - 6 ---------------------------------------------------------------------- Spectroscopic Studies of RhB dye in silica matrix ------------------------------------------------------------------------------------------  6.1 Introduction Organic laser dyes in a variety of hosts (liquid or solid) constitute attractive compounds to use in tunable laser implementation due to their large fluorescence bandwidth [Suratwala et al., (1998)]. The photophysical properties of laser dyes offer fundamental data to be used in distinct applications. Liquid dye lasers needed for pumping a dye solution are basically used as a gain medium of dye lasers, due to their inherent defects together with big and complex dye circulatory systems and from time to time poisonous and flammable solvents [Fan et al., (2008)]. The use of the solid matrices carrying on laser dyes is an appealing opportunity for ordinary liquid dye solutions. The first solid-state dye lasers had been mentioned in the past due Nineteen Sixties (1960) by Soffer and Mcfarland [Soffer and Mcfarland, (1967)] and Peterson and Snavely [Peterson and Snavely, (1968)]. The stimulated emission can be exhibited from polymer matrices that are doped with organic dyes. Although, research work has been done on solid-state dye lasers has not been carried out for over a decade because of the poor laser efficiency and the rapid photodegradation of the dye. In recent years, crucial advances have been made in the development of experimental solid-state tunable dye lasers [Duarte and Costela, (2004); Costela et al., (2001)]. Solid-state laser dyes have various advantages over ordinary liquid dye lasers [Singh et al., (2003)]. In addition to being easy to use, these lasers have a commercial advantage due to their low production costs and operational reliability. Some other technical advantages are lack of toxicity, 
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manageability and versatility, compactness, lack of flammability, etc. Solvent evaporation and the flow function are noticeably reduced in the case of solid-state dye lasers. Solid-state dye lasers keep away from the issue of toxicity, flammability is minimized, simple to operate, and it bears high photostability properties. Because the solid-state dye lasers may overcome the drawbacks of liquid dye lasers while maintaining the benefits of a wide tuning range and excellent laser dye efficiency [Fan et al., (2008)]. Many of these issues could be solved by incorporating laser dyes mostly within the host. In recent years many attempts have been made to incorporate dye molecules through silica glasses [Esperance and Chronister, (1992); Suratwala et al., (1998)], with the goal of developing solid-state dye lasers that could eventually replace liquid dye lasers. Silica is prepared because of its outstanding mechanical, thermal, as well as optical qualities. In a silica host, pure Rhodamine-B dye can be immobilized. The gain media has a lack of photostability has so far been a major limiting factor in the effective usage of solid-state lasers [Yariv et al., (2001)]. The extinction coefficient of a laser dye determines its lasing action, and the fluorescence quantum yields of a laser dye are advantageous for good lasing action. The nanoparticle can also be embedded into a solid host to improve the optical property of the dye. Förster resonance energy transfer (FRET) [Clapp et al., (2006); Namboodiri et. al. (2021)] is the energy transfer process occurring through the dipole-dipole interactions among an excited donor (D) molecule as well as an acceptor (A) molecule. CdS is a donor part that has the bandgap energy 2.41eV [Ozsan et al., (1996)], combined with RhB as an acceptor. Förster energy transfer has a great interest in science and has a potential implementation in the area of luminescence labeling, multiplexing, imaging, medical diagnostics, bio-sensors, etc. [Dayal and Burda, (2007); Peng et al., (2007); Zhou et al., (2005)]. In this chapter, we study the optical properties of RhB dye in liquid and dye-doped in silica host and their characterization and nanoparticles of CdS prepared by using sol-gel method, doped with a concentration range of RhB is 10-6to 10-3 mol.L-1. The investigations provide information about the interaction between CdS nanoparticles and RhB dye. 
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6.2 Molecular Structure of RhB dye molecule The molecular formula of RhB is C24H31ClN2O3. RhB consists of green crystal or reddish-violet powder, its molecular weight is 479.02g/mol. The structure of the RhB dye molecule is shown below,    Fig.6.1 Molecular structure of RhB dye molecule.   6.3 Energy state of a dye molecule The operating medium of a dye laser consists of an organic dye that has been dissolved in a solvent. Fig.6.2 depicts the energy level diagram of a typical organic dye molecule. The resulting laser emission is broadband extending over a wavelength of several angstroms. 6.4 LIQUID STATE DYE LASER P. Sorokin and F.P Schafer individually invented dye lasers in 1966. The active medium in these laser systems is organic dye molecules dissolved in liquids which emit strong broadband fluorescence following optical absorption of visible or UV radiation. The laser fluorescence is pulsed or continuous depending upon the optical pumping source. By using different dyes the overall range of laser fluorescence may be extended from 300 nm to 1.2 μm. When the techniques of frequency doubling or frequency 
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mixing are used, the tunable range of dye laser emission may be extended from 100 nm in the VuV to 4μm in the IR. 
 Fig.6.2 Energy levels and dynamical process in a dye molecule The free dye molecule in the vapour phase at low pressures is characterized by a very complex energy level as depicted in Fig.6.2. In the ground electronic configuration, each of the molecular orbitals contains a pair of electrons with their spins antiparallel resulting in a singlet electronic state designated by S0. When one of the electrons from the outermost molecular orbital is excited to a higher empty orbital, two electronic states are formed, the singlet (S) is corresponding to antiparallel spin, and the triplet (T) corresponding to the parallel spin of the two outermost electrons. Out of the triplet and singlet states originating from the same electronic configuration, the former has lower excitation energy. The electronic states are identified by subscripts 1, 2, 3,……in the order of increasing excitation energies. Each electronic state has vibrational and rotational levels of which the latter are more closely spaced than the former. In the 
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solution phase, the rotational-vibrational levels form a quasi-continuum due to Doppler broadening and the interactions with the molecules of the solvent. The vibrational bands are still identified in terms of transitions between a pair of vibrational levels belonging to two different electronic states. When dye molecules in a liquid solution come into contact with each other, subject to visible or UV radiation, significantly higher vibrational levels of the first (S1), second (S2), and third (S3) electronic states are reached by optical absorption from the ground electronic state's lowest vibrational level (S0). A molecule in an excited vibronic level has two different channels of losing its internal energy. The non-radiative decay channel is very fast with a decay time of 10-12 seconds. The mode of molecular relaxation to lower vibrational levels of singlet states is termed as internal conversion and that to lower vibrational levels of triplet states is termed an intersystem crossing. Vibronically excited molecules thus accumulating very quickly into the lowest vibrational levels of S1 can decay radiatively (fluorescence) to S0 with a lifetime of 10-9 seconds and those accumulating into the lowest vibrational state of T1 can radiatively decay (phosphorescence) to S0 with a lifetime varying between a few microseconds to a few seconds depending on the molecule and the environment. The fluorescence transitions give rise to tunable laser emission.  In thermal equilibrium, the populations of higher vibrational and rotational levels of S0 are very small because of the Boltzmann factor. Thus, the condition of population inversion among the lowest vibrational levels of S1 and higher vibrational levels of S0 is easily satisfied if the intensity of the pumping radiation is sufficiently high. The resulting laser fluorescence is broadband extending over a wavelength of several angstroms. To obtain narrow-linewidth tunable laser fluorescence, the dye laser's optical cavity is modified by replacing the reflecting mirror of conventional cavities with a reflection grating.   



130  

6.5 Intermolecular energy transfer in dye solutions: Fig. 6.2 depicts the energy level diagram of a typical organic dye molecule. The ground state is usually a singlet (S0) and the successive excited singlet states are labeled as S1, S2, S3………Sn and the triplet states are designated as T1, T2, ……..Tn. The vibrational and rotational levels associated with these electronic levels are also shown in Fig.6.2. The spacing between the successive rotational levels is very small being of the order of a fraction of a wavenumber but in solutions, the broadening of rotational levels due to intermolecular interactions and levels rise to a quasi-continuum. The transitions between singlet states are spin allowed and give rise to strong absorption and fluorescence bands. These are characteristically broad as each such transition involves the continuum of rotational transitions. The absorption of light excites ground state molecules into the singlet manifold S1, S2, S3, ……Sn which non-radiatively relaxes mostly to the excited state S1.  In general, two types of mechanisms are postulated for the non-radiative energy transfer phenomena viz. the long-range transfer and the collisional transfer.  (i) Long-range Transfer  Long-range transfer refers to a radiationless transfer of energy from the donor to the acceptor via Coulombic (dipole-dipole) interaction over a large distance in comparison to molecular diameters. The probability of energy transfer by this mechanism is significant only when the absorption spectrum of the acceptor strongly overlaps with the emission spectrum of the donor and this process is independent of solvent viscosity.  (ii) Collisional Transfer  Energy transfer by collisions requires a close relationship between the donor and the acceptor. If each collision of energized donor and acceptor molecules results in an energy transfer, the rate of this process is diffusion-controlled and is inversely proportional to the solvent viscosity. The approximate bimolecular rate constant for 
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diffusion-controlled reaction can be obtained by the simplified Debye expression given by, K (diffusion-controlled) = 0(�?888� (Lit mole-1sec-1)                           (6.1)                          Here, η is the viscosity of the medium. All energy transfer mechanisms result in the donor's fluorescence being quenched while the acceptor's quantum yield is increased. 6.6 Theory of fluorescence resonance energy transfer (FRET): Fluorescence resonance energy transfer (FRET) is a non-radiative process by exciting the donor molecule with excitation energy to the acceptor of the ground state with dipole-dipole coupling. FRET mechanism occurs due to (i) donor and acceptor must be close (1-10 nm) [Ray et al., (2006); Reis et al., (2018)]. (ii) Spectral overlap occurs within the donor fluorescence spectrum and the acceptor absorption spectrum [Shivkumar et al., (2013)], and (iii) long lifetime maintained by the donor than that of the acceptor [Genger et al., (2008)]. The energy transfer efficiency (E) can be calculated as [Lakowicz, (2006); Kuriakose et al., (2020)]. E = 1−  úú�                   (6.2) Where �8 being the donor's fluorescence intensity in the absence of an acceptor, and  � being the donor's fluorescence intensity in the presence of an acceptor. Förster Formulation- Coulombic Interaction: The rate of transfer for a donor as well as acceptor separated through a distance r is provided by Förster as, 
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v� (r) = �ÓG�
�Ó�� )9888K��*8N*'0&ô|�� . ® FÊ 48 (λ)ԐáKλNØIdλ        (6.3) where QD is indeed the donor's quantum yield in the absence of an acceptor [Brouwer, (2011)], N is Avogadro’s number, n  is the refractive index of the medium among donor as well as acceptor, ¹Ê is indeed the lifetime of the donor in the absence of the acceptor; FD(λ) is the donor's adjusted fluorescence intensity in the wavelength range λ to λ + Δλ, with the total intensity normalized to unity; 

Ԑá(λ) is the extinction coefficient of the acceptor at λ, which is typically in units of M—1 cm—1; v' is the well-known orientation factor of two dipoles interacting, and it's commonly considered to be 2/3 for dynamic random averaging of the donor as well as acceptor.   The degrees of spectral overlap among the fluorescence of the donor as well as the absorption of the acceptor is represented by overlap integral J (λ).  J(λ) = ® DÓ �

�
KüNԐ�KüN:�
ü ® DÓ �

�
KüN
ü                   (6.4) Where, FÊ (λ) is the dimensionless quantity. If ԐáKλN can be expressed by using the units of  M—1 cm—1 and λ are in nanometer, then J(λ) can be expressed as the units of M—1 cm—1 nm—4. Eq.(6.3) can be expressed as,   v� (r) = *
�Ó )(�� .J        (6.5) Where U8 is defined as U8J=  )9888K��*8NG��Ó*'0&ô|�� . ® FÊ 48 (λ)ԐáKλNØIdλ    The above equation was reduced to  U8 = 9.78 × 10?fv'L�I�Ê JKλNh*/J (in Å)                (6.6) Here, U8 is the Förster distance, it is the distance between the transfer rate v� (r) and the donor's decay rate K¹Ê�*) in absence of an acceptor. That is the separation of distance at which energy transfer efficiency is 50%.  The fraction of photons absorbed by the donor that is transferred to the acceptor 
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is the efficiency of energy transfer (E). This fraction is calculated as follows: E = G�
�Ó��pG�                   (6.7) This is the ratio of the donor's transfer rate over their total decay rate. Considering the fact that, v²�  =¹Ê�* )(�� .J, we can rearrange Eq. (6.7) to yield [Lakowicz, (2006) and Seth et al., (2005)]. E = (��(��p��                    (6.8) 6.7 EXPERIMENTAL RhB dye doped in silica glass was prepared by using the sol-gel processes. Tetraethyl Orthosilicate (TEOS) is used as the main precursor in presence of distilled water to form a SiO2 network. For the preparation of the sample, the proportion of TEOS, H2O, C2H5OH, and HNO3 is 9.9: 54.41: 34.65: 0.97 respectively is maintained and stirred for one hour. RhB dye solution is prepared by mixing 50ml/20ml/10ml ethanol with RhB concentration 1.0×10-6mol.L-1, 1.5×10-6mol.L-1, 2.0×10-6mol.L-1, 2.5×10-6mol.L-1 and TEOS for solid sample. Using the same procedure of RhB concentration 5.0×10-6mol.L-1, 1.0×10-5mol.L-1, 1.0×10-4mol.L-1, 1.0×10-3mol.L-1used for solid and liquid sample. For the preparation of CdS sample cadmium acetate 5.3304gm, tri-ethanolamine (TEA) 4drops, NH4OH solution 4ml, thiourea 1.5224gm, distilled water 20ml. All the chemicals were mixed and prepared into a colloidal solution. Using this colloidal solution mixed with TEOS, water, and ethanol solution mixed and stirred for one hour, during the stirring position, heat is produced by a magnetic stirrer, and three drops of HNO3 are mixed with the solution to form the yellow color of CdS solution with 0.35mol/L. Now CdS with silica glass solution mixed with different concentrations of dye solution, combining all stirred with a magnetic stirrer for four hours to develop a sol. After that, the sol is placed directly at room temperature for several days to form a rigid 
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gel in a plastic sealed container. Some pinholes are made for evaporation and left for three weeks to form a solid glass sample. These samples are used for optical studies. An iHR320 imaging (HORIBA) was used to record the absorption spectra in the UV-visible range. The developed sample's fluorescence spectrum was recorded using an iHR320 imaging spectrometer and Horiba Scientific's Syner JYTM software, which provides fully integrated data capture and data analysis for spectroscopic systems. The excitation source was a 370 nm LED. All the spectra were recorded at room temperature. Fluorescence spectra and lifetime measurements of some dye samples are measured from CSIR-NEIST, Jorhat, Assam with the equipment name Fluorescence Spectrophotometer, HORIBA, USA, Model: Fluorolog®-3. All-optical measurements were recorded at room temperature. The excitation wavelengths were set at 370 and 450 nm of diode lasers. 6.8 RESULTS AND DISCUSSION Absorption and Fluorescence spectra of RhB dye entrapped in with Silica glass: 6.8.1 Absorption spectra of RhB and RhB doped in silica glass at different concentrations: The absorption spectra of the RhB doped with ethanol at three different concentrations and RhB doped in silica glass are shown in Fig.6.3a, b. From this Fig.6.3a, we find that the typical absorption band of RhB appears at (a) 545nm (b) 550nm (c) 575nm. Have a band tunability of wavelength from 450 to 625nm. The absorption intensity is enhanced as the concentration of RhB in ethanol solution rises. The FWHM is increased with increasing the concentration of RhB, so a redshift occurred for Fig.6.3a. In Fig.6.3b the absorption spectra of RhB in silica host at three different concentrations appear at (a) 526nm (b) 553nm (c) 566nm. So redshift occurs because wavelength increases with concentrations. Here band tunability of wavelength is 
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450nm to 625nm. The absorption intensity increases with increasing concentration of RhB solution from 5×10-6mol.L-1 to 1×10-4mol.L-1 in silica glasses. From Table-6.1 the FWHM of RhB doped in silica glass varies with concentrations, at lower concentrations 5×10-6 mol.L-1the FWHM is 88.21nm, it increases to 101.36nm at 1×10-5mol.L-1, but it decreased at the highest concentration 1×10-4mol.L-1 to 91.97nm.  
450 500 550 6000.00.10.20.30.40.50.60.7Absorbance Wavelength (nm)(a) (b) (c)    Fig.6.3a Absorption spectra of RhB in ethanol with different concentrations at (a) 5×10-6 mol.L-1RhB (b) 1×10-5 mol.L-1RhB (c) 1×10-4 mol.L-1RhB. 



136  
450 500 550 6000.00.10.20.3 (a) (b)(c)Absorbance Wavelength(nm)             

Fig.6.3b Absorption spectra of RhB doped in Silica glass with different concentrations at (a) 5×10-6mol.L-1RhB, (b) 1×10-5mol.L-1 RhB (c) 1×10-4mol.L-1 RhB. 
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Table-6.1: Absorption wavelength, intensity, and FWHM of RhB in liquid and doped in silica glass concentrations.           6.8.2 Fluorescence spectra of RhB at different concentrations and RhB doped in silica glass:  The fluorescence spectra of RhB and RhB doped in silica glass with different concentrations are depicted in Fig.6.4a, b. The observed fluorescence spectra of Dye in the liquid and glass phases are depicted in Table-6.2. It has been observed that the fluorescence spectra of RhB dye in the liquid phase have band tunability at various concentrations of the wavelength range from 520 to 750 nm. The band tunability of Dye in silica host varies from 450-800nm. Furthermore, it was observed that the solid phase has a wider band than the liquid phase. The fluorescence wavelength of dye in silica glass is slightly blue-shifted as the concentration of dye increases. 
Concentration (M/L)  (5×10-6 )  (1×10-5 )  (1×10-4) RhB in liquid and glass  liquid silica glass  liquid  silica glass  liquid silica glass  Wavelength (nm) 545 526 550 553 575 566 Intensity (a.u) 0.397  0.042  0.569 0.183 0.647 0.247 FWHM (nm) 41.29 88.21 54.43 101.36 91.97 91.97 
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The fluorescence peak appears in Fig.6.4a at (a) 571nm with intensity 18551 (a.u), (b) 590nm with intensity 25756 (a.u) (c) 575nm with intensity 39545 (a.u), and (d) 611nm with intensity 33486 (a.u). So the intensity of fluorescence spectra of RhB increases with the concentration from 5×10-6 mol.L-1to 1×10-4 mol.L-1and intensity becomes maximum at 1×10-4 mol.L-1 and decreases at the maximum concentration at 1×10-3 mol.L-1 of RhB to 33486 (a.u) as shown in Table-6.2. Similarly, in Fig.6.4b the fluorescence peak appears at (a) 571nm with intensity 6701 (a.u) (b) 604nm with intensity 14674 (a.u) (c) 593nm with intensity 34692 (a.u) and (d) 586nm with intensity 20450 (a.u). Hence intensity become maximum at concentration 1×10-4 mol.L-1and for further increase the concentrations, intensity becomes minimum at 1×10-3mol.L-1.  Table-6.2: Fluorescence wavelength, intensity, and FWHM of RhB and RhB doped in silica glass at different concentrations.     Concentration (M/L)  (5×10-6 )  (1×10-5 )  (1×10-4)  (1×10-3 ) RhB in 2 different host Liquid  silica glass  Liquid  silica glass  liquid  silica glass  Liquid  in silica glass Wavelength (nm) 571 571 590 604 575 593 611 586 Intensity (a.u) 18551 6701 25756 14674 39545 34692 33486 20450 FWHM (nm) 33.78 118.25 48.807 78.84 33.785 73.2 52.56 45.045 
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550 600 650 700 7501x1042x1043x1044x104Intensity (a.u) Wavelength (nm)(a) (b)(c) (d)     
500 600 700 8001x1042x1043x1044x104Intensity (a.u) Wavelength (nm)(d)(a)(b)(c)   

Fig.6.4a: Fluorescence spectra of RhB at concentration of (a) 5×10-6 mol.L-1 RhB (b) 1×10-5 mol.L-1 RhB  (c) 1×10-4 mol.L-1 RhB (d) 1×10-3 mol.L-1 RhB 
Fig.6.4b: Fluorescence spectra of RhB doped in silica glass at (a) 5×10-6 mol.L-1 RhB (b) 1×10-5 mol.L-1 RhB (c) 1×10-4 mol.L-1 RhB and (d) 1×10-3 mol.L-1 RhB 
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6.9 Absorption and fluorescence spectra of Rh-B dye in different concentrations with a fixed concentration of CdS: The absorption and fluorescence spectra of 1.5×10-6mol/L RhB, 2.0×10-6mol/L RhB, 2.5×10-6mol/L RhB doped in a fixed concentration of 0.35mol/L CdS, and silica glass is shown in Fig.6.5a,b. The absorption band having a longer wavelength was found at 565nm and a smaller band was found at 526nm as shown in Fig.6.5a. Likewise, Fig.6.5b shows the fluorescence spectra of RhB dye-doped glasses. The emission transitions begin at the first excited state's vibrationally lowest-lying level of first excited state S and end at vibrational ground electronic state. Molecular absorption coefficients (or extinction coefficients) “Ԑ = α/c.t” where α is the area of absorption peak and t is the thickness of glass sample, and the unit is (cm-1M-1L) were used to determine from the absorption spectra. The absorption cross-sections “σa” and emission cross-section “σe” (cm2) [Al –Shamiri and Abou Kana, (2010); Al-Shamiri et al., (2011)] is given as, �� = 0.385 × 10�'8Ԑ                            (6.9)    Fig.6.5a Absorption spectra of Rh-B dye at different concentrations with fixed concentration of CdS. 450 525 600 6750.000.050.100.150.200.25Absorbance Wavelength (nm)
 (1) 1.5* 10-6 mol/L RhB + 0.35 mol/L CdS +silica glass (2) 2.0* 10-6 mol/L RhB + 0.35 mol/L CdS +silica glass (3) 2.5* 10-6 mol/L RhB + 0.35 mol/L CdS +silica glass(1) (2)(3)
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450 525 600 675 7500.04.0x1058.0x1051.2x1061.6x106Intensity Wavelength (nm)

 (1) 1.5*10- 6mol/L RhB+0.35mol/L CdS+silica glass (2) 2.0*10- 6mol/L RhB+0.35mol/L CdS+silica glass (3) 2.5*10- 6mol/L RhB+0.35mol/L CdS+silica glass(2)(3)(1)      �� = �: �²K:N0&@���� ® ²K:N�K:N                (6.10) Where Ø� being the maximum wavelength of emission spectra, n being the solvent's refractive index, c is the speed of light, ¹P is the lifetime of fluorescence, ® �KØN�KØN is the normalized fluorescence spectrum and “ η”  is the quantum yield of the dye. Quantum yield is defined as the ratio of the number of photons emitted to the number of photons absorbed. The quantum yield was calculated by comparing the absorption spectra as well as emission spectra to those of a known standard, “��” according to the following relation [Demes and Crosby, (1971)] 
�

�� = 6î�6�î                           (6.11) 
Fig.6.5b Fluorescence spectra of Rh-B dye at different concentrations with fixed concentration of CdS 
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Where S is the area enclosed by the emission curve as well as the wavelength axis, and h, is the absorption peak height. The results of the calculated spectral parameters are shown in Table-6.3. It may be seen in Table-6.3 that increasing the concentration of RhB the wavelength also increases to a redshift of the peak for absorption ranging from 526nm to 565nm and for fluorescence spectra the wavelength increases to redshift from 592nm to 593nm, then it goes to constant as 593nm, which depends on the molecular environment of the sample. In the solvent of the sample dipole-dipole interaction and hydrogen bonding may occur, which changes the spectroscopic properties of the sample. So by increasing the RhB concentrations the peak shifted towards a longer wavelength. The spectral parameters are changed due to the increasing concentration of RhB dye.  6.10 FRET of RhB dye doped in CdS and co-doped with Silica glass: The fluorescence spectra with varying concentration of RhB and fixed concentration CdS for different excitation wavelength 370nm and 450nm is shown in Fig.6.6a,b. It has been noted that fluorescence spectra of CdS gradually quenches with corresponding RhB dye fluorescence at 592 nm in Fig.6.6a and Table-6.4. When the donor (CdS) is excited, then the excitation energy is transferred to RhB dye (acceptor) through dipole-dipole interactions between them. The energy can transfer because of the fluorescence quenching of donor molecules by increasing the fluorescence intensity of the acceptor. The spectrum shows a good FRET pair between CdS and RhB dye. Similarly, Fig.6.6b shows for excitation wavelength 450nm, where fluorescence spectra change, when the donor (CdS) interacts with RhB dye (acceptor) and enhancement of RhB dye intensity with the corresponding quenching of CdS nanoparticle at 593nm is shown in Table-6.5. The spectra show a good FRET pair between donor and acceptor.   
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Table-6.3 Spectral parameters of RhB dye doped in CdS and silica host with different concentrations.   Concentration Maximum absorption wavelength, λa(max) nm Maximum fluorescence wavelength, λe(max) nm Molecular extinction coefficient, Ԑ (106) LM-1cm-1 Absorption cross section, σa(10-14) cm2 Fluorescence cross section, σe(10-22) cm2 Fluorescence quantum yield, η 1.5×10-6mol/L RhB doped in 0.35mol/L CdS and silica glass   526   592   23.37   8.99   0.102   0.287 2.0×10-6mol/L RhB doped in 0.35mol/L CdS and silica glass   553   593   18.03   6.94   0.137   0.36 2.5×10-6mol/L RhB doped in 0.35mol/L CdS and silica glass   565   593   87.63   33.73   0.136   0.35  
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400 450 500 550 600 650 70001x1052x1053x1054x105Intensity Wavelength (nm)

 1) 0.35mol/L CdS+0.0mol/L RhB 2) 0.35mol/L CdS+1.0 *10-6mol/L RhB 3) 0.35mol/L CdS+2.5*10-6mol/L RhB(1)(2)(3) (1)(2)(3)  Fig.6.6a Fluorescence spectra of different dye concentrations doped with CdS nanoparticles and silica glass with excitation wavelength 370nm. Table-6.4. Fluorescence wavelength and intensity of different dye concentrations doped with CdS nanoparticles and silica glass with an excitation wavelength of 370nm.  Concentration Emission Emission Wavelength, λe1 (nm) Intensity Wavelength,λe2 (nm) Intensity 1. 0.35mol/L CdS doped in silica glass  451  226100  -  - 2. 0.35mol/L CdS doped in 1×10-6mol/L RhB and silica glass  448  171549  590  134070 3. 0.35mol/L CdS doped in 2.5×10-6mol/L RhB and silica glass  442  133652  592  363304  
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500 550 600 650 700 7500.05.0x1051.0x1061.5x1062.0x106 (3)(2)(1)Intensity Wavelength(nm)

 1) 0.35mol/L CdS+0.0mol/L RhB 2) 0.35mol/L CdS+1.0*10-6mol/L RhB 3) 0.35mol/L CdS+2.5*10-6mol/L RhB  Fig.6.6b Fluorescence spectra of different dye concentrations doped with CdS nanoparticles and silica glass with excitation wavelength 450nm. Table-6.5 Fluorescence wavelength and intensity of different dye concentrations doped with CdS nanoparticles and silica glass with excitation wavelength 450nm.  Concentration Emission Wavelength, λe(nm) Intensity 1. 0.35mol/L CdS doped in silica glass 513 219494 2. 0.35mol/L CdS doped in 1.0×10-6mol/L RhB and silica glass  591  677496 3. 0.35mol/L CdS doped in 2.5×10-6mol/L RhB and silica glass  593  1149670  
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6.11 Spectral overlap between the fluorescence spectrum of CdS and absorption spectrum of RhB dye and FRET system: The energy transfer between CdS and RhB dye shows a good spectral overlap between the fluorescence spectrum of the donor (CdS) and the absorption spectrum of the acceptor (RhB) as illustrated in Fig.6.7. The fluorescence peak observed for CdS is 536 nm and the absorption peak of RhB is observed at 529 nm, which shows a better spectral overlap and makes a good FRET pair. We have used the excitation wavelength of 370 nm.  In our results, there is a spectral overlap between that of the donor's fluorescence as well as the acceptor's absorption, the non-radiative energy transfer from CdS to RhB dye occurs due to the fluorescence quenching of the donor. It is also noted that the quenching process occurs due to complex formation, collision process, and energy transfer processes [Szabelski et al., (2009); Anand et al., (2011)]. From the steady-state studies of fluorescence, the energy transfer efficiency calculated using Eq. (6.2) is 24.13% and 40.89% as shown in Fig.6.8 and Table-6.6. This implies that energy transfer from the CdS donor to the RhB dye acceptor is highly probable. 
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400 500 600 700 800 9000.000.010.020.030.04 400 500 600 700 800 900Absorbance Wavelength (nm)Wavelength (nm) 10001500200025003000 IntensityFluorescence of CdSAbsorption of RhB536 nm529 nm  Fig.6.7 Spectral overlap between the fluorescence spectrum of CdS (donor) and absorption spectrum of RhB dye (acceptor). 

0.9 1.2 1.5 1.8 2.1 2.4 2.7243036421-I/I 0 Concentration of RhB (*10-6mol/L)  Fig.6.8 Energy transfer efficiency Vs RhB Concentration  
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Table-6.6 Energy transfer efficiency between CdS and RhB dye   Acceptor Concentration   Donor Concentration  I0, is the Donor (CdS)fluorescence intensity in absence of acceptor(RhB)  I, is the donor(CdS) fluorescence intensity in presence of acceptor(RhB)  Energy transfer efficiency, E % E = 1− úú�  0.35mol/L CdS doped in 1.0×10-6mol/L RhB and silica glass  0.35mol/L CdS doped in silica glass  226100  171549  24.13 %  0.35mol/L CdS doped in 2.5×10-6mol/L RhB and silica glass  0.35mol/L CdS doped in silica glass  226100  133652  40.89 %  6.12 Time resolved Fluorescence study Lifetime measurements have a higher sensitivity than steady-state measurements. The interaction can find for both CdS and RhB dye with the help of lifetime measurements. The average lifetime can be estimated by [Govindaraju et al., (2017); Kristoffersen et al., (2014)]. I(t) = ∑ 3���i/���                   (6.12) Where I, is the fluorescence decay, 3� is the amplitude of the ith exponential component and ¹� is the lifetime. Fig.6.9 shows the decay curve of CdS and CdS-RhB FRET. The average lifetime of CdS is 2.167ns which is more than the lifetime of an 
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acceptor. Lifetime measurements and FRET efficiency can be measured by [Lakowicz, (2006)], E = 1 − �Ó�
�Ó                    (6.13) Where, ¹Ê is the fluorescence lifetime of the donor in absence of the acceptor and ¹Êá is the fluorescence lifetime of the donor in presence of the acceptor. The FRET energy transfer efficiency obtained using Eq. (6.13) is 8.26%.    Fig.6.9a Fluorescence decay of 1.0×10-6mol/L RhB doped with 0.35mol/L CdS nanoparticle in silica glass  
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Fig.6.9b Fluorescence decay of 1.5×10-6mol/L RhB doped with 0.35mol/L CdS nanoparticle in silica glass  
Fig.6.9c Fluorescence decay of 2.0×10-6mol/L RhB doped with 0.35mol/L CdS nanoparticle in silica glass  
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Fig.6.9d Fluorescence decay of 3.0×10-6mol/L RhB doped with 0.35mol/L CdS nanoparticle in silica glass  

Fig.6.9e Fluorescence decay of 0.35mol/L CdS nanoparticle in silica glass without dye content  
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50 55 60 65 70 75 8001000200030004000Counts Time (nSec)

 1) 1.0*10-6 mol/L RhB+0.35mol/L CdS+Silica glass 2) 1.5*10-6 mol/L RhB+0.35mol/L CdS+Silica glass 3) 2.0*10-6 mol/L RhB+0.35mol/L CdS+Silica glass 4) 3.0*10-6 mol/L RhB+0.35mol/L CdS+Silica glass 5) 0.0 mol/L RhB+0.35mol/L CdS+Silica glass(1) (2)(3)(4)(5)             
Fig.6.9f Fluorescence decays of CdS nanoparticles in silica glass with and without dye.  
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  Table-6.7 Estimated lifetime for time resolve fluorescence decay  Sample No  Concentration  Excitation wavelength(nm)  Emission wavelength(nm)  Estimated Lifetime (nSec) (1) 1.0×10-6 mol/L RhB doped with 0.35mol/L CdS and silica glass 455 590 1.988 (2) 1.5 ×10-6 mol/L RhB doped with 0.35mol/L CdS and silica glass 455 590 2.624 (3) 2.0 ×10-6 mol/L RhB doped with 0.35mol/L CdS and silica glass 455 590 2.068 (4) 3.0 ×10-6 mol/L RhB doped with 0.35mol/L CdS and silica glass 455 590 1.988 (5) 0.35mol/L CdS and silica glass 455 590 2.167  6.13 The New Solid Dye Carrier's Advantages Advantages of sol-gel glass as a carrier of organic dyes in comparisons with the fluid media, as well as other solid matrices [Avnir et al., (1984)]. 1. The dye has no translational freedom; the deactivation of intermolecular collision is avoided. The molecule has been entrapped within its cage. 2. The impurities of dye do not interfere and isolate by the destructive process. The dye contents should purify in the glass. 3. Photodecomposition products cannot be migrated and facilitated. 4. Unlike organic dyes and plastics, the molecule is isolated from the gaseous and liquid environments around it. 
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5. Plastic carriers, as well as Organic solvents, have low photostability as well as low thermal stability. Photochemically silica glass is inserted to tolerate heat for organic decomposition temperatures. 6. The glass that has been doped has a problem with porous support and films that move the dye at the surface. 7. In the dye, internal rotations are reduced by the solid cage. The excited state of laser dyes has non-radiative energy loss due to rotational relaxations. 8. For a high concentration of dye, contents may occur in unconventional isolation of dye molecules without changing the local environment of the chemical characteristic and the deactivation process. 9. In the UV-VIS region, silica glass has an absorption spectrum but for some plastics, the absorption spectra are seen as near-ultraviolet (UV).  10. The sol-gel transition stage may occur in desired geometry. 6.14 Conclusion: In this chapter, we have studied the spectroscopic properties of RhB dye in the silica matrix and the optical properties of CdS donor and RhB dye acceptor as FRET pair. We also studied molecular extinction coefficient, Ԑ, absorption cross-section, σa, fluorescence cross-section, σe, fluorescence quantum yield, η, fluorescence spectra, absorption spectra, spectral overlap, time resolve study, energy transfer efficiency, etc. We find redshift in RhB dye laser because wavelength increases with the increasing of RhB concentrations. The Energy transfer efficiency using donor (CdS) and acceptor (RhB) is 24.13% and 40.89%. The average lifetime of CdS is 2.167ns and FRET energy transfer efficiency is 8.26%.    
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CHAPTER-7       SUMMARY AND CONCLUSIONS          This chapter deals with the Summary and Conclusions including future prospects of the present thesis work done.    
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Chapter -7 ---------------------------------------------------------------------- Conclusions cum Summary  --------------------------------------------------------------------------------------------- Different optical properties of several rare-earth ions in glasses and crystals have been investigated for several decades. The following two series of samples have been manufactured by the sol-gel technique: 1. The synthesis of Tb, Ho, Sm, Pr, and Er, co-doped with CdS and Al2O3. 2. Organic laser dyes (Rhodamine B) in solid using silica glass by sol-gel method. The findings of our research work are concluded as follows. The sol-gel process is used for the study of the given chapters for structural and spectroscopic properties of the glasses for optoelectronic applications. Characterization of the various prepared samples has been executed using XRD, TEM, and FTIR studies. The results of the investigation have been discussed in the preceding chapters and the following conclusions are drawn from the findings.  7.1 Tb, Ho, Sm, Pr, and Er X-ray powder diffraction studies established the formation of a single-phase spinel structure in some of the samples. The investigation of the two sets of samples prepared by the sol-gel process reveals that these results follow the same patterns with some differences in their values. The lattice constant of the samples amplifies with the boost of CdS or Al content which is due to the replacement of smaller ionic radii Cd3+ and Al3+ ions by a CdS/Al ion of a larger ionic radius. The average grain size obtained from the TEM micrograph has been observed to increase with progressive substitution in 
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agreement with the compositional variation of crystallite dimension estimated from XRD data. The nanocrystalline size was also confirmed by TEM analysis.  The prepared glass sample possessed optical properties such as absorption, fluorescence, J-O intensity parameters, branching ratio, the lifetime of radiative transition, the cross-section of stimulated emission, etc.  7.2 Tb, Ho, Sm, Pr, and Er-doped with CdS or Al components. Among the various components of RE, ions were chosen to synthesize composites with various concentrations of CdS or Al contents mixed with SiO2 glass sample and to observe the desirable characteristics. XRD patterns for the composite samples show intense diffraction peaks of SiO2. The lattice constant did not show significant change with increased SiO2 addition. Densities were observed to increase with SiO2. The crystalline size of the composite has been found to decrease with an increasing level of SiO2 substitution. The grain size distribution of the samples became more uniform with refined microstructures with the addition of SiO2 contents. The microstructure showed solid samples with higher contents of SiO2. The microstructures of the composites were observed remarkably enhanced as compared to the individual glass system.  7.3 Organic dye laser (RhB) Rhodamine-B dye has fluorescent properties having a bigger molecular weight and double bonding system. In the sol-gel technique, the dye molecules are dissolved in an organic solvent and form a solid matrix. Nowadays solid-state dye laser is used for commercial purposes such as local area networks for communications, medicine, spectroscopy, atmospheric sensing, isotope separation, photodynamic therapy for cancer patients, etc. In recent times, using the host material for a solid-state dye laser, a longer lifetime determination and higher laser damage threshold for a gain medium are developed. Our prepared sample RhB was doped in silica glass and co-doped with CdS 



160  

developed by the sol-gel method. Absorption and fluorescence spectra are measured for the prepared glass sample using suitable band tunability, and also found the FWHM, fluorescence quantum yield, η, molecular extinction coefficient, Ԑ, absorption cross-section, σa, fluorescence cross-section, σe,  and optical properties of CdS donor and RhB dye acceptor as FRET pair,  spectral overlap, time resolve study, and energy transfer efficiency, etc. The Energy transfer efficiency using donor (0.35mol/L CdS doped in silica glass) and acceptor (0.35mol/L CdS doped in 1.0×10-6mol/L RhB and silica glass) is 24.13% and using donor (0.35mol/L CdS doped in silica glass) and acceptor (0.35mol/L CdS doped in 2.5×10-6mol/L RhB and silica glass) is 40.89%. The average lifetime of CdS is 2.167ns and FRET energy transfer efficiency is 8.26%. Future prospects Based on work carried out in the thesis at the results obtained, suggestions for further work are given as follows: RE-doped glasses have attracted considerable interest in the present-day research of photonics because of their tremendous applications namely nonlinear systems, optoelectronics devices wave-guiding applications, and infrared telecommunication systems. Significant improvement in the PL efficiencies has been observed by co-doping of nanoparticles in a silica matrix.         
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Abstract: Trivalent Erbium ions (Er
3+

) doped in silica glass was prepared by sol-gel technique which relies on 

the chemical reaction of liquid precursors to form the glass. Absorption spectrum was recorded in the visible 

region which shows several peaks resulting from the transition from ground state 
4
I15/2 to various excited states. 

The optical absorption has been investigated using Judd-Ofelt (J-O) theory. J-O parameters were obtained from 

the absorption spectrum. Large value of the parameter Ω2 shows that the bonding of the dopant to the host 

network is more covalent than ionic.  

 

Keywords: sol-gel; erbium; absorption; Judd-Ofelt  
   

   
 

 

 

1. Introduction:  

 

Rare earth (RE) ions embedded into glasses and crystals and nano particles via sol-gel process enables the 

design of photonic and Opto-electronic materials. Since the f- orbital is strongly shielded from the outside 

ligands, the position of the spectral lines vary only slightly with the environment, however their intensities are 

strongly dependent on the host where the RE ions is embedded. Currently there is a growing interest in the study 

of new photonic materials prepared by sol-gel technique.  Study of trivalent rare earth ions doped materials for 

their possible applications in optical amplifiers, display devices, communication fields and solid state lasers [1, 

2]. Glasses are well suitable hosts for the rare-earth ions as they provide a long composition range, good rare 

earth solubility and cost effective. Silica glass has many favorable properties as a host for rare earth (RE) ions as 

it has high transparency, good chemical and thermal stability, low thermal expansion and good mechanical 

strength [3,4-6]. In this sense, glass has proved to be useful as host materials for rare-earth ions, because of their 

high transparency composition and easy mass production. This is explained by the presence of a large 

concentration of radiation-induced color centers [7].The optical properties of RE ions with transitions between 

different 4f
n
 energy states [8]. Among the RE ions Er

3+
is the most favorable and extensively studied [9-11]. 

In this paper we investigate the Optical properties of Er
3+

 doped with sol-gel silica glass. The optical absorption 

has been investigated using the Judd-Ofelt theory. J-O parameters Ω2, Ω4, Ω6 were obtained from the absorption 

spectrum and used to study the optical properties of the prepared glass sample [12-14]. 

 

2. Experimental method: 

 

2.1. Glass sample preparation: 

 

The silica glass samples were prepared by the procedure similar to that described in our previous paper [15, 16]. 

The sol-gel silica glass containing in ratio of TEOS, H2O, C2H5OH and HNO3 is 1:5.5:3.5:0.1 and in this present 

work Erbium oxide is used as source of Er
3+

in place of Pr(NO3)3 .6H2O and HoCl3.6H2O. The samples were 

dried by slow heating to 90℃ then annealed in an electric muffle furnace up-to 1000℃ with heating rate 1℃ per 

1 minute to form dense glass samples with thickness 0.2cm, diameter 1.6cm, density 2.06 g/cm
3
 and refractive 

index 1.62.  

 

2.2. Experimental setup: 

 

Absorption spectra were recorded in the visible region at room temperature using iHR320 imaging spectrometer 

in the spectral range of 400-900nm, using Syner JY
TM

 software from Horiba Scientific fully integrated data 

acquisition.  
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3. Results and discussions: 

 

3.1. Absorption and Judd-Ofelt analysis: 

 

Absorption Spectra: 

 

The spectral intensities of f-f transitions of RE have been treated using phenomenological approach of Judd-

Ofelt theory [12, 13]. The electronic dipole line strength is expressed as a sum of product of experimentally 

derived intensity parameters and matrix elements of tensor operators connecting states of 4f
n
 configuration. 

Intensity parameters determined for a given ion host are used to calculate the probability of transitions between 

any 4f
n
 level of interest for laser action. This includes adsorption and fluorescence intensities, excited state 

absorption, radiative lifetime and branching ratios. Since the J-O parameters do not differ greatly for adjacent 

ions in the lanthanide series elements can be made using extrapolated values. In glasses, transition probabilities 

as well as energy levels vary from site to site.  

 

By Judd-Ofelt (J-O) theory, the analysis of the radiative transition in the 4f states of Er
3+

 is performed. 

According to J-O Theory, the calculated oscillator strength (fcal) of the electric dipole transition between two 

states | l
N
SLJ > →| l

N
S'L'J' > can be expressed as, 

𝑓𝑐𝑎𝑙
𝑒𝑑 =

8𝜋2𝑚𝑐�̅�(𝑛2+2)2

3ℎ(2𝐽+1)9𝑛
∑ 𝛺𝜆|〈𝑙𝑁𝑆𝐿𝐽‖𝑈(𝜆)‖𝑙𝑁𝑆′𝐿′𝐽′〉|

2
𝜆=2,4,6                                      (1) 

where, m=9.10904×10
-28

 g is the mass of electron, c=2.9979×10
10

cms
-1

 is the velocity of light,  h=6.6261×10
-27

 

erg is Planck's constant, J is the total angular momentum of the initial state, n=1.62 is the refractive index, Ωλ 

are the J-O intensity parameters and ||U
(λ)

|| are the reduced matrix elements evaluated in the intermediate 

coupling approximation for transition |l
N
SLJ > →|l

N
S'L'J' > at energy �̅� expressed in cm

-1
. The reduced matrix 

elements || U
λ
|| are known to be relatively host independent, so the values obtained by Carnall et al. [17], are 

used in the calculations. 

 

The experimental oscillator strengths for transitions from the ground state to the excited states are determined 

from the absorption spectrum, using the following relation, 

𝑓𝑒𝑥𝑝 =
8𝜋2𝑚𝑒𝑐 𝜈

ℎ𝑒2 ∫ 𝜀(�̅�) 𝑑𝜈                                                                (2) 

where, e = 4.803×10
-10

esu (elementary charge), me = 9.10904×10
-28

 g (mass of electron), c = 2.9979×10
10

cms
-1

 

(speed of light), h = 6.6261×10
-27

 erg (Planck's constant) ν = wave no. at the absorption maximum (cm
-1

). Using 

the constants: 

𝑓𝑒𝑥𝑝 = 4.319 × 10−9 ∫ 𝜀(�̅�) 𝑑𝜈                                                            (3) 

where, 𝜀(�̅�) is the molar absorptivity at energy (�̅�) cm
-1

. The molar absorptivity, 𝜀 values can be calculated from 

the absorbance A by use of Lambert Beer Law: 

A= 𝜀. 𝑑. 𝑐                                                                              (4) 

where 𝜀 is the molar absorptivity [dim: L
2
, units: mol

-1
[cm-1]], c is the concentration [dim:L

-3
,units:mol

-1
], d is 

the optical path length [dim: L, units: cm]. The area can be determined by integrating the peak which is 

equivalent to the calculation of the integral 

∫ 𝜀(�̅�) 𝑑𝜈                                                                               (5) 

The Judd-Ofelt intensity parameters are evaluated using least square fitting and the oscillator strengths obtained 

from equation (3) which is experimentally determined values and co-related with the theoretical expression 

given in Eq. (1). 

 

Fig1 shows the absorption spectrum of Er
3+

doped glass which has been recorded in the 400-900nm region. 

Absorption bands observed at different wavelengths of  795nm, 653nm, 543nm, 521nm, 488nm and 433nm 

corresponding to the transitions 
4
I15/2 →

4
I9/2, 

4
I15/2 →

4
F9/2, 

4
I15/2 →

4
S3/2, 

4
I15/2 →

4
H11/2, 

4
I15/2 →

4
F7/2, 

4
I15/2 →

4
F5/2 + 

4
F3/2  from the ground state to different excited states. Among these transitions 

4
I15/2 →

4
H11/2 transition at 521nm 

has maximum intensity. 
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Figure 1: Absorption spectra of Er

3+
doped glass. 

 

The J-O intensity parameters along with the experimental and calculated oscillator strengths of Erbium doped 

sample heated to 1000
0
C with the refractive index of glass sample, n=1.62 is given below in Table 1 and 2.  

 

Table 1: Shows oscillator strengths for the absorption bands of Erbium doped sample. 

 

 

Table2: Shows the Judd-Ofelt intensity parameters for the absorption bands of Erbium doped sample. 

 

Transition 
4
I15/2 → 

 

ǀǀU
(2)

ǀǀ
2
 

 

ǀǀU
(4)

ǀǀ
2
 

 

ǀǀU
(6)

ǀǀ
2
 

       

fcal(×10
-

6
) 

   

fexp(×10
-

6
) 

 

Ω2(cm
2
) 

 

Ω4(cm
2
) 

 

Ω6(cm
2
) 

SQF= 
Ω4 

Ω6 
 

         4
I9/2 0 0.1733 0.0099 0.10344 0.17  

 

0.704 × 

10
-20

 

 

 

0.471 × 

10
-20

 

 

 

0.104 × 

10
-20

 

 

 

4.4 

         4
F9/2 0 0.5354 0.4618 0.4575 0.44 

         4
S3/2 0 0 0.2211 0.0422 0.069 

        2
H11/2 0.7125 0.4125 0.0925 1.347 1.347 

         4
F7/2 0 0.1469 0.6266 0.27429 0.274 

4
F5/2+

4
F3/2 0 0 0.1272 0.0304 0.0342 

 

 

Transiti

on 
4
I15/2 → 

 

Waveleng

th (nm) 

  

Energ

y 

(Cm
-

1
) 

 

Area 

 

 

Concentrati

on 

 

Thickne

ss 

(cm) 

    

fexp(×1

0
-6

) 

 

ǀǀU
(2)

ǀǀ
2
 

 

ǀǀU
(4)

ǀǀ
2
 

 

ǀǀU
(6)

ǀǀ
2
 

     

fcal(×1

0
-6

) 

         4
I9/2 795 12578 6.59 1 0.2 0.17 0 0.173

3 

0.009

9 

0.1034

4 
         4

F9/2 653 15313 17.18

5 

1 0.2 0.44 0 0.535

4 

0.461

8 

0.4575 

         4
S3/2 543 18416 2.679 1 0.2 0.069 0 0 0.221

1 

0.0422 

        2
H11/2 521 19193 52.09
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1 0.2 1.347 0.712

5 

0.412

5 
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1.347 

         4
F7/2 488 20491 10.59

5 

1 0.2 0.274 0 0.146

9 

0.626

6 

0.2742

9 
4
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4
F3
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433 23094 1.324 1 0.2 0.0342 0 0 0.127

2 
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The J-O intensity parameters Ωλ (λ=2, 4, 6) are found by comparing experimentally and theoretically calculated 

oscillator strengths, but in our present studies have found some trend that relates the parameters to the local 

environment of the Er
3+

ions. From table-1 it is found that J-O intensity parameters have the following trends 

Ω2 > Ω4 > Ω6. The large value of Ω2 indicates the presence of covalent bonding between the rare earth ions and 

glass host. The J-O intensity parameter Ω2 is very sensitive to the structure and it is associated with the 

symmetry and covalency of lanthanide sides. On the other hand Ω4 and Ω6 values show the viscosity and 

dielectric properties of the media and also affected by the vibronic transition of the rare earth ions bond to the 

ligand atoms. J-O intensity parameters can be used to calculate the spectroscopic quality factor (SQF = 
Ω4 

Ω6 
 ) = 

4.4 which determines the stimulated emission for the laser active medium. 

 

4. Conclusions: 

 

In this work Er
3+

doped in sol-gel silica glass is characterized. The optical absorption of the prepared sample is 

used to study the spectroscopic properties and to obtain Judd-Ofelt intensity parameters. The Judd-Ofelt 

intensity parameters in the prepared samples are in the order of trends Ω2 > Ω4 > Ω6. 
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In this work holmium (Ho3+)-doped in silica glass was prepared by sol-gel technique which relies on the 
chemical reaction of liquid precursors to form the glass. TEOS: H2O:C2H5OH:HNO3 in the molar ratio 
1:5.5:3.5:0.1 was used in the preparation with HoCl3.6H2O as the Ho3+ source. Porous silica gel was obtained 
after stirring the mixture and ageing for few weeks. Annealing of the gel was done up to 1000°C to obtain 
densified glass samples with density 2.2 g/cm3 and refractive index 1.46. Absorption spectrum was recorded 
in the visible region which shows several peaks resulting from the transition from ground state 5I8 to various 
excited states. The hypersensitive transition 5I8→5G6 at 454 nm was observed to be particularly strong. This 
strong absorption in the blue-violet region gives the glass sample a pale-yellow appearance. Judd-Ofelt 
parameters were obtained from the absorption spectrum and used to study the optical properties of the 
prepared glass sample. Large value of the parameter Ω2 shows that the bonding of the dopant to the host 
network is more covalent than ionic. Photoluminescence spectrum was recorded in the visible region using 
450 nm excitation which excites the Ho3+ ions to the 5G6 state. Luminescence peaks were observed at 490, 
550, 662 and 756 nm resulting from the radiative relaxations from the 5F3 and 5S2 states to the lower energy 
states. Photoluminescence of considerable intensity was not observed in samples pre-annealing which is due 
to hydroxyl quenching caused by the residual hydroxyls from the starting materials for the preparation. 
Annealing was shown to significantly improve the luminescence which is attributed to the removal of 
residual hydroxyls. 

 
Keywords: Holmium (Ho3+), sol-gel, annealing, Judd-Ofelt, photoluminescence.  

INTRODUCTION 
 
Sol-gel silica glass has acceptable properties as a host 

for trivalent rare earth (RE) ions (Ramteke et al., 2017; 
Vega et al., 2017). Semiconductor has the main focus of 
tremendous research activities due to their promising 
prospective in optoelectronic device applications in la-
sers and for optical communication systems (Qiao et al., 
2018; Snitzer, 1961; Furuse and Yasuhara, 2017; Secu et 
al., 2011; Seshadri et al., 2015). Silica glass is an accept-
able material for the rare earth host along with ii-vi semi-
conductors (Rai and Bokatial, 2011; Rai and Fanai, 2016). 
The optical properties of RE ions arise from the transi-
tions between the different 4fn energy states (Peacock, 
1975). In the ground state the RE ion may be excited to a 
higher energy state with absorbing radiation and may 
relax back to the lower energy levels with emitting radia-

tion with energy equivalent to the energy difference be-
tween the ground state and that particular excited state.  

Sol-gel technique (Rai and Fanai, 2016) allows the 
synthesis of glass at lower temperatures so that it does 
not require melting. Silica gel is used for coating because 
of wide band gap. Sol-gel method is used for preparing 
the sample in which the mixing of two or more phases 
can be controlled by the nano-scale or even molecular 
levels. The specific uses of these sol-gel produced glasses 
are derived from the various material shapes generated 
in the gel state. Ho3+ is one of the most attractive candi-
date among the RE ions, it shows strong luminescence at 
various wavelengths including visible region (Wang et al., 
2007). 

In the present work, we describe the Absorption, 
Judd-Ofelt intensity parameters, Photoluminescence 
properties and effect of annealing temperature on the 
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optical properties. The optical properties are studied 
from the absorption spectra using Judd-Ofelt analysis in 
the visible region. The glass samples are prepared by sol-
gel process by controlling with the concentration of the 
dopant. 

 
MATERIALS AND METHODS 

 
Sample preparation 

 
For the preparation of glass sample by sol-gel 

method, tetraethyl orthosilicate (TEOS) is used as a pre-
cursor, in the presence of H2O to form SiO2 network. For 
a sample with particular Ho3+ concentration, HoCl3.6H2O 
is dissolved in deionised water, and then added with 
C2H5OH and then TEOS is added drop wise. Small amount 
of HNO3 is also used to lower the pH and increase rate of 
hydrolysis. TEOS: H2O: C2H5OH: HNO3 in the molar ratio 
1:5.5:3.5:0.1 was used in the preparation and the mix-
ture is stirred for two hours to form sol by using a mag-
netic stirrer. After that the sol is placed in a small sealed 
plastic container to prevent evaporation and left for few 
days to form stiff gel. Some pin holes are made in the 
cover of the container for allowing slow evaporation and 
left for three weeks. After that the gels are dried slowly 
up to 90°C, and then annealed by electric furnace up to 
1000°C at the heating rate 1°C per minute to obtain den-
sified glass samples with density 2.2 g/cm3 and refractive 
index 1.46. 

 
Experimental set-up 

 
Optical absorption and PL spectra of the prepared 

samples were recorded by using iHR320 imaging spec-
trometer using Syner JYTM software from Horiba. 

 
 
 

RESULTS 
 

Absorption spectra 
 
The absorption spectrum of the prepared sample is 

shown in Figure 1. Here absorption peaks are observed 
at 418, 454, 468, 487, 539 and 643 nm resulting transi-
tion from the ground state 5I8 to the excited states 5G5, 

5G6, 5F2+3K8, 5F3, 5S2+5F4, and 5F5 respectively. Absorption 
spectrum was recorded in the visible region which shows 
several peaks resulting from the transition from ground 
state 5I8 to various excited states. The hypersensitive 
transition 5I8→ 5G6 at 454nm was observed to be particu-
larly strong. This strong absorption in the blue-violet re-
gion gives the glass sample a pale yellow appearance.  
Judd-Ofelt parameters were obtained from the absorp-
tion spectrum and used to study the optical properties of 
the prepared glass sample. 

 
Photoluminescence spectra 

 
The PL spectra the Ho3+ doped sample is shown in 

Figure 2. Photoluminescence spectrum was recorded in 
the visible region using 450nm excitation which excites 
the Ho3+ ions to the 5G6 state. Luminescence peaks were 
observed at 490, 550, 662 and 756 nm resulting from the 
radiative relaxations from the 5F3 and 5S2 states to the 
lower energy states as 5F3 → 5I8, 5S2 → 5I8, 5F5 → 5I8 and 
5S2 → 5I7 respectively as shown in Figure 3.  Photolumi-
nescence of considerable intensity was not observed in 
samples pre-annealing which is due to hydroxyl quench-
ing caused by the residual hydroxyls from the starting 
materials for the preparation. Annealing was shown to 
significantly improve the luminescence which is attrib-
uted to the removal of residual hydroxyls.  
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Figure 1:  Absorption spectrum of Ho3+ sol-gel silica 
glass. 
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Figure 2:  PL spectra of Ho3+ sol-gel silica glass. 
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DISCUSSION 
 

Absorption spectra and Judd-Ofelt analysis 
 
By Judd-Ofelt (J-O) theory (Judd, 1962; Ofelt, 1962), 

the analysis of the radiative transition in the 4f states of 
Ho3+ is performed. According to J-O theory, the calcu-
lated oscillator strength (fcal) of the electric dipole transi-
tion between two states | lNSLJ > →| lNS'L'J' > can be 
expressed as, 

 
 
 
 

                 (1) 
where m is the mass of electron, c is the velocity of 

light, h is Planck’s constant, J is the total angular momen-
tum of the initial state, n is the refractive index, Ωλ are 
the J-O intensity parameters and ||U(λ)|| are the re-
duced matrix elements evaluated in the intermediate 
coupling approximation for transition |lNSLJ > →|lNS'L'J' > 

at energy  expressed in cm-1. The reduced matrix ele-
ments || Uλ|| are known to be relatively host independ-
ent, so the values obtained by Carnall et al. (1968), are 

used in the calculations. 
 
The experimental oscillator strengths for transitions 

from the ground state to the excited states are deter-
mined from the absorption spectrum, using the following 
relation: 

 

  
        (2) 

 

Where, is the molar absorptivity at energy 

 cm-1. The Judd-Ofelt intensity parameters are 
evaluated using least square fitting and the oscillator 
strengths obtained from equation (2) which is experi-
mentally determined values and co-related with the 
theoretical expression given in Equation (1). The J-O in-
tensity parameters along with the experimental and cal-
culated oscillator strengths of holmium-doped sample 
heated to 1000°C and the refractive index of glass sample 
as n=1.46 is given in Table 1.  

The J-O intensity parameters are found by comparing 
experimentally and theoretically calculated oscillator 
strengths, but in our present studies have found some 
trend that relates the parameters to the local environ-
ment of the Ho3+ions. From Table 1 it is found that J-O 
parameters have the following trends Ω2 > Ω6 > Ω4. The 
large value of Ω2 indicates the presence of covalent 
bonding between the rare earth ions and glass host. The 
J-O parameter Ω2 is very sensitive to the structure and it 
is associated with the symmetry and covalency of lantha-
nide sides. On the other hand, Ω4 and Ω6 values show the 
viscosity and dielectric of the media and also affected by 
the vibronic transition of the rare earth ions bond to the 

Figure 3:  PL mechanism of Ho3+ ion in the visible range. 

Figure 4: PL spectra of Ho3+-doped sol-gel silica glass at 
different annealing temperatures.  

Transition 
5I8→ 

Energy 
(Cm-1) 

fexp(×10-6) fcal(×10-6) 

         5G5       23920          1.34          1.62 
         5G6       21960          8.30          8.29 
         5F2+3K8       21360          0.59          1.23 
         5F3       20550          0.75          0.99 
         5F4+5S2       18540          3.1          2.96 
         5F5       15550          2.56          2.08 
 

Table 1: Oscillator strengths and J-O intensity parameters 
for holmium-doped sample. Ω2=2.05 × 10-20cm2, 
Ω4=1.55 × 10-20 cm2, Ω6=1.68 × 10-20 cm2 and 
Ω4/ Ω6= 0.92 
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ligand atoms. J-O intensity parameters can be used to 

calculate the spectroscopic quality factor (SQF = ) = 
0.92 which determines the stimulated emission for the 
laser active medium. 

 
Effect of annealing 

 
There is a significant effect of annealing on the RE 

dopants as is reflected by the PL spectra shown in Figure 
4. Comparing the spectra of the samples at different 
stages of annealing, it is observed that the intensities of 
the emission peaks increase dramatically with annealing. 
In the initial stages before annealing, the samples are 
highly porous and these pores are filled with residual 
liquids such as ethanol, water etc. during the ageing 
process. Slow annealing gradually removes these residual 
fluids but due to the high porosity, atmospheric water 
vapour tends to get re-absorbed by the porous samples. 
After annealing to high temperatures at 1000°C the 
pores gradually close and shrinking the size of the sample 
and sealing from atmospheric moisture. The low PL emis-
sion in the lower temperature treated samples may be 
due to the presence of residual hydroxyl contents. More-
over, the porous samples tend to reabsorb atmospheric 
water vapour which could lead to the RE ions experienc-
ing a hydroxyl rich environment. The increase in lumines-
cence with annealing is mainly attributed to the removal 
of residual hydroxyls. 
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A B S T R A C T

Praseodymium (Pr3+) doped silica glass with varying Aluminum (Al3+) concentrations have been prepared
using sol-gel technique. The glass samples produced have density (2.2 g/cm3) and refractive index (1.46) similar
to that of fused silica. Judd-Ofelt parameters Ω2, Ω4 and Ω6 were obtained from the absorption spectrum in the
visible region and used to calculate line strengths of transitions involved in cross-relaxation. Analyses of cross-
relaxation mechanisms suggest higher probability for the 1D2 state. Photoluminescence emissions in the visible
and NIR region were observed under 450 nm excitation. Slow annealing to 1000 °C minimizes hydroxyl
quenching by reducing hydroxyl content thereby improving the luminescence. Al3+ co-doping also significantly
enhance the luminescence, especially the 1D2 emission which is evidence of reduction in cross-relaxation.

1. Introduction

Rare earth (RE) ions have numerous applications as a result of their
unique spectroscopic properties which is due to the various transitions
among the 4f energy states [1–5]. A excited RE ion in a certain host
material may relax to the lower states radiatively or non-radiatively
depending on a number of factors. One such factor is multi-phonon
relaxation [6] where the energy of an excited ion is lost to the vibration
of the host lattice i.e. as phonons rather than photons. The probability
of multi-phonon relaxation is higher for the energy levels with smaller
gaps from the immediate next lower level due to the lower number of
phonons required to bridge the gap. Hence, in general radiative re-
laxation or luminescence is more probable from levels with larger en-
ergy gaps and strong luminescence have been observed from levels like
4F3/2 of Nd3+, 4I13/2 of Er3+, 5D4 of Tb3+ etc. [7–9] which have rela-
tively large energy gaps. The 1D2 and 3P0 states of Pr3+ ion have ade-
quate energy gaps for radiative relaxation and can produce lumines-
cence in the visible region of the spectrum through relaxation to the
lower energy levels. This makes Pr3+ an interesting dopant offering
laser transition in the blue, green, orange and red regions using the
same pumping scheme.

Silica glass has many favorable properties as a host for RE ions as it
has high optical transparency in the visible and ultra-violet region,
good chemical and thermal stability, low thermal expansion and good
mechanical strength. The downside is that it has high melting point [2]

making the production through traditional melt quenching impractical.
Sol-gel technique [10] offers a low temperature alternative as it in-
volves chemical reaction of liquid precursors to form solid glass matrix
rather than melting of components. One advantage of sol-gel technique
is the high purity attainable. This is in part due to the precursors being
in the liquid state that can be easily purified by repeated distillation.
Also since the process does not require melting of the constituents in
crucibles, the contamination from the containing crucibles is avoided. It
also allows superior homogeneity as the constituents can be thoroughly
stirred and mixed owing to the liquid state of the precursors. Unwanted
impurities and inhomogeneities present in glasses can have adverse
effect and can reduce the transparency and cause scattering loss. Silica
glass however has low solubility of RE ions which causes clustering
[11]. This clustering of RE ions result in concentration quenching,
which can diminish the luminescence efficiently drastically. Further,
the energy level structure of Pr3+ ion also presents possible channels
for cross-relaxation when the ions are in close proximities which can
greatly decrease luminescence [12–15].

Al3+ had been used to increase the solubility of RE ions [11] and
many studies and our previous works [16–20] have shown that co-
doping with Aluminum can significantly improve the luminescence.
Recent work by Bhargavi et al. [21] has also shown the declustering
effect of Al3+ on Pr3+ ions in PbO-SiO2 glasses. This work aims to
further clarify the effect of Al3+ co-doping from the study of Pr3+ and
Al3+ co-doped in SiO2 glass prepared by sol-gel technique.
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2. Experimental

2.1. Sample preparation

The sol-gel technique for the preparation of the samples relies on the
hydrolysis and condensation of tetraethyl orthosilicate (TEOS), in the
presence of H2O to form the SiO2 network. Pr(NO3)3.6H2O and Al
(NO3)3.9H2O are used as the Pr3+ and Al3+ sources. The preparation
follows the similar procedure reported earlier for Ho3+ doped glass
[20] but in the present work, Pr(NO3)3.6H2O is used in place of
HoCl3.6H2O. The samples were heated slowly from room temperature
upto 1000 °C to remove residual hydroxyls. Densified disc shaped glass
samples were obtained after annealing to 1000 °C, having density 2.2 g/
cm3 and refractive index 1.46.

2.2. Experimental set-up

Absorption and photoluminescence (PL) spectra of the prepared
samples were recorded using iHR320 imaging spectrometer using Syner
JY™ software from Horiba Scientific. The set up has resolution of 0.5 nm
and calibrated using mercury lines. Averaging of several accumulations
were done in the recording of each spectrum to minimize noise and
random errors. The absorption spectra were recorded in the wavelength
range of 400 nm - 750 nm. The PL spectra were recorded in the spectral
range of 470 nm – 980 nm at room temperature. A 450 nm diode laser
(MDL-III-450, CNI Optoelectronics Tech. Co. Ltd., China) operated at
98mW was used to excite the samples for PL studies.

3. Results

3.1. Absorption spectra

Typical absorption spectrum of the prepared Pr3+ doped sol-gel
silica glass annealed to 1000 °C is shown in Fig. 1. Absorption peaks
were observed at 447 nm, 474 nm, 485 nm and 592 nm corresponding
to the transitions from the ground state 3H4 to the excited states 3P2,
3P1, 3P0 and 1D2 respectively. These absorptions are in the violet-blue
and yellow-orange regions without prominent green absorption causing
the samples to appear pale green.

The strong 3H4→
3P2 absorption peaking at 447 nm implies that

efficient photo-excitation is possible by 450 nm source. The 3P2 peak
was observed at 444 nm in case of the pre annealed sample in the wet
gel stage. The positions of the other peaks were also found to be in the
shorter wavelength side pre-annealing. This red shift in the absorption
peaks with annealing was also observed in case of Nd3+ doped glass

[19] and is attributed to nephelauxetic effect as the Pr3+ ions are
getting incorporated into the covalent glass network [22].

3.2. PL spectra

The PL spectra of the prepared sample at various stages of annealing
are shown in Fig. 2. The 450 nm source excites the Pr3+ ions to the 3P2
state which is short lived due to the very small energy gap below and so
the excited ions quickly relax non-radiatively to the lower energy states.
Multiple emission peaks mainly due to radiative transitions from 3P0
and 1D2 states are observed in the visible and NIR region. The strong
peaks at 495 nm, 615 nm and 650 nm are due to 3P0→ 3H4, 1D2→

3H4

and 3P0→ 3F2 transitions respectively. Relatively weak 3P1→ 3H5

transition around 540 nm is also observed as the 3P1 level lies very close
to 3P0 metastable state and can be thermally populated at room tem-
perature. The PL is almost unobservable up to 300 °C but then drama-
tically increases with annealing. The spectra shown in Fig. 2 are of Al3+

co-doped sample with Al/Pr ratio of 4. Sample without Al3+ also show
similar increase in PL intensity with annealing.

PL spectra of samples annealed to 1000 °C doped with 0.5 mol%
Pr3+ with varying concentrations of Al3+ are shown in Fig. 3. In case of
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Fig. 1. Absorption spectrum of Pr3+ doped sol-gel silica glass.
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Fig. 2. PL spectra of Pr:Al co-doped sol-gel silica glass at various annealing
temperatures. (λexc= 450 nm). (Note: PL intensities of samples annealed to
300 °C and 600 °C are magnified 10 times for clarity).
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Fig. 3. PL spectra of Pr3+ doped sol-gel silica glass with varying Al3+ co-doping
(λexc = 450 nm).
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Pr3+ only doped sample the PL intensity is relatively very weak (barely
comparable even after 10 times magnification). Significant improve-
ment is observed when co-doped with Al3+ and the intensity increases
with increasing Al/Pr ratio. However high levels of doping adversely
affect the structural integrity and caused cracking in the samples so
only Al3+ concentration of up to 4mol% was used for this work. An
interesting observation is that in addition to the overall increase in PL
intensity with Al3+ co-doping, there is change in the intensity ratio of
the peaks. In the presence of Al3+, the 1D2/3P0 intensity ratio increases
and the 1D2→

3H4 emission at 615 nm becomes the dominant emission
producing bright orange-red luminescence easily observable to the
naked eye.

4. Discussions

4.1. Absorption spectrum/Judd-Ofelt parameters

Though the energy levels of the 4f states of RE ions do not differ
greatly from host to host, the transition probabilities however are
sensitive to the surrounding environment of the ions. The spectral in-
tensities for the observed absorption peaks are often expressed in terms
of oscillator strength of forced electric dipole transitions. From the
absorption spectrum (Fig. 1) the oscillator strengths of the transitions
are obtained using the relation

∫= × −f 4.319 10 ε(ν)dνexp
9

(1)

where ε ν( ) is the molar absorptivity at energy ν cm−1.
According to Judd-Ofelt (JO) theory [23,24], the oscillator strength

of transition between two states |lNSLJ > →|lNS'L'J' > is expressed as

∑=
+

+
〈 ′ ′ ′〉

=

f π mcv n
h J n

l SLJ U l S L J8 ( 2)
3 (2 1)9

Ω | ‖ ‖ |cal
ed

λ
λ

N λ N
2 2 2

2,4,6

( ) 2

(2)

where m is the mass of electron, c is the velocity of light, h is Planck's
constant, n is the refractive index, J is the total angular momentum of
the initial state, ||U(λ)|| are the reduced matrix elements evaluated in
the intermediate coupling approximation for transition |lNSLJ > →
|lNS'L'J' > at energy v expressed in cm−1 and Ωλ are the JO intensity
parameters. The values of ||Uλ|| obtained by Carnall et al. [25] are used
in the calculations as they are known to be relatively host independent.

From the relations (1) and (2) JO intensity parameters were calcu-
lated and presented along with the experimental and calculated oscil-
lator strengths in Table 1. Once the JO parameters are obtained, we can
calculate the line strength of any 4f transition |lNSLJ > →
|lNS'L'J' > using the relation

∑= 〈 ′ ′ ′〉
=

S l SLJ U l S L JΩ | ‖ ‖ |
λ

λ
N λ N

2,4,6

( ) 2

(3)

The JO parameters also give insight to the local structure and
binding in the vicinity of RE ions. The parameter Ω2 is sensitive to the
structure and is associated with the symmetry and covalency of the RE
ion site [26,27]. On the other hand Ω4 and Ω6 values depend on bulk
properties and Ω6 is known to decrease with the increase in rigidity of
the host matrix [28] and the spectroscopic quality factor Ω4/Ω6 de-
termines the stimulated emission characteristics for laser active
medium [27]. A comparison of the JO parameters with other glass

systems is given in Table 2.

4.2. Effect of annealing on PL

Fig. 4 shows annealing temperature vs intensity of 1D2→
3H4

emission and there is an exponential increase in PL intensity with an-
nealing. This is mainly attributed to the evaporation of residual hy-
droxyls with annealing. As sol-gel is a wet chemical process, large
amount hydroxyls from the reactions of the precursors are present in
the samples. This is one of the major drawbacks of sol-gel process as it
causes hydroxyl quenching where the energy of an excited ion is lost to
the vibration of the hydroxyls. As hydroxyl has high vibrational energy
(~3600 cm−1) its presence in the vicinity of Pr3+ ions provides a very
efficient path for non-radiative relaxation. The weak emissions of lower
temperature annealed samples indicate overwhelming hydroxyl
quenching. Annealing removes the hydroxyls resulting in dramatic
improvement of the luminescence. The removal of hydroxyls was also
apparent from the decrease in weight of the samples with annealing.
Annealing to 1000 °C also cause densification of the samples thereby
closing the pores present in the xerogel stage. This prevents reabsorp-
tion of atmospheric moisture and maintains the luminescence even
after long exposures.

Table 1
Oscillator strengths and JO intensity parameters.

Transition Energy
(cm−1)

fexp
(10−6)

fcal
(10−6)

Ωλ
(10−20 cm2)

3H4 → 1D2 16,900 1.26 1.26 Ω2= 5.40 ± 0.25
Ω4= 3.88 ± 0.18
Ω6= 7.41 ± 0.33

Ω4/Ω6= 0.52 ± 0.03
3P0 20,620 1.70 2.16
3P1 21,100 2.65 2.18
3P2 22,370 4.01 4.01

Table 2
Comparison of JO parameters of Pr3+ in various glasses.

Ωλ Present
work

SiO2-
CdS
[29]

Borate
[30]

Phosphate
[30]

CP
[30]

BP
[30]

CLBP
[30]

ALBP
[30]

Ω2 (pm2) 5.40 10.38 0.50 1.43 2.32 1.05 5.32 0.88
Ω4 (pm2) 3.88 7.4 4.98 4.22 3.05 3.49 2.92 5.24
Ω6 (pm2) 7.41 0.95 5.00 4.87 5.86 6.30 5.39 6.59
Ω4/ Ω6 0.52 7.79 0.99 0.87 0.52 0.55 0.54 0.79
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Fig. 4. Annealing temperature Vs PL intensity of 1D2→
3H4 transition.
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4.3. Cross-relaxation and Al effect

The energy level structure of Pr3+ allows cross-relaxation which
affects both the 3P0 and 2D1 emitting states which was also reported by
Remillieux et al. [12]. Fig. 5 shows possible mechanisms for cross-re-
laxations. The 1D2 level has two channels of cross-relaxation re-
presented as (1D2:3H4)→ (3F4:1G4) and (1D2:3H4)→ (1G4:3F3/3F4) and
that for the 3P0 level is (3P0:3H4)→ (1D2:3H6). The line strength S of the
transitions involved can be calculated using the relation (3) and is
shown in Table 3. The strengths of the transitions involved in
quenching the 1D2 state are much larger and this in addition to the more
possible channels would make cross-relaxation for this state much more
probable than for the 3P0 state. However the 1D2 state with larger en-
ergy gap (~7000 cm−1) is less prone to multiphonon relaxation than
the 3P0 state (~4000 cm−1). So considering multiphonon relaxation
alone, the 1D2 emissions are likely to be the dominant emission.

The Pr3+ only doped sample shows very weak PL emissions (Fig. 3)
which can be mainly attributed to cross-relaxation which quench both
the 3P0 and 1D2 emitting states. Also, considering the larger energy gap
and lower multiphonon relaxation, the 1D2 emission is likely to be
dominant. This is not the case observed and is believed to be due to the
multiple channels and the higher strengths of transitions involved in the
cross-relaxation affecting the 1D2 state. Co-doping with Al3+ sig-
nificantly improves the luminescence as mentioned in section 3.2. It
also affects the intensity ratio of the 3P0 and 1D2 emissions. Fig. 6 shows
the 1D2→

3H4 and 3P0→ 3F2 emissions for the samples with varying
Al3+ content where the intensities are normalized for comparison.
Though there is overlap in the emission peaks and the spectra are not

deconvoluted, it is clear that the enhancement in presence of Al3+ is
greater for the 1D2 emission. Table 4 shows that the 1D2/3P0 emission
intensity ratio ID/IP improves significantly with increasing Al/Pr ratio
and the 1D2 emission becomes dominant in presence of Al3+, which is
the expected result when cross-relaxation is minimized. These ob-
servations are in strong support of the reduction in clustering of Pr3+

ions and cross-relaxation with Al3+ co-doping.

5. Conclusions

Pr3+ doped sol-gel silica glass with varying concentrations of Al3+ co-
dopant were prepared and the optical properties were studied. Judd-Ofelt
parameters were calculated and used to estimate the line strength of the
transitions responsible for the various cross-relaxation mechanisms af-
fecting the 3P0 and 1D2 states. The values of the line strengths suggest
higher probability of cross-relaxation quenching for the 1D2 state which
was evident from the relatively weak emission from this state in absence of
Al3+. Co-doping with Al3+ dramatically enhance the luminescence which
is attributed to reduction in cross-relaxation. The 1D2 emission was par-
ticularly improved with Al3+ co-doping and the strong orange-red lumi-
nescence due to the 615 nm peak (1D2→

3H4) can be seen with naked eye
under 450 nm excitation. The findings of this work are strong evidence
that co-doping with Al minimizes cross-relaxation between RE ions. The
1D2/3P0 emission intensity ratio may also serve as a probe for the extent of
cross-relaxation in RE doped systems. Slow annealing to 1000 °C is also
suggested for RE doped sol-gel silica glass as it reduces hydroxyl
quenching and prevents further reabsorption of atmospheric moisture by
densifying and closing the pores.
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Fig. 5. Cross-relaxation mechanism between Pr3+ ions.

Table 3
Line strength of cross-relaxation transitions.

Transition Affected level S
(10−20 cm2)

3P0→ 1D2
3P0 0.08 ± 0.01

3H4→
3H6

3P0 1.16 ± 0.05
1D2→

3F4 1D2 3.40 ± 0.15
3H4→

1G4
1D2 0.23 ± 0.01

3H4→
3F3 1D2 6.87 ± 0.31

3H4→
3F4 1D2 3.92 ± 0.18
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Fig. 6. 1D2→
3H4 and 3P0→ 3F2 emissions of 0.5% Pr3+ doped samples with

varying Al3+ content.

Table 4
ID/IP ratio at varying Al/Pr ratio.

Dopants conc. Al/Pr ID/IP

0.5% Pr, 0% Al 0 0.98
0.5% Pr, 2% Al 4 1.31
0.5% Pr, 4% Al 8 1.52
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Sm3+- doped silica glass co-doped with CdS nanoparticles have been prepared by sol-gel method. FTIR spectra of the 
samples at different annealing temperatures show the gradual removal of hydroxyl group. XRD pattern shows crystalline 
nature of the silica host along with CdS peak. The optical absorption and fluorescence properties have been investigated 
using Judd-Ofelt theory. The Judd-Ofelt intensity parameters have been obtained from the absorption spectrum following 
the trend Ω2 > Ω4 > Ω6 and the large value of Ω2 indicates covalency of the rare earth bonding. Under excitation with  
370 nm, photoluminescence peaks have been observed in the green, yellow, orange and red region as a result of radiative 
relaxation from the 4G5/2 state. 

Keywords: Sol-gel, Samarium, CdS, Judd-Ofelt, Photoluminescence, Radiative-relaxation. 

1 Introduction 
Trivalent rare earth (RE)3+ ions are popular doping 

ions for various types of glasses and laser materials1,2. 
Rare earth (RE) ions are chosen because of their high 
quantum efficiencies and their narrow emission 
bands, which results from transition within the 
internal 4f electronic shells. Rare earth (RE) ions can 
easily be incorporated in large quantities in a silica gel 
host by the sol-gel process3-6. The sol-gel process  
is a room temperature method for the synthesis of 
inorganic hosts that permits a homogeneous doping in 
a silica matrix7. Trivalent samarium (Sm3+) ion 
exhibits a strong luminescence in the visible spectral 
regions8. Recently, a great deal of attention has been 
devoted to the visible wavelength range for use in 
several applications, including optical data storage, 
optical amplifier, sensor and laser material 
processing. There have a relationship between the 
active ions and the host glasses. One important point 
is that to achieve strong up-conversion luminescence 
the glass host with low phonon energy can reduce the 
non-radiative loss due to the multi phonon relaxation9. 
CdS is an important II-VI direct band gap 
semiconductor with different applications in 
optoelectronics, photo catalysts, solar cell, nonlinear 
optical materials, Sensors, address decoders, and 
electrically driven lasers10-16. Bulk CdS has hexagonal 
wurtzite-type structure, melting point 1600 °C and 
band gap Eg = 2.42 eV at room temperature17-19. 

Since, CdS has 2.42 eV (515 nm) band gap, so it is 
most promising candidate among II-VI compounds 
for detecting visible radiation. Eu3+ ion doped in CdS 
nanoparticles and silica xero gels was discussed by 
Hayakawa et al.20,21 and CdS quantum dots in ZrO2 
films together with lanthanide ions (Eu3+ and Tb3+) 
was discussed by Reisfeld et al.22. 

In the present work we discuss the synthesis of 
Sm3+ ions in silica xero gels co-doped with CdS 
nanoparticle. We studied XRD, absorption, PL 
spectra, the FTIR spectra of Sm3+ ion in sol-gel silica 
glass at different annealing temperatures; optical 
properties are studied from the absorption spectra and 
J-O intensity parameters, radiative properties of the 
glasses, transition probability, spontaneous emission 
probabilities, the stimulated emission cross section 
and the branching ratios are determined in the visible 
region using Judd-Ofelt analysis. The calculations 
were done for the sample with 7 % Sm and 1 % CdS 
concentrations.  
 
2 Experimental Details 
 

2.1 Sample preparation 
 Sm3+-doped silica glasses were prepared by sol-gel 

process using a two-step hydrolysis process23, using 
tetraethylorthosilicate (TEOS) and Sm(NO3)3.6H2O as 
starting materials. First, 1.5 ml of TEOS is used  
for hydrolysis at room temperature for 30 min in a  
mix solution with deionized H2O, C2H5OH, conc. 
HNO3 maintaining the molar ratio 1:5.5:3.5:0.1  
of TEOS:H2O:C2H5OH:HNO3 and added with 
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appropriate amounts of Sm(NO3)3.6H2O which was 
stirred for 1 h.  

 Secondly, CdN2O6.4H2O is mixed with SC(NH2)2 
(thiourea), ethanol solution, which stirring for 1 h 
using a magnetic stirrer to form a sol. Now combining 
both the mixture stirred for 4 h. After rigorous stirring 
the sol is poured in a plastic container which is sealed 
to prevent evaporation and left for a few days at room 
temperature to form a stiff gel. In the cover of the 
container some pin holes are made for slow 
evaporation and then left for three to four weeks. 
Evaporation should be very slow; otherwise non-
uniform shrinkage can lead to deformed and cracked 
the sample. The gels were dried for slowly heating to 
110℃ by an electric muffle furnace to form disc 
shaped samples. The refractive index was obtained by 
measuring the Brewster angle. The disc shaped 
samples have thickness 2 mm and diameter 16 mm, 
density 2.08 g/cm3 and refractive index 1.54. 
 
2.2 Experimental set-up 

The absorption spectra were recorded in the UV-
visible region using iHR320 imaging (HORIBA). The  
PL spectra of the prepared sample were recorded 
using iHR320 imaging spectrometer using Syner 
JYTM software from Horiba Scientific fully integrated 
data acquisition and data analysis for spectroscopic 
systems and the excitation source was 370 nm LED. 
FTIR spectra were recorded by IRAffinity-1S 
(SHIMADZU). All the spectra were recorded at room 
temperature. 
 
3 Results  
 

3.1 FTIR analysis 
The FT-IR spectrum of the Sm3+ doped with CdS 

and sol-gel silica glass at different temperature is 
shown in Fig. 1. Here Si-OH group comes from the 
hydrolysis of TEOS, through polycondensation 
reaction. At the gel stage sol-gel samples have lot of 
water with other organics. On heating the prepared 
sample by muffle furnace the compounds gradually 
escape from the matrix and form a rigid glassy 
network. The bands located at 552 cm-1, 787 cm-1 and 
1042 cm-1 are for Si-OH groups forming Si-O-Si 
bonds in cyclic structure. In the gels heated to 350 °C, 
the presence of Si-O free broken bond at 954 cm-1 has 
been detected. The band at 954 cm-1 is a weak band 
for the polymerization process of Si-OH groups. 
Another four bands appeared at about 1327 cm-1, 
1631 cm-1, 2367 cm-1 and 3367 cm-1. Here bands at 
1631 cm-1 and 3367 cm-1 are due to water molecules. 

In gel derived silica glasses of broken Si-O bonds in 
the silica network, from which we get a peak at  
856 cm-1 in the IR spectra. After forming the Sm-O-Si 
bond, a new band is produced by new silicate anions 
at 954 cm-1. By the breaking of Si-O-Si bonds a non-
bridging oxygen (NBO) is formed for samarium. The 
band due to the -OH stretching vibration around  
3367 cm-1 that may present and the corresponding OH 
bending presence of adsorbed water at 1631 cm-1.  
The gradual disappearance of the band centered at 
3367 cm-1 with increasing temperature indicates the 
gradual removal of –OH as a result of evaporation. 
 
3.2 Absorption and PL spectra 

The absorption spectrum and emission spectrum of 
CdS doped in silica xerogel are shown in Fig. 2 (a) 
and (b). The size dependent properties of CdS 
nanoparticle arise from quantum confinement as a 
direct consequence of the crystallite size. The photo 
generated carriers, i.e., electrons and holes, feel the 
spatial confinement, as a consequence of the energy 
level shift to higher energy. This leads to an increase 
in the band gap. 

The absorption spectrum of CdS doped in silica 
xerogel is shown in Fig. 2(c). The size dependent 
properties of CdS nanoparticle arise from quantum 
confinement as a direct consequence of the crystallite 
size. The photo generated carriers, i.e., electrons and 
holes, feel the spatial confinement, as a consequence 
of the energy level shift to higher energy. This leads 
to an increase in the band gap (2.975 eV) as compared 
to that of bulk CdS (2.42 eV). 

Figure 3 shows the absorption spectrum of the 
sample (7 mol % Sm, 1 mol % CdS) heated to 110 °C. 

 
 

Fig. 1 — FT-IR Spectra of Sm3+ doped with CdS in silica glass at 
different temperatures. 
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A series of sharp series absorption bands present 
between 325-475 nm centered at the band 
assignments are also indicated in Fig. 4 which 
corresponds to the typical f-f transition of Sm3+ ions. 
The observed transitions are labeled as 6H5/2→4D7/2 
(346 nm), 6H5/2→4D3/2 (362 nm), 6H5/2→6P7/2 (375 nm), 
6H5/2→6P3/2 (403 nm), 6H5/2→6P5/2 (416 nm), 
6H5/2→4I13/2 (464 nm) and 6H5/2→4I9/2 (478 nm).  

 
 
Fig. 4 — PL spectra of Sm3+ doped SiO2 glasses with CdS 
concentrations. 
 

 
 

Fig. 5 — PL mechanism of Sm3+ ion in visible range. 
 

The photoluminescence spectrum in the range of 
400-850 nm is shown in Fig. 4. The emission spectra 
exhibit four emission bands centered at 562 nm,  
596 nm, 644 nm and 705 nm. The emission peaks 
assigned to the transition of 4G5/ 2 → 6H5/2, 4G5/2 → 
6H7/2, 4G5/2 →6H9/2 and 4G5/2 → 6H11/2, respectively 
transitions of the Sm3+ ions. The 4G5/2 → 6H7/2 
transition is the strongest while the 4G5/2 → 6H11/2 is 
the weakest transition in the present study. From these 
emission bands a possible color could be expected as 
moderate green, moderate yellow, intense orange and 
feeble red. Figure 5 shows the energy level diagram 
of Sm3+ for silica glass. 4G5/2 → 6H5/2, 7/2 transitions 
are magnetic dipole allowed transitions. But for the 
transition 4G5/2 → 6H7/2, electric dipole (ED) is 
dominated with the selection rule ΔJ = ±1 despite its 
magnetic dipole (MD) allowed transition properties, 
so it is partly a MD and partly an ED in nature.  

 
 

Fig. 2 — (a) Optical absorption, (b) PL spectra of CdS alone
doped glass, and (c) optical absorption and band gap of CdS alone
doped glass. 
 

 
 

Fig. 3 — Absorption spectra of 7 % Sm and 1 % CdS co-doped
sample. 
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The 4G5/2 → 6H9/2, 11/2 transitions are purely electric 
dipole transitions. The intensity ratio of ED to MD 
transitions is used to determine the symmetry of local 
environment of the trivalent ions. Greater the intensity 
of ED transition, the more asymmetry in nature. 
Comparing the intensity of the transition 4G5/2 → 6H5/2 
and 4G5/2 →6H9/2 it is observed that the ED transition 
is dominant over the MD transition which shows the 
asymmetry of the Sm3+ ion sites in the glass. In Fig. 4, 
it appears as if the intensity of the 4G5/2 → 6H5/2 
transition at 562 nm is greater than that of the 4G5/2 → 
6H9/2 transition at 644 nm, but this is due to the broad 
emission in the background due to the CdS. 
Subtracting this background it is clear that the 4G5/2 → 
6H9/2 ED transition dominates over the 4G5/2 → 6H5/2 
MD transition. 
 
4 Discussions 
 

4.1 Effective mass approximation (EMA) 
To determine the particle size of CdS nanoparticles 

we use EMA formula to estimate the average particle 
size. In the optical absorption for creating an electron 
and hole for the photon energy is larger than band gap 
of semiconductor. The binding energy of the exciton 
is influenced by the presence of electrons in the solid 
which screen the hole. Nanoparticle has a Bohr radius 
with blue shift in the excitation energy is called 
quantum size effect is due to broadening of band gap 
with finite size. To explain the effective mass 
approximation formula (EMA), Brus24 explain the 
theory of blue shift, gives energy E(R) as a function 
of nanoparticle radius R, as follows: 
 

 E(R) = E0 + ℏ +
ℎ

 - .  + ∑ 𝛼∞   
 … (1) 
 

Where, R is the cluster radius, E0 is the band gap, 
me is the effective mass of electrons, mh is the 
effective mass of holes and e is the electronic charge. 
ϵ is the dielectric constant of the medium, 𝛼  is the 
function of dielectric constant and S is the electron-
hole separation. The second term of Eq. (1) represents 
quantum localization energy. The third term 
represents Coulomb potential energy and the fourth 
term represents polarization energy. For CdS cluster 
the eigen values of lowest excited states is located is 
no longer parabolic for the energy band so the 
curvature of lowest conduction band and highest 
valance band decreases with decreasing cluster size. 
From Eq. (1), the second and third term can be 

omitted because of smaller value of Coulomb 
potential and polarization energy, compared to 
electron-hole confinement kinetic energy. So, Eq. (1) 
can be written as: 
 

E(R) = E0 + ℏ +
ℎ

  … (2) 
 

Where, E(R) =2.975 eV, E0= 2.42 eV, me= 0.21m0, 𝑚ℎ= 0.80m0, m0= 9.109 ×10  kg is the free electron 
mass. The diameter of CdS nanoparticle was found 
4.01 nm by using the EMA formula. For smaller 
diameter of a particle, surface area would be larger 
which confirms stronger contribution of the defect 
related luminescence emission.  
 
4.2 PL Spectra of CdS nanoparticle 

With excitation wavelength 370 nm is shown in 
Fig. 2(b). The PL spectra of CdS nanoparticle give the 
size of CdS nanoparticle. The blue shift of the PL 
spectra of CdS nanoparticle is observed. The PL peak 
shift from 450-550 nm. This is expected in few  
of the increased surface area of the nanoparticle and 
probability of emission from the defect centers.  
The surface defects play key role in the determining 
the luminescence property. In the bulk crystalline 
material charge carriers can be trapped at dopant ions. 
However, the nanoparticles this traps are most likely 
to be located. 
 
4.3 XRD analysis 

Figure 6 shows X-Ray powder diffraction pattern 
of CdS nanoparticles in SiO2 sol-gel at 1000 °C.  
The broad peak centered on 2θ = 22° is characteristic 
of the amorphous silica glass. The sharp peak at  
2θ = 26.6° is due to the (002) plane of CdS12. The size 

 
 
Fig. 6 — XRD pattern of CdS nanoparticles in SiO2 sol-gel 
at 1000 °C. 
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of the CdS nanoparticles is estimated using Scherrer’s 
formula: 
 𝑑 =  .

β
∙ … (3) 

 

Where, λ is the wavelength of the X-ray and β is 
the half width of the diffraction peak and θ is the 
angle. The size of the CdS nanoparticles is calculated 
to be 9.65 nm. Though the validity of using Scherrer 
formula to estimate crystallite size is debatable25-27 the 
result obtained is comparable to that observed from 
the TEM image (Fig. 7) which shows clusters of more 
or less spherically shaped CdS nanoparticles.  
 
4.4 Optical properties and Judd-Ofelt analysis 

The radiative and non-radiative properties of 
lanthanide ions have been widely reported. By Judd-
Ofelt (J-O) theory, the analysis of the radiative 
transition in the 4f states of Sm3+ is performed28, 29. 
According to J-O theory, the calculated oscillator 
strength (fcal) of the electric dipole transition between 
two states | lNSLJ > →| lNS'L'J' > can be expressed as: 

 𝑓 = ( )
ℎ( ) ∑ 𝛺 〈𝑙 𝑆𝐿𝐽 𝑈( ) 𝑙 𝑆′𝐿′𝐽′〉, ,   
 … (4) 

 
Where, m is the mass of electron, c is the velocity 

of light, h is Planck's constant, J is the total angular 
momentum of the initial state, n is the refractive 
index, Ωλ are the J-O intensity parameters and ||U(λ)|| 
are the reduced matrix elements evaluated in the 
intermediate coupling approximation for transition 
|lNSLJ > →|lNS'L'J' > at energy �̅� expressed in cm-1. 
The reduced matrix elements || Uλ|| are known to be 
relatively host independent, so the values obtained by 
Carnall et al.30 are used in the calculations. 

The experimental oscillator strengths for transitions 
from the ground state to the excited states are 
determined from the absorption spectrum, using the 
following relation:  
  𝑓 = 4.319 × 10 𝜀(�̅�)𝑑𝜈 … (5) 
 

Where, 𝜀(�̅�) is the molar absorptivity at energy (�̅�) 
cm-1. The Judd Ofelt intensity parameters are 
evaluated using least square fitting and the oscillator 
strengths obtained from Eq. (5) which is 
experimentally determined values co-related with the 
theoretical expression given in Eq. (4). The J-O 
intensity parameters along with the experimental  

and calculated oscillator strengths of 7 mol % Sm,  
1 mol % CdS doped sample heated to 110 °C and the 
refractive index of glass sample as n=1.54 is given in 
Table 1.  

The J-O intensity parameters are found by 
comparing experimentally and theoretically calculated 
oscillator strengths, but in our present studies have 
found some trend that relates the parameters to the 
local environment of the Sm3+ ions. From Table 1 it is 
found that J-O parameters have the following trends 
Ω2 > Ω4 > Ω6. The large value of Ω2 indicates the 
presence of covalent bonding between the rare earth 
ions and glass host. 

The J-O parameter Ω2 is very sensitive to the 
structure and it is associated with the symmetry and 
covalency of lanthanide sides. On the other hand Ω4 
and Ω6 values show the viscosity and dielectric of the 
media and also affected by the vibronic transition of 
the rare earth ions bond to the ligand atoms and also 
related to the rigidity of the host medium in which the 
ions are situated, these two parameters are structure 
dependent parameters. J-O intensity parameters can 
be used to calculate the spectroscopic quality factor 
(SQF= Ω   Ω  ), the SQF is the deciding factor for the 

 
 

Fig. 7 —TEM image of CdS nanoparticle. 
 

Table1 — Oscillator strengths and J-O intensity parameters for 
7mol% Sm, 1mol% CdS doped sample. 

Transition 
6H5/2→ 

Energy (cm-1) fexp (×10-6) fcal (×10-6) 

4D7/2 28901 0.267 0.397 
4D3/2 27624 0.595 0.359 
6P7/2 26666 0.805 0.743 
6P3/2 24813 2.048 2.091 
4P5/2 24038 0.337 0.316 
4I13/2 21551 0.244 0.209 
4I9/2 20920 0.214 0.228 

Ω2=18.508 ×10-20cm2, Ω4=2.007×10-20 cm2, Ω6=1.445×10-20 cm2

and Ω4/ Ω6= 1.39 
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luminescence transition and quality of the materials. 
The SQF is critically important for the stimulated 
emission for the laser active medium. It is used to 
characterize the quality of the prepared glasses9,31,32. 
Ω4 parameters are correlated with symmetry and long 
range effect which is due to hydrogen bond from 
water molecule and Ω6 parameters can be correlated 
with the rigidity of the system33,34. In our present 
studies SQF is 1.39 which indicates that the silica 
glasses are fairly rigid. In the previous studies the 
SQF of borate glass34 is 1.71. The J-O parameters and 
SQF of Sm3+ doped glass system are presented in 
Table 2. The magnitude of Ω Ω   indicates the optimum 
features among the prepared glasses. 
4.5 Radiative properties 

With the help of three J-O parameters we can 
calculate the radiative parameters. The spontaneous 
electric dipole transition probability between the 
states |lNSLJ > and |lNS'L'J'> is given as: 𝐴 (𝑆𝐿𝐽, 𝑆 ′𝐿′𝐽′) =
ℎ ( ) ( ) ∑ 𝛺 〈𝑙 𝑆𝐿𝐽 𝑈( ) 𝑙 𝑆′𝐿′𝐽′〉, ,   

 … (6) 

Where, �̅� is the average wavelength of transition. 
The fluorescence branching ratio can be calculated 
from: 

ꞵ 𝑆𝐿𝐽, 𝑆 ′𝐿′𝐽′ = ( , ′ ′ ′)∑ ( , ′ ′ ′)′, ′, ′ … (7) 

Where, the denominators are for all the transitions 
from the excited states |lNSLJ > to the lower energy 
states. The radiative lifetime of an excited state 
lNSLJ > is given as: 𝜏(𝑆𝐿𝐽) = ∑ 𝐴(𝑆𝐿𝐽, 𝑆 ′𝐿′𝐽′)′, ′, ′ … (8)

These equations are used to calculate the radiative 
parameters of the glass sample which is shown in 
Table 3. 

For laser applications an important parameter 
which determines the potential of a material is the 
stimulated emission cross-section. The stimulated 
emission cross-section 𝜎  can be determined from 
the emission spectrum and the calculated emission 
probability using the relation38: 𝜎 = 𝐴   … (9) 

Where, 𝜆  is the peak emission wavelength, 𝛥𝜆 = ( )  is the effective line width, n is the 
refractive index and 𝐴  is the emission probability 
for the particular transition obtained from Table 3. 
Table 4 shows that the sample with lower ratio 

Table 2 — Judd-Ofelt intensity parameters and spectroscopic quality factor (SQF =   ) of varying Sm3+ concentration 
in the different glass matrix. 

Glass Intensity parameters  
Ωλ (× 10-20 cm2) 

Quality Factor (  ) Trends of Ωλ 

Ω2 Ω4 Ω6

Silica Glass (Present Work) 18.508 2.007 1.445 1.39 Ω2 > Ω4 > Ω6 
Sodium-tellurite glasses, TNS4 (Ref. [9]) 0.802 0.719 0.449 1.61 Ω2 > Ω4 > Ω6 
Fluoro-tellurite (Ref. [35]) 4.94 3.15 1.75 1.8 Ω2 > Ω4 > Ω6 
Tungsten tellurite (Ref. [36]) 6.68 3.78 1.86 2.03 Ω2 > Ω4 > Ω6 
Borate glass (Ref. [34], [37]) 6.36 6.02 3.51 1.71 Ω2 > Ω4 > Ω6 
20ZnO-10Li2O-10Na2O-60P2O5 (Ref.[8]) 1.07 1.457 0.8402 1.7341 Ω4 > Ω2 > Ω6 

Table 3 — Spontaneous emission probabilities, radiative lifetimes and branching ratios calculated for Sm3+ using J-O intensity parameters 
Ω2=18.508×10-20cm2, Ω4=2.007×10-20 cm2 and Ω6=1.445×10-20 cm2 

Transition4G5/2 → Average Energy (cm-1) Aed (s-1) ꞵ (%) τ (μs) 
6H5/2 17930 4.55 1.02

2259.94 

6H7/2 16896 50.29 11.36
6H9/2 15690 292.44 66.08
6H11/2 14364 13.56 3.06
6H13/2 12959 1.73 0.39
6F3/2 11394 10.75 2.43
6F5/2 10890 59.69 13.48
6F7/2 10022 1.25 0.28
6F9/2 8842 8.23 1.86
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Sm/CdS has higher σemi value as a result of narrower 
effective line width. 
 
5 Conclusions 

Sol-gel process has been employed to prepare Sm3+ 
ions along with CdS crystallites doped in silica 
glasses. The size of the CdS crystallites has been 
estimated by effective mass approximation and from 
the XRD pattern using Scherrer formula. From the 
optical absorption and PL spectra, the three Judd-
Ofelt intensity parameters, spontaneous emission 
probabilities, radiative lifetime and stimulated 
emission cross-section of Sm3+ ions doped in CdS and 
Silica glasses are determined. The observed trend in 
the variation of the J-O parameter was Ω2 > Ω4 > Ω6. 
The large value of Ω2 indicates the presence of 
covalent bonding between the rare earth ions and 
glass host. On the other hand Ω4 and Ω6 values show 
the viscosity and dielectric nature of the media and 
also affected by the vibronic transition of the rare 
earth ions bond to the ligand atoms. Strong emissions 
in the visible region were observed under UV 
excitation.  
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Abstract. Silica glasses doped with different concentrations of Tb3+ and Al were prepared by sol-gel method. The prepared 
glass samples were annealed at 1020°C to remove residual hydroxyl groups. The effect of Al on the optical properties was 
studied from the luminescence spectra of the prepared samples with 254nm excitation. 5D3 emission peaks were observed 
at 378nm, 414nm, 440nm and 460nm resulting from the transitions 5D3 → 7F6, 7F5, 7F4 and 7F3 respectively. 5D4 emission 
peaks were also observed at 488nm, 543nm, 588nm and 624nm resulting from the transitions 5D4 → 7F6, 7F5, 7F4 and 7F3 
respectively. The 5D3 emissions were found to be greatly enhanced in the presence of Al. Differences in the shapes, 
positions and relative intensities of the 5D4 emission lines were also observed between Tb3+ doped and Tb-Al co-doped 
samples indicating the modification of the local Tb3+ environment in the presence of Al. The observations are in support 
of the reduction in energy transfer and cross-relaxation processes as well as higher diversity in the Tb3+ ion site in the 
presence of Al. 

INTRODUCTION 

Among the rare earth (RE) ions, Tb3+ has one of the most interesting energy level structures. The energy gap 
between the 5D4 and the immediate lower level 7F0 is around 15000 cm-1 which is one of the largest among the RE 
ions [1]. This means that non radiative relaxation from the 5D4 level due to multiphonon relaxation is very low [2] and 
Tb3+ ions show efficient photoluminescence (PL) even in hosts with high phonon energy such as borate and silicate 
glasses. The radiative transitions from the 5D4 to the 7FJ states produce strong emissions in the visible region and the 
5D4→7F5 transition in particular produces a bright green emission which has many potential applications in 
optoelectronic and display devices [3, 4]. Radiative relaxation from the 5D3 level is also possible resulting in emissions 
in the blue and near UV region. The energy gap for this level though is lower (~5800 cm-1) so the emission is likely 
to be more affected by different quenching mechanisms. Moreover, there is an effective cross-relaxation path for Tb3+ 
ion in the 5D3 level [5] which greatly reduces the emission from this level especially for higher concentrations where 
clustering of Tb3+ ions tend to increase. Thus the 5D3 emission of Tb3+ can be used as a probe to study the environment 
of the Tb3+ ion is various hosts. Silica is regarded as a favorable host for RE ions as it has high chemical and thermal 
stability, good mechanical strength and UV transparency [6, 7]. But the synthesis of RE doped silica glass through 
traditional melt quenching technique poses a serious problem as the temperature required is in excess of 2000°C [8]. 
Sol-gel technique provides a method to synthesize such glasses at a much lower temperature with superior 
homogeneity [9]. RE ions are known to have low solubility in silica glass and tend to form clusters resulting in 
concentration quenching [10]. Aluminium is thought to increase the solubility of the RE ions [11] and hence reduce 
the quenching effects. The exact mechanism by which Aluminium reduces the quenching is a matter of much debate 
and many studies had come with different explanations. It has long been believed that Aluminium reduces the 
clustering of RE ions [11-14] but Monteil et al. [15] suggested that the effect is due to the modification of the RE local 
structure. 
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In this paper we report the synthesis of sol-gel silica glass doped with Tb3+ and Al at different concentrations. The 
ratio of 5D3 and 5D4 emissions is used to study quenching effects. The effects of Al on the 5D3 emissions as well as the 
shape of the 5D4→7F5 emission peak are also reported. 

EXPERIMENTAL 

The glass samples were prepared by sol-gel method which relies on the hydrolysis and condensation of tetraethyl 
orthosilicate(TEOS) in the presence of H2O to form the SiO2 network. For a particular sample of specific dopants 
concentrations, required amounts of dopants in the form of Tb(NO3)3.5H2O and Al(NO3)3.9H2O are dissolved in 
deionised water, then C2H5OH is added which act as the co-solvent as H2O and TEOS are immiscible. A small amount 
of HNO3 is also added to lower the pH value and increase the rate of hydrolysis, and then TEOS is added dropwise. 
The mixture of TEOS, H2O, C2H5OH and HNO3 in the molar ratio 1:5.5:3.5:0.1 with the dissolved dopants is stirred 
for 1hr using a magnetic stirrer to form a sol. The sol is then poured in small plastic container and then sealed to 
prevent evaporation. The sol is left sealed at room temperature for few days during which it forms a solid gel. Pin 
holes are then made in the cover of the plastic container to allow slow evaporation and left for two weeks, after which 
the gels shrunk to only a fraction of the initial volume of the sol. The gels are then dried further by slowly heating to 
90°C and then annealed in an electric furnace up to 1050°C at heating rate of 1°C/min to form dense glass samples. 
The samples prepared have Tb3+ concentration in the range 0.1 to 0.5 mol% and Al3+/Tb3+ ratio from 0 to 8. PL spectra 
of the samples are recorded using iHR320 imaging spectrometer using the 254nm line of mercury lamp as the 
excitation source. 

RESULTS 

The 254nm excitation caused a 4f→5d transition of the Tb3+ ions which after subsequent relaxations populate the 
emitting 5D3 and 5D4 levels. The PL spectra of prepared samples containing 0.1mol% Tb3+ with and without Al is 
given in Fig. 1. The peaks at 378nm, 414nm, 440nm and 460nm are assigned as the transition from 5D3 to 7F6, 7F5, 7F4 
and 7F3 levels respectively and peaks at 488nm, 543nm, 588nm and 624nm as transitions from 5D4 to 7F6, 7F5, 7F4 and 
7F3 levels respectively as shown in Fig. 2. 

 

 
FIGURE 1. PL spectra of 0.1mol% Tb3+ in sol-gel silica glass with and without Al. 
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FIGURE 2. Radiative transitions from the 5D3 and 5D4 levels of Tb3+ 

 

 
FIGURE 3. PL spectra of 0.5mol% Tb3+ in sol-gel silica glass with different concentration of Al. 

 
It is observed that in the case of Tb3+ doped sample without Al, the emissions from the 5D4 level are very strong 

while those from 5D3 are almost non-existent while in the case of the Al co-doped sample, the 5D3 emissions are 
significantly enhanced. Changes in shape and relative intensity of 5D4 emission peaks are also observed. The 5D4→7F6 
and 7F3 peaks are relatively less intense in the presence of Al. Also, the 5D4→7F6 and 7F5 peaks are slightly blue shifted 
and the 5D4→7F4 and 7F3 peaks are slightly red shifted with addition of Al. Broadening of the 5D4 emission peaks are 
also observed in the presence of Al. To further study the effect of Al, samples with higher concentration of Tb3+ were 
prepared. Figure 3 shows the PL spectra of samples containing 0.5 mol% Tb3+ with varying Al content. 

The effect of Al co-doping on the PL spectra of the 0.5mol% Tb sample is similar to that of the lower concentration 
Tb doped sample. Significant changes in the 5D4 emissions and enhancement of 5D3 emissions are observed the Al/Tb 
ratio is increased from 0 to 4, but further increase in the Al/Tb ratio to 8 produced only minor changes. Figure 4 shows 
the relative intensities of the 5D3 emissions compared to 5D4→7F6 for the various samples prepared annealed at 1050°C. 
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The 5D3 emissions are present, but very weak in case of both the 0.1 and 0.5 mol% Tb3+ doped samples without Al. 
The co-doping of Al is particularly effective for the lower concentration Tb3+ sample resulting in higher intensity of 
5D3 emissions relative to the 5D4→7F6 emission. The 5D3 emissions are also significantly enhanced with Al co-doping 
for the higher concentration Tb3+ doped samples but the 5D3/5D4 emission intensity ratio is significantly lower 
compared to the lower concentration Tb3+ doped sample even for the same Al/Tb ratio. 

 
FIGURE 4. 5D3 emission peaks for different dopants concentrations. (5D4→7F6 peak is included for comparing relative 

intensities) 

DISCUSSIONS 

Since the energy gap below the 5D3 level is much smaller than that below the 5D4, quenching due to residual 
hydroxyl ions and multiphonon relaxation is much more effective. Also, there is quenching due to cross-relaxation 
between two Tb3+ ions in close proximity. The gap between 5D3 and 5D4 closely matches the gap between the ground 
state and 7F0 level so energy transfer (ET) is possible from an excited ion in the 5D3 level to a nearby ion in the ground 
state represented as (5D3,7F6)→ (5D4,7F0). The weakness of the 5D3 emission in the samples without Al is likely to be 
the effect of cross-relaxation and the enhancement of the emission in presence of Al is attributed to the reduction in 
cross relaxation. It is believed that Al increases the solubility of RE ions which have higher affinity towards Al rich 
environment [11]. Al generate non-bridging oxygen creating a more open network structure for the Tb3+ ions. This in 
turn reduces the formation of the Tb3+ clusters and increase the average distance between Tb3+ ions, reducing energy 
transfer. Another possible contributing factor is the reduction of phonon energy coupled to the Tb3+ ions. Al-O bond 
has lower phonon energy than Si-O bond and since RE ions would preferentially co-ordinate with Al rich regions this 
may reduce the quenching due to multiphonon relaxation. This explanation is supported by the results obtained by 
Nogami and Abe [16] for Eu3+ doped in Al2O3-SiO2 glass. The reduction of cross-relaxation in presence of Al was 
also reported recently in Pr3+ doped sol-gel silica glass [17]. 

If the decrease in phonon energy is the dominant contribution to the enhancement of the 5D3 emission, then the 
ratio of 5D3 to 4D4 emission is likely to be more or less the same for different Tb3+ concentrations keeping the Al/Tb 
ratio constant. Table 1 show the 5D3 to 5D4 emission ratio ‘R’ for the prepared samples with various concentrations of 
dopants defined as 

            (1) 

Where ‘I’ is the emission intensity at energy ‘ν’ expressed in cm-1. The integrals in the numerator and denominator 
are for the 5D3 and 5D4 emissions respectively. 
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TABLE 1. Peak ratios of prepared samples 

Tb3+ conc. (mol %) Al3+ conc. (mol %) Ra Rb 
0.1 0.0 <0.01 <0.01 
0.1 0.8 0.27 0.35 
0.5 0.0 <0.01 <0.01 
0.5 2.0 0.08 0.12 
0.5 4.0 0.09 0.13 
Note: aannealed to 1020°C  bannealed to 1050°C 

 
The ratio R is significantly decreased for the higher Tb3+ doped samples even for the same Al/Tb ratio. This shows 

that the quenching mechanism may be dependent on the concentration of Tb3+ suggesting cross-relaxation. This does 
not necessarily disprove the effect of lowering of phonon energy of the Al-O bond as the PL enhancement could be 
due to various contributing factors. The reduction in the relative intensity of the 5D3 emission for higher concentration 
samples may also be due to the increase in residual hydroxyl content. The dopants were introduced in the form of their 
hydrous salts which contribute to more hydroxyl content. Complete removal of residual hydroxyls if possible would 
better clarify the Al effect on the luminescence property of the samples. The presence of hydroxyl groups is very 
effective in quenching of the 5D3 emission and even the samples with Al show 5D3 emissions of significant intensity 
only after annealing above 900°C. Annealing to high temperatures is an effective way to remove the hydroxyl content, 
but traces are likely to be present even in fully densified samples. Table 1 show that further increase in temperature 
from 1020°C to 1050°C significantly improves the 5D3 to 5D4 emission ratio indicating the presence of hydroxyls yet 
to be removed even at 1020°C. Some samples annealed to 1050°C foamed and turn white opaque preventing optical 
studies. The formation of white opaque core is believed to be due to the expansion of pores and air pockets in the inner 
region after the outer layer densified and the outer pores closed preventing escape of the air inside. 

 
TABLE 2. Peak position and branching ratio of 5D4 emissions 

Transition 0.1Tb, 0Al 0.1Tb, 0.8Al 0.5Tb, 0Al 0.5Tb, 2Al 0.5Tb, 4Al 
λp(nm) β(%) λp(nm) β(%) λp(nm) β(%) λp(nm) β(%) λp(nm) β(%) 

5D4→ 
 

7F6 488 19 487 15 488 18 487 17 487 17 
7F5 541 65 540 71 541 65 540 69 540 70 
7F4 585 10 587 9 585 11 586 10 586 9 
7F3 623 6 626 5 622 6 623 4 623 4 

 
Table 2 shows the peak positions ‘λp’ and the branching ratio ‘β’ of the 5D4 emissions for the different samples 

prepared. The 5D4→7F2, 7F1 and 7F0 transitions are neglected in calculating the branching ratio as their intensities are 
relatively very low giving poor signal to noise ratio. The branching ratios of the different transitions are more or less 
the same for the samples without Al. Similar uniformity is also observed with Al co-doping. A trend is observed in 
that the branching ratio of the 5D4→7F5 emission increases with the addition of Al while the ratios of the other 
emissions are slightly reduced. The changes in position, shape and relative intensities of the emission peaks observed 
with Al co-doping indicate that the local environment of the Tb3+ ions is different in the presence of Al. 

Broadening of the emission peaks are also observed in the presence of Al for both the 0.1 and 0.5mol% Tb3+ 
samples (Fig. 1 & 3). In case of RE doped in crystals, all the RE ions occupy similar site and hence produce sharp 
emission lines that can be resolved into the various Stark components. In glasses however, the RE ion sites are slightly 
different from one another as a result of the more random nature of the amorphous glass network [10]. Hence, the 
spectroscopic properties of individual ions slightly differ from one another and the emission lines are broadened and 
the Stark components unresolved. Further deviation from the crystal nature and greater multiplicity of RE site would 
result further broadening of emission lines. The broadening of 5D4 emission peaks in the presence of Al suggests that 
the local environments of the Tb3+ ions are more diverse in the presence of Al. 

CONCLUSION 

Tb3+ in sol-gel silica glass co-doped with varying amounts of Al were prepared. Samples annealed to 1020°C are 
optically transparent while some samples foamed after annealing to 1050°C due to the expansion and bursting of air 
pockets in the inner region after the outer pores closed. The prepared so-gel glasses retain amorphous nature even after 
densification and annealing to 1050°C. The emissions from the 5D3 level are highly dependent on both annealing 
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temperature and Al co-doping. The increase in 5D3 emission with annealing is attributed to the removal of residual 
hydroxyls which were not fully removed after annealing to 1020°C. The intensity of 5D4 emissions are relatively less 
affected by annealing temperature and Al co-doping. Co-doping with Al dramatically increases the 5D3/5D4 emission 
intensity ratio for the 0.1mol% Tb3+ samples while it is not as effective in the higher Tb3+ doped samples. Reduction 
in cross-relaxation appears to be the main factor for the enhancement of 5D3 emission with Al co-doping. Analyses of 
the shape and relative intensities of the 5D4 emission peaks show that Al changes the Tb3+ ion environment and also 
indicate higher diversity of the Tb3+ site in presence of Al. These findings support the dispersal and anti-clustering 
effect of Al in RE doped sol-gel glasses. 
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ABSTRACT  Glasses doped with trivalent Rare earth (RE3+) ions have been utilized as a material for high-power solid-state lasers. The lasing characteristics are determined by the electronic energy levels of the RE ions in presence of other ions in their neighborhood may have considerable interest to study the absorption and luminescence characteristics of different glasses doped with RE ions. The combination of the host and dopant will determine the properties of the laser material in terms of spectroscopic properties, such as lasing wavelength, spectral bandwidth, and the fluorescence lifetime of the emitting level. Melt quench and sol-gel techniques are used for the production of solid-state lasers. The sol-gel techniques offer a low-temperature method for synthesizing novel materials. The incorporation of RE ions doped glasses and nanoparticles produced by the sol-gel method enables the design of new types of optoelectronic devices. The optical properties of RE3+ ions trapped in host lattices are persistently a lucrative research theme because both fundamental and technological significance possesses interesting optical properties where silica glasses have been shown to act as a host for RE ions. However, their effective use as optical material has been limited by different reasons (1) Multiphonon relaxation (2) Cross relaxation, and (3) Hydroxyl quenching. In major driving force in this research work is to understand the mechanism of luminescence quenching and how to overcome them. In this research work, we present an overview of how the above-mentioned non-radiative paths influence the performance RE doped in optoelectronic applications. Because of the higher phonon (≈ 1100 cm-1) energy of the silica glass, the emission efficiency from RE ions in sol-gel silica glass has limitations. Despite this limitation, the sol-gel silica glass is extensively studied and used because of its various applications. The incorporation of rare earth results in some allowed transitions according to Laporte's selection rule. Thus, the radiative transitions of RE ions have received 



 

2  

academic and industrial attention from the beginning of the twentieth century. Different types of glasses and semiconductor crystals have been considered to be potential host materials for the optically active RE elements to fabricate novel photonic materials. RE doped crystals as optical data storage, various RE-based glasses, and crystals to develop display devices, visible and IR LEDs in semiconductors are a few examples. RE activated fiber amplifiers, fiber lasers, and display devices, etc. are in general based on glass fibers. Silicate, phosphate, borate, fluoride, germinate, etc. are different RE-based glass materials for photonic applications. Silica glass is a popular host because of its several advantages like optical transparency in the UV-Vis region, chemical durability, superior chemical resistance, thermal stability, etc. Generally, because of the higher phonon energy of the silica host, the efficiency of the emission from the RE ions in this host has limitations. Despite this limitation, silica glasses are extensively studied and used because of their technological advantages. Hence, the study on the enhancement in emission efficiency of RE ions in silica glasses bears tremendous potential. Among the various methods, the introduction of sensitization centers and network modifiers to the glass network are efficient methods for the enhancement of emission output from the RE ions. That can be accomplished by the introduction of sensitization centers and modifiers into the glass network. The sensitizers are particles or atoms or compounds that have a higher absorption cross-section, and their emission wavelength matches with the absorption wavelength of the RE ions. Thus, the sensitizers can effectively absorb the excitation energy, transfer the energy to the RE ions, and consequently enhance the RE emissions. Network modifiers are species that change the RE environment as well as the interaction of the RE ions with the host. They also reduce the mutual interaction among the RE ions in a host, thus, reducing the possibility of quenching of RE emission. Co-doping of semiconductor nanoparticles (NPs) possesses great potential in the area of sensitized luminescence from RE ions. The reason for that is these particles play 



 

3  

both the roles of network modifier and sensitizer. Generally, these NPs exhibit broad luminescence arising from recombination of the electron-hole pairs associated with various defect states. The energy band-gap of the semiconductor NPs is also dependent on the particle size. Additionally, the absorption cross-section of the semiconductor NPs is much higher in comparison to the RE ions. So the semiconductor NPs absorb energy from the excitation source and luminescence. This emitted energy is transferred to RE ions in the vicinity when there is spectral overlap between the excitation maxima for the RE ions with the PL maxima of the NPs. CdS is a wide and direct band-gap II-VI semiconductor with high absorption cross-section, generally at 335nm, in bulk form. It plays the role of a potential sensitizer for RE in different hosts. Due to its superior emissive properties, CdS is utilized as efficient phosphor material as well. The Sol-gel technique is used to fabricate the samples in the present work. The method possesses a lot of advantages such as 1. Sol-gel method can be synthesis by chemical materials, so the composition of the materials can be tailored at the molecular level. As a result, stoichiometric homogeneous control of the doping is easily achieved. 2. Since liquid precursors are used it’s possible to cast the glass in a range of shapes, without melting.  3. The precursors, such as metal alkoxides, with very high purity, are commercially available, which makes it easy to fabricate materials with high quality. 4. Greater precision in controlling host glass composition and the possibility of homogeneously incorporating RE by a chemical reaction in the sol.  
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 In view of the importance of the RE doped glasses for laser amplifiers and optoelectronic devices, it is interesting to investigate how the various factors influence the performance of such glasses. In this work, we have made a comparative study of absorption and luminescence intensities of Sm3+, Tb3+, Pr3+, Ho3+, and Er3+ glasses prepared by the sol-gel method of silica with the addition of CdS/Al2O3. The intensities of the entire absorption and emission band are increased even with a small amount of Al/CdS nanoparticles. Hence the study on the enhancement in luminescence intensities of these RE ions in silica glass bears tremendous potential.  The aim of the present work is to synthesis some RE ions (Tb3+, Ho3+, Sm3+, Pr3+, and Er3+) co-doped with CdS and aluminum prepared by the sol-gel technique. The sol-gel technique has been employed to synthesize  (1)  CdS (2)  Al2O3 The synthesized samples were investigated for their structural and optical properties. The structural analysis was carried out using XRD, TEM, and FTIR. The FTIR spectra were recorded by (IRAffinity-1S (SHIMADZU)) to study the constituents of the prepared samples. The crystallinity behavior of CdS was studied by XRD (Panalytical X’ Pert (3) powder) with CuKα (1.54Å) radiation, and to observe the size of the CdS nanoparticles inside the silica matrix. The absorption and fluorescence spectra of the samples were recorded by an iHR320 imaging spectrometer using various excitation wavelengths of diode laser of power 2w (MDL-III-450, CNI, China). Fluorescence spectra and lifetime measurements of some dye samples are measured from CSIR-NEIST, Jorhat, Assam with the equipment name Fluorescence Spectrophotometer, HORIBA, USA, Model: Fluorolog®-3.TEM analysis was done by Model: TECNAI G2 20 S-TWIN (200KV); Resolution: 2.4A0 Software: TIA (FEI imaging software), 
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EMMENU4, EMTOOLS, Make: FEI COMPANY, USA. Analysis: IMAGE ANALYSIS.  SAIC BUILDING, TEZPUR UNIVERSITY. All-optical measurements were recorded at room temperature. The excitation wavelengths were set at 370 and 450 nm of diode lasers. The thesis is presented in the form of seven chapters as discussed below. The first chapter deals with the introduction of RE doped glass co-doped with nanoparticles of CdS and Aluminum. A brief review of the work done by earlier researchers in the field related to the present work is given in this chapter. The aim of the work is also presented.  The second chapter of the thesis gives experimental techniques and the steps involved in the preparation of RE doped glasses and the measurement of structural and optical properties of the samples. It also explains the working principle of experimental techniques used for structural analysis.   The third chapter presents the result of the experimental work on Sm3+ doped in CdS nanoparticles.  The fourth chapter gives the result and discussion of the Tb3+ ion carried out on the CdS and Aluminum composites. Variation of the concentrations of Tb has been observed to play a significant role in influencing the various optical parameters. Chapter fifth presents the Spectroscopic Studies of Er3+, Ho3+, and Pr3+ ions co-doped with Aluminum.  Chapter six is based on spectroscopic characterization of RhB dye in the silica matrix and RhB in CdS nanoparticles. The spectral characteristics of RhB dye in silica and CdS matrix were explained based on their specific interaction in a SiO2 matrix.  Finally, the last chapter of the thesis summarizes the result obtained from the various investigations and suggestions for future research work. 
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