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SYNOPSIS 

Single crystals have since long created a nice niche among advancement of technology 

that spans from the electronics and related development to generation of high power tuneable 

solid state laser and the radiation detection [1-6]. There have been continuous efforts in 

developing single crystals of new materials with better quality compared to existing one, to 

improve the quality of single crystals of the existing materials, making their growth easy by 

improving the growth conditions, or modifying the existing growth techniques for a better yield. 

In some cases where it is difficult or impossible to grow single crystals with desired properties 

like homogeneity in dopant concentration, researchers are trying to find a replacement of single 

crystals in the form of optically transparent ceramics (OTC) that show, in some cases, better 

properties than the single crystals for specific applications.    

The research work of my thesis entitled “Effect of Growth Processes on Characteristics 

of Some Technologically Important Oxide and Halide Crystals” dwells on the growth of single 

crystals of a few materials that find applications as scintillator detectors and radiation 

dosimeters. The effect of growth parameters on their characteristics has been investigated 

mainly to improve their properties for the intended applications.  

A large number of different scintillation crystals exist that are used for the detection and 

spectroscopy of wide assortment of radiations. A good scintillator should posses certain 

properties like high density and high Z-effective (stopping power for ionizing radiation), large 

range of linearity in response (Photon/MeV), transparency to its own emission, faster decay 

(high rate of pulse counting), suitable emission wavelength to match the photo-detector read 

out, etc. [7]. Similarly, the requisite properties for a good thermal dosimeter material (another 

kind of radiation detector) are: single glow curve (single type of trap centres) in the temperature 
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range of 150-250°C, high sensitivity, repeatability, good light output, homogeneity in the trap 

centre distribution, easy preparation, inert to ambient, etc. However, no material simultaneously 

meets all these criteria, and the choice of a particular scintillator/dosimeter is therefore always a 

compromise among these and other factors for a given application. Most of the present 

scintillators and phosphors for dosimeters can be broadly classified in two categories consisting 

of halides and oxides compounds. The growth parameters and preparation procedures greatly 

affect, in terms of defect formation and dopant distribution, the scintillation process and other 

properties of the materials like radiation hardness, optical properties etc., in a favourable or 

adverse manner depending on the nature of defects and luminescence centre.   

In the present research work I intended to study the effect of preparation procedure and 

growth parameters on the properties of a few oxide and halide materials including CsI:Tl and 

NaBi(WO4)2 and NaGd(WO4)2 based scintillator and Mn doped CaF2 as a material for the 

thermally stimulated luminescent dosimeter. The aim of the study is to make single crystal 

growth procedure easy and simple and second, to develop a better substitute for Mn doped CaF2 

single crystals for applications in radiation dosimetry. 

 In the following sections, the research work carried out on these materials and plan of 

presentation of results in the thesis have been briefly outlined. "

Chapter- 1: Introduction  

The first chapter of the thesis deals with a brief introduction to single crystals and their 

applications in various fields with an emphasis on their use as scintillators and phosphor 

materials in radiation detection and measurement. The scintillation process has been described 

in a general form and few important steps involved in the process along with some theoretical 

aspect have been described. The properties of an ideal scintillator are listed with their 
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importance to the intended application has been explained. A brief history of inorganic 

scintillators along with their properties and preparation methods has also been given. A brief 

introduction to materials that are studied in the present work i.e. CsI, NaBi(WO4)2 , 

NaGd(WO4)2 and CaF2 along with their brief history is given. 

Chapter-2: Experimental techniques  

Among the three types of materials considered in the thesis, CsI, NaBi(WO4)2 and NaGd(WO4)2 

are prepared in the form of single crystals. The crystals of CsI have been grown by a modified 

Bridgman technique while NRW single crystals have been grown using the Czochralski 

technique. The third material, Mn doped CaF2, is developed in the form of optically transparent 

ceramic (OTC).  

In this Chapter, techniques to grow single crystals have been described in general and 

Bridgman and Czochralski techniques in particular. Other experimental techniques like X-ray 

diffraction, Laue back reflection, spectroscopy, gamma-ray spectroscopy, etc employed to 

characterize the starting materials and grown crystals during the present research are described. 

In addition, results of theoretical electronic band structure calculations for CsI, CaF2, 

NaBi(WO4)2 and NaGd(WO4)2 are also briefly given in Chapter-2. 

 Chapter-3: Growth of single crystal of Tl doped CsI by a modified Bridgman crystal 

growth technique  

In this chapter two different approaches that yielded, with considerable ease, good quality 

device grade single crystals of Tl doped CsI have been described.  

I. Growth of CsI:Tl crystals in carbon coated silica crucibles: 
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In this part, the growth of single crystal of Tl doped CsI in carbon coated fused silica 

crucibles by a gradient freeze technique has been described. Effects of the axial temperature 

gradient inside the melt, cooling rate and post-growth annealing on the crystal growth and 

luminescence properties have been studied and discussed. By analysing the results of a 

systematic study carried out on the effects of growth process on radiation hardness, day-light 

coloration and related afterglow of CsI:Tl, optimum conditions for the growth of crystals have 

been determined. The grown crystals exhibited good radiation hardness and excellent 

scintillation properties. Gamma-ray detectors were fabricated and characterized to study the 

effect of growth conditions on the scintillation properties of grown crystals.  

II.  Growth of CsI:Tl crystals using a modified Bridgman method:  

In a different approach a modified Bridgman technique has been designed and 

developed to grow the CsI single crystal of 50 mm diameter and 60 mm length, in a simple and 

effective manner. In this part of Chapter-3, design and construction of the modified Bridgeman 

system employed for the crystal growth of Tl doped CsI are elaborated. A specially designed 

crucible along with the modified furnace was used to grow single crystal of CsI:Tl of 50 mm 

diameter and 60 mm length. By employing this technique the thermal and mechanical shocks to 

the crystal were minimized that reduced the day light coloration and enhanced the radiation 

hardness of grown crystals.  

Scintillation properties of the CsI:Tl have been described in this chapter. Gamma-ray 

detectors employing CsI:Tl and P-I-N photodiode combination were fabricated and 

characterized. These detectors showed excellent resolution (<8%) at 662 keV suitable for use in 

the γ-ray spectroscopy application to identify radio-active nuclides. 
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Chapter-4: Growth of single crystal of NaBi(WO4)2 and NaGd(WO4)2 and study of the 

effect of oxygen stoiciometry on their scintillation properties 

Single crystals of NaBi(WO4)2 and NaGd(WO4)2 having high density and radiation hardness are 

the promising new materials that may find applications as radiation detectors for both 

luminosity and calorimetric measurements. These materials are intrinsic scintillators wherein 

WO4
2- group is responsible for the luminescence [8,9]. In this chapter the growth of single 

crystals of NaBi(WO4)2 and NaGd(WO4)2 has been discussed along with the effect of oxygen 

environment around W on the scintillation and optical properties of these crystals. 

(i) NaBi(WO4)2:  

In this section of Chapter-4, the growth of un-doped NaBi(WO4)2 (NBW) crystals using 

the Czochralski technique has been described and its luminescence and optical properties as a 

function of oxygen defects have been analysed. Optical transmission and reflection spectra of 

as-grown, oxygen annealed and vacuum annealed samples were recorded over the wavelength 

range from 200 nm to 800 nm. Photo-luminescence (PL) studies were performed over a 

wavelength range from 300 nm to 800 nm and in a temperature range of 77–300 K. The spectral 

dependence of photoconductivity was measured at an applied field of 500 V/cm on the same 

samples.  

Photo-luminescence spectra of as-grown crystals consist of emission band at 495 nm and 

two excitation bands at 322 nm with a shoulder at 280 nm. A large stoke shift of 10,854 cm-1 for 

the emission band was found to be similar to other molybdate and tungstate crystals [10]. The 

effect of annealing on the luminescence process has been studied and discussed. The annealing 

induced changes in the energy structure of regular WO4 complex has been analyzed using the 

reflectivity and PL spectra and photoconductivity measurements carried out on the as-grown 
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and annealed samples. The temperature dependence of emission was also studied. The thermal 

activation energy for the quenching was calculated from a Mott–Seitz dependence of 

photoluminescence and found to be consistent with the PL quenching. Thermal quenching 

profile was also found to be changed for samples annealed in different ambient.  

The electronic band structure of NBW was calculated and analysed. The presence of Bi 

states in valance band (VB) and conduction band (CB) suggest that the excitons may be created 

at Bi ions and then trapped at the (WO4)2- complex. The role of these excitons and localization 

of charge carriers were understood by comparing the spectral dependence of excitation, 

photoconductivity (PC), transmission and reflectivity of the as-grown NBW crystal.  

(ii) NaGd(WO4)2:  

In this part of Chapter-4 the growth of un-doped and Yb3+ doped NaGd(WO4)2 [NGW] 

single crystals by the Czochralski technique under various ambient (pure Ar and air) has been 

described and the optical properties of the grown crystal as a function of growth ambient were 

studied.  

The crystals grown in air ambient were slightly greenish in appearance due to oxygen 

related defects. The crystal grown in pure Ar ambient was black in colour, though it was crack-

free and diameter was well controlled. This crystal (grown in Ar) when annealed at 800°C in air 

for 10 h turned transparent without any trace of blackness indicating a very high diffusivity of 

oxygen in the crystal. All the reflection in the powder X-ray diffraction of the grown crystal 

were in accordance to the crystal symmetry; space group I41/a (though few authors have 

reported I-4 non Centro-symmetric structure [11]). The Laue pattern was used to confirm the c-

orientation of the crystal and its quality. The UV-VIS-NIR spectroscopy of the crystal revealed 

that the UV band edge of the crystal grown in argon ambient and annealed in air shifted towards 
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lower wavelengths compared to crystals grown in air ambient. Further, the crystals grown in air 

show a broad absorption band which affects the crystal quality badly.  

The intrinsic emission from the single crystals grown in air and Ar were compared. It 

was found that the intrinsic emission of the crystal grown in Ar ambient and annealed in air has 

different temperature dependence than that for the crystal grown in air and annealed. These 

findings suggest that the oxygen related defects play a significant role in optical and 

fluorescence properties of the material. Thus it was established that by controlling the oxygen 

content in the growth ambient one can tune the optical and luminescence properties of NGW 

crystals.  

Chapter-5: Optically transparent ceramic of Mn doped CaF2; a better material to 

substitute CaF2:Mn single crystal for applications as radiation dosimeters  

The CaF2:Mn is an important phosphor material for use as the thermo-luminescence 

(TL) dosimeter. The difficulty in growing doped single crystals of this material arises from high 

vapour pressure and different crystal structure of MnF2 that prohibit its incorporation in the 

CaF2 crystal lattice during the growth under vacuum conditions and leads to variations in the 

Mn concentration throughout the crystal. The difficulty in doping single crystals with Mn can be 

surmounted by preparing optically transparent ceramics (OTC) of this compound. In this 

Chapter the synthesis and characterization of CaF2 transparent ceramics doped with Mn (2.5 

at.%) are reported. 

The OTC of CaF2:Mn was prepared by hot pressing of nano-powders. The nano-

powders were synthesized by a co-precipitation method. The nano powder and prepared OTC 

were characterized for the phase identification using an X-ray diffractometer. The 

microstructure of nano-powder and fractured OTC was studied using the SEM. The 
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transmission in the UV–Vis range (200–1100 nm range) was recorded using a 

spectrophotometer. The photo-luminescence was recorded using a fluorescence spectrometer in 

the range from 200 nm to 800 nm. Further the valance states of Mn in the OTC were determined 

using an X-ray photo-electron spectrometer (XPS) and the concentration was determined using 

a secondary ion mass spectrometer (SIMS). The dosimetric properties were investigated by 

irradiating the samples with a 60Co gamma source. Thermally stimulated luminescence (TSL) 

glow curves were recorded for different doses using an indigenously developed thermo-

luminescent dosimetry set-up.  

The excitation and emission spectra of the Mn doped CaF2 OTC show the presence of 

excitation levels corresponding to 6A1g(6S) – 4T2g(4G) transitions of Mn2+ [14]. The glow-

curve from the OTC (10 mg) recorded after a gamma dose of 100 mGy shows a single glow-

peak at 260°C. The minimum dose that could be measured was about 3 mGy. The wavelength 

of the emission spectrum recorded during photoluminescence and TSL was found to be the 

same (495 nm). This indicates the observed excitation bands in both the cases are due to internal 

transitions of Mn2+. This fact indicates a possible formation of hole-traps. The dose linearity of 

the OTC was measured by irradiating the OTC to different doses and measuring the area under 

the glow-peak. The sample is found to be linear up to the highest dose of over 100 mGy used in 

the present work.  

Chapter-6: Summary and Conclusions 

The findings of the research work have been summarized in Chapter-6 of the thesis. Three types 

of materials were taken for the study; two in the form of single crystal and third in the form of 

OTC. It has been shown that the growth procedure significantly affects the properties of crystals 
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mainly due to the formation of various types of defects during the material preparation and 

crystal growth.   

A modified Bridgman technique has been developed for the growth of the CsI:Tl crystal 

and the optimum growth parameters for the best scintillation properties were determined. The 

effect of oxygen stoichiometry on the luminescence and optical properties of double tungstates 

were studied and it was established that the luminescence properties of the material can be 

tailored by appropriately choosing the oxygen environment during the growth or post-growth 

thermal treatment of crystals.  

An alternative of CaF2:Mn single crystal in the form of optically transparent ceramic has 

been developed employing hot pressing of nano-crystalline CaF2:Mn synthesized using a wet 

chemical processing method. The problem of inhomogeneous distribution of the dopant (Mn) in 

CaF2 matrix was solved and it was shown that the CaF2:Mn (OTC) would be a better material 

than the conventionally used opaque pellets in TL dosimetry applications.  
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CHAPTER 1 
____________________________________ 

INTRODUCTION 
Single crystals have since long created a nice niche among advancement of technology that 

spans from the electronics and related development to generation of high power tuneable solid 

state laser and the radiation detection [1-6]. There have been continuous efforts in developing 

single crystals of new materials with better quality compared to existing one, to improve the 

quality of single crystals of the existing materials, making their growth easy by improving the 

growth conditions, or modifying the existing growth techniques for a better yield. In some cases 

where it is difficult or impossible to grow single crystals with desired properties like 

homogeneity in dopant concentration, researchers are trying to find a replacement of single 

crystals in the form of optically transparent ceramics (OTC) that show, in some cases, better 

properties than the single crystals for specific applications. 

The research work of the present thesis entitled “Effect of Growth Processes on 

Characteristics of Some Technologically Important Oxide and Halide Crystals” dwells on the 

growth of single crystals of a few materials that find applications as scintillator detectors and 

radiation dosimeters. The effect of growth parameters on their characteristics has been 

investigated mainly to improve their properties for the intended applications. 

A large number of different scintillation crystals exist that are used for the detection and 

spectroscopy of wide assortment of radiations. A good scintillator should posses certain 

properties like high density and high Z-effective (stopping power for ionizing radiation), large 

range of linearity in response (Photon/MeV), transparency to its own emission, faster decay 

(high rate of pulse counting), suitable emission wavelength to match the photo-detector read 
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out, etc. [7]. Similarly, the requisite properties for a good thermal dosimeter material (another 

kind of radiation detector) are: single glow curve (single type of trap centres) in the temperature 

range of 150-250°C, high sensitivity, repeatability, good light output, homogeneity in the trap 

centre distribution, easy preparation, inert to ambient, etc. However, no material simultaneously 

meets all these criteria, and the choice of a particular scintillator/dosimeter is therefore always a 

compromise among these and other factors for a given application. Most of the present 

scintillators and phosphors for dosimeters can be broadly classified in two categories consisting 

of halides and oxides compounds. The growth parameters and preparation procedures greatly 

affect, in terms of defect formation and dopant distribution, the scintillation process and other 

properties of the materials like radiation hardness, optical properties etc., in a favourable or 

adverse manner depending on the nature of defects and luminescence centre. 

In the present research work the effect of preparation procedure and growth parameters 

on the properties of a few oxide and halide materials has been investigated. These materials 

include CsI:Tl and NaBi(WO4)2 and NaGd(WO4)2 based scintillator crystals and Mn doped 

CaF2 as a material for the thermally stimulated luminescent dosimeter. The aim of the study is 

to make single crystal growth procedure easy and simple and second, to develop a better 

substitute for Mn doped CaF2 single crystals for applications in radiation dosimetry. 

The first chapter deals with a brief introduction to single crystals and their applications 

in various fields with an emphasis on their use as scintillators and phosphor materials in 

radiation detection and measurement. The scintillation process has been described in a general 

form and few important steps involved in the process along with some theoretical aspect have 

been described. The properties of an ideal scintillator are listed with their importance to the 

intended application has been explained. A brief history of inorganic scintillators along with 
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their properties and preparation methods has also been given. A brief introduction to materials 

investigated in the present work, namely, CsI, NaBi(WO4)2, NaGd(WO4)2 and CaF2 along with 

their brief history is given. The motivation behind the work of the thesis has also been described 

in this chapter.  

 

1.1  Material science and technology 

Materials science and technology are closely related to each other. Materials technology is a 

comprehensive discipline that begins with the production of goods from raw materials to 

processing of materials into the shapes and forms needed for specific applications. Materials 

technology is a constantly evolving discipline, and new materials and processes with additional 

benefits over their predecessors lead to new applications. For example, the technology of poly-

crystalline silicon ingots has clear advantage over mono-crystalline silicon in terms of cost with 

small loss of efficiency. Materials Science is a multidisciplinary field that connects material 

properties to the material’s chemical composition, micro-structure and crystal structure and is 

closely related to materials technology. 

In modern age technologically important materials are used in the different forms like single 

crystals, nano-materials, alloys, glass etc. Among these forms of materials, single crystals or 

like materials are must in several applications like semiconductor industries, nuclear radiation 

detection, medical imaging, solid state lasers etc. Though the materials studied in this thesis are 

mostly used or can be used in nuclear industry, most of them are multifunctional and can be 

used in various other applications like solid state lasers, beam splitter, optical window etc. In 

this thesis, these materials are taken, for study, in two forms (I) Single crystals and (II) Optically 
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transparent ceramic (OTC); keeping in mind their application and thus choosing the most 

suitable form. 

1.2  Single crystals and their applications 

Materials having atomic arrays that are periodic in three dimensions, with repeated distances are 

called crystalline materials. A single crystal or mono-crystalline solid is a material in which the 

crystal lattice of the entire sample is continuous, unbroken with no grain boundaries. The 

difference in mono-crystalline, polycrystalline and amorphous material is shown schematically 

in Fig. 1.1. 

 

Figure 1.1: Cartoon showing the difference between single crystal, polycrystalline and 
amorphous forms of the material along with their XRD signatures. 
 

Single crystals are the pillars of modern technology. Many of modern industries like electronic 

industry, photonic industry, radiation detection/imaging industry etc. depend on single crystals. 

Though it is more difficult to prepare single crystal than poly-crystalline material, the extra 
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effort is justified because of the outstanding advantages of single crystals. The reason for 

growing single crystals and its application in many fields is that many physical properties of 

solids can become obscured or complicated by the effect of grain boundaries like transparency, 

electrical conductivity etc. The main advantages of the single crystal form of a material are the 

anisotropy, uniformity of composition and the absence of grain boundaries. The strong 

influence of single crystals in the present day technology is evident from the continued 

advancements in the single crystal growth technology [3]. Hence, in order to achieve high 

quality single crystals at reasonable cost new crystal growth techniques are being developed or 

the old techniques are refined or modified. 

As such applications of single crystals are very vast, but only a few fields are being 

mentioned here with the emphasis on scintillator and phosphor applications. A relative 

consumption of single crystals in various applications is given in Fig. 1.2. The field of 

semiconductor applications is omitted here as in this thesis only the optical crystals are 

considered.  

 

Figure 1.2: Pie-chart depicting applications of single crystals. 
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Figure 1.3: Photograph of scintillator crystals under UV illumination. 
 

1.2.1 Scintillator and phosphor 

Scintillation is a kind of luminescence processes. Luminescence can be excited in many different 

ways; by UV-photons, ionizing radiation (X-, γ-, α-, β-rays, charged particles, etc.), electron 

beam, or electric fields. Photograph of a few scintillator crystals (grown in our laboratory) under 

UV excitation is shown in Fig. 1.3. The core of the scintillation process is the transformation of 

energy of ionizing radiation into a variety of optical photons. The delayed scintillation is known 

as phosphorescence and the materials are called phosphors. The detailed explanation of 

scintillation process will be given in Chapter-2 of the thesis. The use of a scintillator to detect 

high energy radiation is century old science. Earliest scintillator that was used for the first time 

following Roentgen’s discovery of X,rays was CaWO4 [8,9], uranyl salts were used by 

Becquerel in 1896 to discover radioactivity, ZnS was used by Crookes and by Rutherford to 

study alpha particle scattering. All these scintillators were used as polycrystalline powder sheets 
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to detect the radiation by visual inspection or using a photographic plate [6]. Though the 

technique led to a number of important discoveries but it does not provide any spectroscopic 

information about the radiation and was obviously tedious. The period of visual scintillation 

counting ended in 1944 with the development of photomultiplier tubes (PMT) by Curran and 

Baker [10, 11]. The PMTs could convert the weak light flashes into measurable electric pulses 

that could be counted and analyzed electronically in modern-day devices. 

Though the PMT was discovered in 1944 its full potential in radiation detection could be 

utilized only after the discovery of scintillation in Tl doped NaI in 1948 by Robert Hofstadter 

and availability of NaI:Tl in single crystal form [12]. The NaI:Tl was patented as a first 

scintillation material in 1950, and John Harshaw from Harshaw Chemical Company (US), 

initiated interest in growing NaI:Tl crystals by the Stockbarger method. Since then the single 

crystal growth process has been developed to a state-of-art level. The NaI:Tl is still the most 

widely used scintillation material and has the highest light yield among the commonly used 

scintillators. The spectrum of its applications is quite large and ranges from nuclear physics and 

nuclear medicine to geophysics and environmental measurements. In a burst of exploration 

during the following decades, variety of new inorganic scintillator were discovered (CsI, CsI:Tl, 

CsI:Na, CdWO4, CaF2:Eu, BaF2 etc) and the growth and production process of scintillator single 

crystal were refined and perfected. Lithium,containing compounds used to detect neutrons and 

the first glass scintillators were also developed in the 1950s. 

The past two decades have witnessed a great flurry and progress in research and 

development of scintillator materials, prompted to a major degree by the need for scintillators for 

precision calorimeters in high,energy physics, high photo-yield scintillators for medical imaging, 

geophysical exploration, and numerous other scientific and industrial applications [9, 13]. Few 
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excellent materials discovered in past two decades are LaBr3:Ce, LuI3:Ce, SrI2:Eu, Lu2SiO5:Ce, 

Gd2SiO5:Ce, Li
6
Gd(BO

3
)

3
:Ce, Li

6
Yb(BO

3
)

3
:Ce, PbWO4 etc. The discovery of PbWO

4 
by L.L. 

Nagornaya [14] from the Institute for Scintillation Materials of Ukraine led to a revolution in the 

collider physics and created a base for the new generation of detection systems in high energy 

physics, starting from a calorimeter for CMS (LHC, CERN) and finishing with the project 

PANDA (DSI). Cerium doped Lu2SiO5 first discovered by C.L. Melcher [15] that has fast timing 

characteristic combined with a high light yield revolutionized the positron emission tomography 

(PET) technology providing unmatched spatially resolved 3D images in medical diagnostics. The 

Ce activated crystals LaBr
3 

and LaCl
3 

with high light yield and excellent proportional response 

show unprecedented energy resolutions for scintillator detector that was, a few decades back, 

thought unsurpassable by scintillator detectors. 

Though there has been tremendous development in inorganic scintillators, still there are 

very active researches going on to develop better, bigger and cheaper scintillator crystals. 

Concurrent with the materials development and use of many new characterization techniques 

based on synchrotron radiation and laser spectroscopy, have led to a greater understanding of the 

complexities inherent in exciton and defect formation during and after crystal growth, and the 

numerous other processes involved in scintillation. These physical processes are now generally 

well understood and are being used to improve the properties of scintillator material by 

improving their growth processes [16]. 

 

1.2.2 Cherenkov detector 

Apart from scintillator, Cherenkov radiation is an electromagnetic radiation emitted as a 

consequence of passage of charged particle through an insulator at speeds greater than speed of 
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light in that medium [17]. The energy of emitted radiation is proportional to the refractive index 

of that medium and phase velocity of charged particles passing through it. It is a continuous 

radiation in UV/visible range without any characteristic spectral peaks. The intensity is very 

high which is emitted nearly immediately unlike scintillation that occurs with a characteristic 

time constant. Generally, materials with high density, high refractive index, large band gap, and 

with no scintillation are better candidates for a Cherenkov detector [18]. Due to the absence of 

scintillation and high energy threshold for Cherenkov radiation these detectors are best suited 

for use in Beam end-caps as there is very high background of low-energy charged particles 

[19,20]. An energetic charged particle can be identified through the measurement of mass-

dependent threshold energy of Cherenkov radiation if its momentum is known [21, 22]. 

Detectors based on Cherenkov radiation are used for particle physics experiments, nuclear 

reactors, astrophysics experiments, detection of bio-molecules, etc. 

 

1.2.3 Laser host 

The first solid state laser built in 1960 by T. Maiman was based on a pink ruby crystal 

(Al2O3:Cr). Since then the there has been tremendous development in the laser host materials 

and their growth techniques. Single crystals with very high optical quality and minimum defects 

are essential in the solid state laser applications. Solid-state host materials may be broadly 

grouped into crystalline solids and glasses. The host must have good optical, mechanical, and 

thermal properties to produce laser and withstand the severe operating conditions of practical 

lasers. Desirable properties include hardness, chemical inertness, absence of internal strain and 

refractive index variations, resistance to radiation-induced color centers, and ease of fabrication.  

Some of the most useful laser host materials are synthetic garnets: yttrium aluminum garnet, 
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Y3Al5O12 (YAG); gadolinium gallium garnet, Gd3Ga5O12 etc. These garnets have many 

properties that are desirable in a laser host material [23, 24]. They are stable, hard, optically 

isotropic, and have good thermal conductivities, which permit laser operation at high power 

levels. Vanadates (AVO4: A-Y, Gd, Lu etc) and fluorides (YLiF4:Nd) are other category of 

good laser host materials [25, 26]. 

Rare-earth doped double tungstate crystals NaY(WO4)2, NaGd(WO4)2, NaLa(WO4)2, 

NaBi(WO4)2 , KY(WO4)2, KGd(WO4)2 etc. having a disordered structure are of current interest 

as high gain solid state host materials for lasers due to broad absorption lines of the dopants and 

low melting temperatures that make their growth easy compared to garnets and vanadates 

crystals [27, 28]. 

 

1.2.4 Others applications 

Apart from above mentioned applications that are main theme of the thesis there are several 

other applications of single crystals. 

Acousto-optic devices are based on the effect of propagation of sound waves on 

the refractive index of a medium, resulting in the formation of refractive index grating are called 

acousto-optic modulator (AOM). This acousto-optic interaction makes it possible to modulate 

the optical beam in both temporal and spatial domains by varying the amplitude, phase, 

frequency and polarization of the acoustic wave. These types of devices are extensively used in 

mobile communication devices. Single crystals of LiNbO3, PbMoO4, etc. are frequently used in 

many such applications [29, 30]. 
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Optical window is a piece (mostly circular but sometimes rectangular, optically flat and 

parallel disc) of a transparent optical material that allows light (for a wavelength range of 

interest) into an optical instrument isolated from vacuum or other medium. Highly transparent 

optical windows from deep UV to far IR region are technologically important. The materials to 

be used in these applications should have large band gap, isotropic and of good mechanical 

properties. Most popular materials used in optical windows are CaF2, LiF, BaF2, ZnS, etc [31].  

 

1.3  Optically transparent ceramics: an introduction 

Optically transparent ceramics (OTC) are the highly compacted (to near theoretical density) 

polycrystalline bulk that show transparency in UV-VIS-NIR region. There are many 

applications that require optically transparent material like scintillator detector, solid state laser 

generation, optical window etc. Conventional optical transparent materials mainly include 

glasses, polymers and alkali hydrides, which have been widely used in industries and daily life. 

However, these materials have relatively poor mechanical strengths and sometimes insufficient 

chemical and physical stabilities. With the advancement in technologies in crystal growth, 

single crystals of some compounds appeared as new transparent materials. Compared to the 

conventional transparent materials, single crystals of many materials have desired properties 

and are being used in such application for the last five decades. However, growth of single 

crystals requires sophisticated facilities and it is time consuming, thus leading to expensive 

products that are only used in cases where cost is not the deciding factor. Machining of single 

crystals in various shapes to meet the requirement of specific applications is a difficult task and 

results in wastage of materials. The variation of dopant in the crystal bulk due to segregation 

coefficient other than unity is another difficulty faced in the single crystal growth. The non-
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homogeneity in the dopant concentration may change several properties of a material like 

luminescence, refractive index, absorption etc. In some applications like thermal dosimetry 

where batch calibration is required, use of single crystals becomes very difficult. Other 

problems of single crystals include difficulty to produce in large quantities particularly for 

brittle materials. Even in case of few materials, that have tendency to decompose or phase 

change prior to melting, it is not possible to prepare single crystals. In this respect, transparent 

ceramics become more important. Transparent ceramics have various advantages over single 

crystals, such as cost-effectiveness, large-scale production, feasibility of shape control and 

better mechanical properties. Therefore in many applications optically transparent ceramics are 

proven superior to single crystals [32-33]. 

The most significant factor to the transparency of a ceramics is the porosity. The surface 

of a pore (generally filled with air or moisture) is a boundary between phases with sharply 

different optical characteristics, which therefore intensely reflects and refracts light. Therefore 

to make a polycrystalline material transparent it is necessary to remove nearly all the pores from 

the bulk. Pores could be intergrain or intragrain. The elimination of intragrain pores, even if 

they are submicron in size, is a more difficult and much longer process than the elimination of 

closed intergrain pores. Another reason of the opacity is the presence of secondary phases at the 

grain boundaries. Therefore, to fabricate transparent ceramics, it is necessary to use raw 

materials of high purity and to avoid any possible contamination during processing. Crystal 

structure and anisotropy in optical properties of a material pose some limitations over the OTC 

preparation. In ceramics of optically anisotropic crystals, an additional scattering of light arises 

at the boundaries when the light travels from one grain to another even if there are no pores in 
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between. This is the reason why transparent ceramics generally have a cubic lattice structure, 

which is isotropic, such as MgO, Y2O3, YAG, and MgAl2O3 (spinel) [34]. 

 

1.4  A literature survey 

1.4.1 Alkali halides: Tl doped CsI, NaI 

The era of inorganic scintillators materials begins with the discovery of NaI:Tl in 1948 by R. 

Hofstadter. Since then the alkali halides are at the forefront of this field despite discoveries of 

new and better scintillators. The chief advantages of these materials over the newly discovered 

LaBr3:Ce and similar crystals are the cost effectiveness and large size production. Followed by 

the discovery of NaI:Tl, the thallium doped CsI was discovered by same person in 1950 [35].  

The CsI:Tl single crystal is a well-known scintillator material, and has been deployed in a 

variety of applications owing to its moderate density, high light yield and suitably matched 

emission with photodiodes [36-39]. It shows better scintillation efficiency (if used with a 

suitable photo-detector), and is less hygroscopic and less brittle than NaI:Tl crystal. This 

material could not achieve its full potential in the past due to the unavailability of a matching 

photo-multiplier tube (PMT). However, the possibility to use compact silicon P–I–N 

photodiodes (PD) that show good efficiency at longer wavelengths and lower operating voltages 

has renewed the interest in the CsI:Tl crystals. The choice of the CsI:Tl-PD as a detector has 

been dictated by some considerations in terms of compact size, insensitivity to magnetic fields, 

reduction of cost and complexity, no requirement of high voltage power supply and mechanical 

robustness compared to the classical NaI:Tl scintillator with photomultiplier (PMT) read-out. 

Though, new materials like LaBr3:Ce, LaCl3:Ce etc. show superior scintillation properties, their 

peak emission in the 350 – 400 nm range makes them unsuitable for use with photo-diodes. 
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Further, most of these materials are also highly hygroscopic, brittle and expensive. Later Na 

doped CsI discovered by J. Menfee et al. [40] was proved an excellent scintillator similar to Tl 

doped NaI [41,42]. 

Single crystals of CsI can be grown using the Bridgman-stockberger method as well as 

the Czochralski method [43-46]. The growth of CsI crystals using the Bridgman method does 

not pose major problems. However, sticking of the grown crystal to crucible walls makes their 

extraction difficult and stresses are generated during the recovery process [47]. These issues are 

important and need to be addressed to grow device grade crystals. In addition, the luminescence 

and scintillation properties, after glow, and radiation hardness etc of CsI:Tl are known to 

depend upon various stages of crystal preparation, viz.: starting material preparation, Tl 

concentration,  growth technique and post growth annealing treatments [48-50]. Despite 

considerable efforts for many decades on this material, its poor radiation hardness and long 

afterglow are still major areas of concern that hinder its application to several other fields. It 

was found that despite being very old material, literature on the crystal growth of CsI and NaI 

employing Bridgman technique is less available and few problems like crystal recovery, after 

growth, annealing steps etc are not explained in details. The research in these fields may 

improve the crystal quality and make them more useful in radiation detection application. 

 

1.4.2 Double tungstates:  NaBi(WO4)2, NaGd(WO4)2 

A large number of tungstate (AWO4: where ‘A’ stands for large size divalent ions like Ca, Pb or 

Ba) are naturally occurring crystals. Their Scheelite structure is characterized by tetrahedrally 

coordinated (WO4)2-  group positioned at four corners of a unit cell and the divalent A2- located 

at bcc is octahedrally coordinated with oxygen ions [51]. The research interest in tungstate 
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materials dates back to early 20th, with the use of CaWO4 as scintillator [8]. In the late 20th 

century due to the demand from high energy physics crystals of PbWO4 were developed and 

extensively used as scintillation detectors [52, 53]. Rare-earth doped double tungstates 

[Re:NaT(WO4)2 with T being a trivalent ion are also iso-structural to PbWO4 having the same 

functional group WO42-. Therefore these materials have potential to be used in radiation 

detection application [54], though these are multifunctional material and are also of current 

interest in laser generation [55, 56]. 

Single crystals of NaT(WO4)2  T: Bi and Gd having high density and radiation hardness 

are the promising materials that can be used as radiation detector for both luminosity and 

calorimetric measurements (CERN like conditions) [57]. From the chemical point of view these 

materials may be regarded as related to CaWO4 Scheelite-type compound with the replacement 

of Ca by a 1:1 mixture of R and Na. These materials are intrinsic scintillators and WO4
2- group 

is responsible for the luminescence [58]. The W6+ is surrounded by four oxygen atoms in a 

regular tetrahedral environment. We consider a one-electron charge transfer process from the 

oxygen 2p orbital to the 4d and 5d of the W6+. For the tungsten compounds, the ground state 

corresponds to the 1A1 level (4d/5d0 W6+ /2p6 O2- state) and the lowest energy excited state 

results from the splitting of the 3T1 level (4d/5d1 W5+/2p5O- state) [59]. Therefore the absorption 

band is a charge transfer excitation band. After the relaxation processes through the different 

vibration levels of the excited state, electrons reach the more stable state of the lowest energy 

excited state (LEES) from which the system can emit photons. As the emission comes from a 

level associated to an electron transfer mechanism, it is described as charge transfer emission 

band. The energy difference between the maximum of the emission and excitation band related 
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to the same two levels is called Stokes Shift. This value gives information about the non-

radiative contribution to the relaxation processes. 

Tungstates in general are characterized by the presence of two emission bands in the 

blue and green regions that arise due to electronic transitions within WO4 groups [60]. The 

relative intensities of these two emission bands depend on crystal stoichiomtery with regard to 

both cationic and anionic sub-lattices. Campos et al. [61] and others explained experimentally 

and theoretically the phenomena responsible for luminescence in CaMO4 (M = W, Mo). The 

blue-green emission comes from the slightly distorted WO4
2+ tetrahedra, while the orange 

comes from a distortion in the long and medium range orders. Though there have been 

extensive studies on the effect of growth ambient and annealing on the luminescence and 

scintillation properties of PbWO4 and other single tungstates [62-64], literature on the growth 

ambient effect on the luminescence properties of double tungstate is lacking. The present study 

aims to analyze the intrinsic characteristics of the structure and role of oxygen (during crystal 

growth as well as annealing in various ambient) in order to know about the role of oxygen in the 

intrinsic luminescence of the sodium double tungstates. 

 

1.4.3 Fluoride: Doped and undoped CaF2 

The CaF2 is among the earliest known thermo-luminescence (TL) emitting materials [65-67]. A 

variety of dosimeters based on Mn or rare earth elements doped CaF2 have been developed over 

the years [68-70]. Mineral of CaF2 is formed in nature in the form of crystalline blocks. Due to 

its large band gap (~8 eV) it shows a variety of hue and brilliant luminescence on the 

incorporation of impurity ions. Undoped CaF2 single crystal is an important optical material 

with high transmission in a broad wavelength range (165 – 1600 nm) and used as IR windows 
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and other types of optical components such as lenses, prisms, etc. [71]. On the other hand, 

doped CaF2 is a multi-functional material that finds applications in laser production (CaF2:Yb) 

[72, 73], as radiation detectors (CaF2:Eu) [74] and as a thermo-luminescence (TL) dosimeter 

(CaF2:Dy, CaF2:Mn, CaF2:Tm) [75]. The CaF2:Mn is also a known TL dosimeter called as TL-

400 [76 ]. It has a single TL peak at around 260°C and is linear for a wide range of doses, from 

0.5 mGy to few kGy. However, the TL curve depends on the Mn concentration [77] and the 

maximum glow curve intensity is achieved for a doping of about 2.5 at.% Mn. It is desirable to 

use transparent CaF2:Mn samples to obtain better sensitivity, higher light output and 

repeatability for dosimetric applications. The difficulty in growing doped single crystals of this 

material arises from the high vapor pressure of MnF2 that prohibits its incorporation in the CaF2 

crystal lattice during the growth under vacuum conditions. It also leads to variations in the Mn 

concentration throughout the crystal. Hence, most of the reports on this material are either on 

polycrystalline powder samples or pellets [77, 78]. The difficulty in the growth of single 

crystals can be circumvented by using optically transparent ceramics (OTC) of this compound. 

Recently, fabrication of CaF2 transparent ceramic doped with Yb, Eu, Er has been reported in 

literature. Except for CaF2:Yb applications of these transparent ceramics have not been fully 

explored yet. In the present thesis the synthesis of CaF2 transparent ceramics doped with Mn 

(2.5 at.%) is reported. These ceramics were found to exhibit TL properties superior compared to 

the CaF2 single crystal. 

 

1.5  Scope and Aim 

The material properties like transmittance, luminescence, radiation hardness etc are highly 

dependent on the defect centers in the bulk. Various types of defects viz point defects, linear 
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defects (screw and line dislocation), grain boundaries, stacking faults etc. are inherently present 

in crystals [79]. Color centers, most numerously found defects are basically point defects arising 

due to lattice vacancies, interstitial atoms (self trapped and impurities) and substitutional 

impurity ions. They play deterministic role in the optical and emission/scintillation properties of 

the crystal. These defects act as trap centers resulting in the formation of optical absorption 

bands in transparent region. These defects may be formed due to elemental impurities or 

inherently during the material preparation due to growth ambient, stoichiometric variation, 

thermal and mechanical shock, etc. 

The partial oxygen pressure during the material preparation or crystal growth is known 

to affect the scintillation mechanism to very large extent by creating either oxygen 

vacancies/interstitial and by changing the oxidation state of dopants. For examples single 

crystals of Ce doped Lu2SiO5 grown in various partial oxygen pressure show different light 

output due to changes in the Ce oxidation states and emission spectrum [80]. On the other hand, 

the scintillation decay times of Ce-doped Gd3Al3Ga2O12 depend on the oxygen content in the 

growth atmosphere; crystals grown under a high oxygen concentrations show faster decay time 

than the one grown under a lower oxygen concentration [81]. Similarly Ce doped YAlO3 is also 

known to be very sensitive to the growth ambient [82]. In case of halides like NaI and CsI and 

fluorides, oxygen plays a major role in the defect formation during dehydration and growth 

processes by creating iodine/fluorine vacancies and F centers. These defects considerably 

decrease the radiation hardness and increase the afterglow thus adversely affecting the 

scintillation performance of the material. Oxygen content in the growth atmosphere thus appears 

to be an important parameter in the optimization of the growth process of scintillation materials 

that can be used to tailor the performance of the scintillators. 
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The stoichiometric variation during the growth of the multi-component materials due to 

selective evaporation or segregation of one of the constituent element or compound is another 

parameter that affects the crystal quality and properties. For example during the growth of 

PbMoO4 single crystal the selective evaporation of MoO3 creates various defects that in turn 

generate crystal cracking and coloration [83]. On the other hand during the growth of PbWO4, 

the melt become progressively deficient in PbO that affect the crystal quality. To solve these 

problems the initial material is taken in an off-stoichiometris composition compensate for the 

excessive loss of one of the components, for example in the case PbMoO4 and PbWO4, MoO4 

and PbO respectively are taken 1-2% excess in the initial material. In some cases pre-

crystallized charge is also used to solve this kind of problem. 

The defects are also formed due to the thermal and mechanical stresses generated during 

the crystal growth. The thermal and mechanical shocks faced by a crystal highly depend on the 

crystal growth technique. Like in the Czochralski growth technique (RF heating) growing 

crystal faces large thermal shock as the free crystal surface is continuously in contact with 

ambient air flow and is subjected to very high temperature gradients. While in a Bridgman 

furnace the mechanical stresses exerted by crucible walls on the growing crystal during the 

growth and cooling are high. These shocks generate stresses in the crystal that are one of the 

reasons of crystal cracking. 

The segregation of the dopant during the crystal growth is another issue faced by crystal 

growers. This creates non-uniformity in the dopant distribution in the crystal that in turn affects 

the optical and scintillation properties of the crystal. In case of scintillation the light-output 

response of the scintillator becames position dependent that degrades the resolution of the 

radiation detector fabricated using these crystals. Further, the refractive index variations play a 
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detrimental role in the laser crystals and make lasing action impossible if the variation is beyond 

a certain limit. 

It is well established that defect density plays a deterministic role in device applicability 

of a crystal and its control is quite challenging. There are continued efforts to grow single 

crystals with least defects and maximum uniformity by improving the growth process and 

developing new growth techniques. The development of processes to grow crystals with tight 

specifications for light yield, decay time and radiation damage, pose challenging problems to be 

solved by experts working in different fields of material science. This requires a 

multidisciplinary approach, with a good coordination of efforts and a well-organized support.  

To solve the growth problem it is very important to understand the effect of growth process on 

the defects and the crystal quality. There are many advance techniques to probe the defects 

experimentally like optical absorption, thermoluminescence or electron spin resonance (ESR) 

techniques, scintillation characteristics etc. The effect of many defect centers (color centers) on 

electronic band structure can be simulated by first principles calculations that then can be 

identified experimentally and the true nature of the defect center may be found. A deeper 

understanding of color centers could be obtained through band formalism and calculations of 

electronic band structure and supported by detailed experimental work. 

The scope of this thesis is to study the effect of growth processes on some 

technologically important crystals. Three kind of material ware considered for the study with 

the major emphasis on their scintillator and phosphor characteristic. The main aim is to develop 

suitable growth processes (mainly involving the growth techniques, the growth ambient and 

after growth thermal treatment) to grow crystals with desirable properties. In one case (Mn 

doped CaF2) a better substitute for single crystal has been developed. 
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CHAPTER 2 
____________________________________ 

EXPERIMENTAL TECHNIQUES 
 

In this Chapter, techniques to grow single crystals have been described in general and Bridgman 

and Czochralski techniques in particular. Other experimental techniques like X-ray diffraction, 

Laue back reflection, absorption and luminescence spectroscopy, gamma-ray spectroscopy, etc 

employed to characterize the starting materials and grown crystals during the present research 

are described. In addition, the theoretical electronic band structure calculations for CsI, CaF2, 

NaBi(WO4)2 and NaGd(WO4)2 are also briefly described. 

2.1  Crystal growth: Fundamental aspect 

A material is transformed into the single crystal form by slow and gradual solidification of its 

fluid form (melt, solution or vapor phase). The process involves the change of phase where 

molecules of the material undergoing phase change, lose their random character gradually but 

uniformly and attain a long range order in the form of crystalline solid [84]. Crystal growth is a 

two step process involving mass transport, either by diffusion or convection from the solution to 

the crystal face, followed by integration in the lattice of the building units at the active site of 

crystal surface. Either step may control the overall growth process while several integration 

mechanisms may play a role, depending on the character of the crystal surface, temperature and 

the degree of supersaturation of solution.  

Theoretical understanding of crystal growth process started with the development of 

thermodynamics and nucleation theories in the late 19th century (Gibbs, Arrhenius, Van’t Hoff) 
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and the increasing understanding of the role of transport phenomena in the 20th century 

[3,85,86]. There are three basic steps involved in the crystal growth; supersaturation or 

supercooling of mother solution, controlled nucleation and growth of select-nuclei into a single 

crystal. 

Supersaturation and supercooling: When, at a given temperature a solution contains 

more solute that it can hold in normal conditions the solution is called supersaturated solution 

and the phenomena is called supersaturation. The supersaturation provides the driving force for 

nucleation and further crystallization in case of single crystal growth from solutions. On the 

other hand, the melt at temperature below its freezing point is called supercooled melt and the 

process is called supercooling. A controlled supercooling is a must for the growth of a single 

crystal from the melt. 

Nucleation: Gibbs free energy plays the most important role in first order phase 

transformation and decides the direction and rate of the reaction/transformation. Crystallization 

is a phase transition through which matter is transformed from a state of high free energy in a 

solvated state to one of low free energy in the crystal lattice. The nucleation is the first step in 

the transformation of one phase in to the other. Tiny aggregates of atoms/molecules of solid or 

liquid phase formed through mutual interaction into a supersaturated liquid or gaseous form are 

called nuclei and process is known as nucleation. Alone supersaturation/supercooling is not 

sufficient to initialize the process of crystallization in a system. The formation of crystal nuclei 

is a complex process and difficult to envisage. Not only have the constituent molecules to 

coagulate, resisting the tendency to re-dissolve, but they also have to become orientated into a 

fixed lattice.  The number of molecules in a stable crystal nucleus can vary from about ten to 

several thousand. Generally, nuclei may arise by progressive molecular addition to form a 
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critical cluster. Further molecular additions to the critical cluster would result in nucleation and 

subsequent growth of the nucleus. Initially, short chains or flat monolayers may be formed that 

eventually transformed into a 3D-crystalline lattice structure. The construction process, which 

occurs very rapidly, can only continue in local regions of very high supersaturation, and many 

of the embryos or `sub-nuclei' fail to achieve maturity; they simply re-dissolve because they are 

extremely unstable. If however, the nucleus grows beyond a certain critical size, it becomes 

stable under the average conditions of super-saturation obtained in the bulk of a fluid. As 

accepted generally, process of nucleation can be divided in two categories: (i) homogeneous and 

(ii) heterogeneous nucleation. 

 The formation of stable nuclei in a supersaturated homogeneous solution in melt is called 

homogeneous nucleation. Though it is very difficult to have a homogeneous nucleation as there 

may be impurities present in the solution or even containers wall may act or facilitate the 

nucleation by providing free surface and thus minimizing the free energy. The free-energy 

changes associated with the process of homogeneous nucleation may be considered as follows. 

 The difference in the overall free-energy, ∆!, between an atom or molecule of small solid 

particle of solute (assumed here to be a sphere of radius r) and that of solute in solution is equal 

to the sum of the surface excess free-energy, ∆!! (the difference between the free-energy of the 

particle at surface than that of the particle in the bulk), and the volume excess free-energy, ∆!!, 

i.e. the difference in the free-energy between a very large particle (!! = !∞) and the solute in 

solution. Here, ∆!!  is a positive quantity, the magnitude of which is proportional to !!. In a 

super-saturated solution ∆!!is a negative quantity proportional to !!. Thus, 

∆! = ∆!! + !∆!! = 4!!!! + !!!!!
!∆!!                                  (2.1) 
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Here ! is the surface free-energy per unit area and ∆!! is volume free-energy per unit volume. 

The typical curve of total free-energy is plotted in Fig.2.1. From the curve it is clear that ∆! 

passes through a maximum, 

!∆!
!" = 4!!!!! + !!!!!!

!∆!! = 0; !!!!!!!!!! = − !!
∆!!

                            (2.2) 

Now the rate of nucleation can be given by Arrhenius reaction velocity,  

! = !"#$(!∆!!" )                                                       (2.2a) 

And from the basic Gibbs-Thomson relationship, 

!"#$ !
!∗ = !

!!"
! ; !!!!!!!∆!! = ! !!! =

!"#$%
!                                        (2.3) 

Here ! is the degree of supersaturation. The Eq.2.3 gives the free-energy change per unit 

volume in solution growth. The same may be applicable for the melt growth by changing the 

degree of supersaturation by the degree of supercooling. Thus, by controlling the degree of 

supersaturation or supercooling one can control the rate of nuclei that is most important 

parameter in the crystal growth. 

 

Figure 2.1: Free-energy curve for the surface free-energy, volume free-energy and total free-
energy as a function of radius of nuclei. 
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When the nucleation occurs due to the presence of a nuclei of foreign or of same material 

(called hetero–nuclei: like introduction of seed crystal in a supercooled melt) in the mother 

solution or melt it is called heterogeneous nucleation. The presence of foreign nuclei may either 

increase the rate of nucleation or it may decelerate it depending on its surface free-energy. 

Growth of select nuclei: The third step of the single crystal growth is the growth of 

select nuclei. In a supersaturated or supercooled mother solution or melt more than one nuclei of 

the radius greater than the critical radius may be formed. These nuclei may have different 

crystallographic orientation that is not conducive for the crystal growth. To have a single crystal 

one has to kill all but one nuclei. This is done with the help of a proper temperature profile, 

specially designed crucibles and slow cooling rate (Homogeneous nucleation: generally occurs 

in the Bridgman growth technique) or by initiating growth by introducing a seed crystal 

(Heterogeneous nucleation: in the Czochralski growth technique). Nearly all the single crystal 

growth techniques are based on these steps, though the methods to achieve these three stages are 

different in different techniques. 

 
2.2  Crystal growth techniques 

Single crystals may be formed by three types of phase transformation; (i) solid-solid (ii) liquid-

solid and (iii) gas-solid. While a number of techniques adopting one of these three basic 

methods of crystal growth can be employed to grow small size crystals, development of device 

quality single crystal is quite a challenging task. Most of the industrial level crystal growth 

methods are based on the liquid-solid process to grow high quality device grade crystals. 

Further division of liquid-solid growth process is listed in Table-2.1. In the pie chart of Fig.2.2 

the relative contributions of different growth processes in the overall industrial production of 

single crystals are depicted. This shows that among all the processes the melt growth accounts 
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for about 80% of single crystal production despite it is used only for selected congruently 

melting materials [3, 87]. The Verneuil melt growth technique, one of the oldest techniques 

used for the industrial production of sapphire crystal, is called the father of industrial crystal 

production [88, 89]. All the other melt growth techniques draw their fundamentals (to control 

nucleation and then increase the diameter etc) from the Verneuile method like Bridgman 

method, Czochralski method etc. 

The choice of a crystal growth technique to grow single crystals of a particular material 

is not trivial. There are many parameters that decide which crystal growth technique will be the 

most suitable to grow single crystals of a particular material. The suitability of a particular 

technique for a given crystal is guided by material properties like melting behavior, melting 

temperature, thermal expansion, melt viscosity, thermal conductivities, chemical stabilities of 

melt/solid, vapor pressure of components at melting temperatures and requirement of size and 

quality, etc. The material studied in this thesis are grown in the single crystal by using two 

different, oldest and most widely used melt growth techniques (i) Czochralski and (ii) Bridgamn 

techniques. In the following section these two techniques are described in details. 

 

"
Figure 2.2: Estimated shares of world crystal: methods of growth. 
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Table.2.1: List of techniques of crystal growth from liquid phase. 

Melt growth Solution growth 
Czochralski Growth from aqueous solution 

Kyropolus Travelling heater method 

Bridgman Solution solute diffusion 

Float-zone Solvent evaporation 

Vernuil Hydrothermal method 
 

 

2.2.1 Czochralski technique 

The Czochralski technique (CZ) was named after Jan Czochralski, a polish chemist, who first 

developed this technique in 1918 while studying the crystallization velocity of metals [90]. 

Later this method was applied with unprecedented success in the growth of semiconductor and 

oxide crystals. Many variations of these techniques like Liquid encapsulated CZ method, high 

pressure CZ method, etc. were evolved over the time to grow many complex semiconductors 

and inter-metallic compounds [87,91]. Particular advantage of this technique lies in the wide 

assortment of parameters that can be controlled during the growth like temperature gradients, 

growth orientation, the ambient, the forced convection by rotation and applied magnetic field 

and many others. Further, as it is possible to observe the process of seeding and growth, 

corrective measures can also be taken in real time. These points make the CZ as the most 

versatile and preferred technique for the crystal growth of semiconductors and oxide materials 

at industrial scale. In CZ technique crystals are grown by slow pulling of a seed/wire/ capillary 

from the free surface of a melt contained in a crucible. A growth station, to contain crucible and 

minimizes heat losses (by conduction and radiation), is made using appropriate ceramic tubes, 
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felts, and wools. The material to be grown is melted in a crucible by heating it in a suitable 

furnace (resistive heating, RF heating, Arc heating, etc). A seed is lowered in to the melt, and 

then pulled (at a typical rate 0.2-5 mm/h) along with rotation (at a typical rate of 5-25 rpm) after 

achieving a dynamic equilibrium at the solid-melt interface. After the completion of the crystal 

growth with desired length and diameter, the process is terminated by suitably adjusting pull 

rate and temperature at the solid-melt interface. The grown crystal is then cooled down to room 

temperatures at a slow cooling rate suitable for the material. In normal conditions (if there is no 

stoichiometric deviation due to decomposition and dissimilar evaporation of melt components), 

the melt temperature is nearly constant during the growth. The shape of the crystal can be 

determined by controlling the diameter of the growing crystal through the manipulation of the 

melt temperature and pull rate depending on properties of the material under consideration.  

Theoretically, every material that melts congruently and does not undergo any phase 

transition during cooling, can be grown by this technique but there are some practical restrain 

that put some limits on the materials which can be grown by this technique [87]. These limits 

are: suitable crucible material (unreactive, withstand high temperatures, easy in cleaning, easy 

in fabrication, e.g. Pt, Ir, graphite, quartz etc), a low vapor pressure of melt, high thermal 

conductivity of the material (to conduct away the heat released from crystallization at the solid-

melt interface) etc. 

Crystal growth system: The crystal growth system used in this technique is called “CZ crystal 

puller”. The CZ puller is equipped with an RF heating coil and automatic diameter control as 

shown in Fig.2.3. It consists of the following components, 
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1) An RF power supply: to melt the material and maintain high temperature through 

induction heating of the crucible. 

2) A growth station: containing crucible to contain the melt and thermal insulation to 

achieve desired temperature profiles. 

3) The growth chamber: A double walled water cooled cylindrical chamber of adequate 

dimension, arrangement to hold the growth station, provision for pull-rod insertion, gas 

inlets and various view ports to monitor the growth. 

4) Mechanism for pulling, rotation and crystal weighing, which is used as input for the 

diameter control algorithm. 

5) Electronic/Computer controlled system for maintaining the crystal diameter through 

adjustment of heater power [92].  

" "

Figure 2.3: Photograph of the Crystal puller system [Cyberstar make Oxypuller] along with 
schematic of CZ puller. 
 

 

A photograph of an automatic diameter controlled (ADC) crystal puller system Model: 

Oxypuller, Cyberstar, France used in the present work is given in the Fig.2.3. This system 
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employed 50 kW and 8-20 kHz induction supply, a weighing head of 6 kg capacity with an 

accuracy of 1 mg, total crystal translation of 600 mm with positioning accuracy of 0.01 mm. 

The system controls the diameter through a closed-loop feedback. The ADC software generates 

the reference growth rate (solidified mass/h) based on the pre decided geometry of the crystal to 

be grown. The difference between the reference growth rate and actual growth rate (as measured 

by the weighing device) the system generates an error signal and through a PID control it 

adjusts the power to keep error signal close to zero. 

2.2.2 Bridgman technique 

This method is based on the work of Bridgman in 1925 [93]. This is a popular technique to grow 

single crystals of various halides. In this method temperature gradient moves slowly relative to a 

crucible (vertically or horizontally) until the melt in the crucible solidifies. The main economic 

advantage of the method is simple basic apparatus, and little operator attention. Disadvantages 

arise from the contact between container and melt/solid which can give spurious nucleation, 

sticking of the crystal ingot inside the crucible and consequently generating thermal and 

mechanical stresses. Therefore to choose appropriate crucible material and its proper processing 

and design are important considerations. A typical Bridgman crystal growth system consists of 

two heating zones controlled independently and separated from each other using a baffle to 

increase the temperature gradient and minimize temperature fluctuations (Fig.2.4). A crucible 

containing the material is kept in the upper zone (hot zone) for complete melting then it is slowly 

lowered (1-5 mm/h) to the lower zone (cold zone) through an optimized temperature gradient 

until complete solidification. A modified form of Bridgman method and probably simplest 

method for directional crystallization is the gradient freeze technique. In this method freezing 

isotherm is moved by slowly reducing the power input to the furnace. The main advantage lies in 
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absence of any movement of either furnace or crucible which eliminates any possibility of 

vibration or other mechanical problems. Though it is difficult to keep a constant growth rate 

throughout the crystal growth process due to a relatively small temperature gradient (otherwise 

temperatures at the top of the furnace will be out of limit), in some cases it is achievable by a 

segmented cooling program in accordance with the temperature gradient to keep the rate of 

movement of freezing isotherm constant.  

" "
Figure 2.4: Photograph of a Bridgman crystal growth system along with the schematic of the 
furnace. 
 

2.3  Optically transparent ceramics: Preparation method 

The process of transparent ceramics fabrication consists of synthesis of precursor powder, 

compacting, calcination/sintering and post-treatment (annealing, machining and polishing). The 

process has its special requirements like high purity of precursor material, specific distribution 

of particle size, controlled grain growth, amount of additives etc. Further, the sintering 

techniques play the most important role in the fabrication of transparent ceramics. There are 

various sintering techniques employed to achieve high degree of compactness. Some of these 

techniques are hot uniaxial pressure sintering (HP), hot isostatic-pressure sintering (HIP), 

vacuum sintering, spark plasma sintering (SPS) and microwave sintering. Among these 
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techniques HP sintering is simplest and widely used method to prepare transparent ceramics 

[94, 95]. It is a high-pressure low-strain-rate powder metallurgy process to form a powder or 

powder compact at a temperature high enough to induce sintering and creep processes. This is 

achieved by the simultaneous application of heat and pressure. Unlike the conventional sintering 

process that usually requires high sintering temperatures the HP process is able to achieve 

desired densification at relatively low temperatures [96]. Densification at high pressures works 

through particle rearrangement and plastic flow at the particle contacts. The HP is mainly used 

to fabricate hard and brittle materials. The sintering mechanism at high pressures is entirely 

different from that at ambient pressure. High pressure can restrain grain growth and initiate 

plastic deformation to eliminate pores and/or additional phases that exist in triple junctions of 

the grains. The application of HP allows for more freedom to optimize the sintering parameters 

like temperature, pressure, duration. One can use a segmented step wise sintering under various 

pressures and temperatures [97].  

 

Figure 2.5: Photograph of a vacuum hot press. 
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In this work HP sintering technique has been employed to obtain optically transparent ceramics 

of CaF2. The system consists of a vacuum chamber (base pressure: 1x10-6 mbar using diffusion 

pumps) a hydraulic press and two perfectly aligned (vertical) plungers to press the sample in a 

graphite die. A graphite heater was used to heat the samples. Photograph of the HP used in the 

experiments is shown in Fig.2.5. 

 

 

 
 

Figure 2.6: Bragg’s law of x-ray diffraction and sschematic of X-ray powder diffractometer. 
 

2.4  Characterization Techniques 

2.4.1 Crystal structure 

The discovery of X-rays in 1895 and law of its diffraction from materials (1920's) enabled 

scientists to probe crystalline structure at the atomic level. X-ray diffraction is used in two main 

areas; for the fingerprint characterization of crystalline materials and the determination of their 

structure. Each crystalline solid has its unique characteristic X-ray powder diffraction pattern 

which may be used as a "fingerprint" for its identification. Once the material has been 

identified, X-ray crystallography may be used to determine its structure. Other uses of XRD are 

determination of grain size, texture and residual stress of materials and compounds. The X-ray 

diffraction is one of the most important characterization tools used in solid state chemistry and 
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materials science. For such measurements the wavelength of X-rays should be in the range of 

0.5 – 2 Å (of the order of distances between atoms or ions in a molecule or crystal). The 

fundamental of these measurements lie in constructive interference of X-ray beam diffracted 

from different plane of atoms of crystalline solid as shown schematically in Fig.2.6. Interference 

phenomena between two reflected rays are governed Bragg’s x-ray diffraction law [98].  

X-rays are predominantly diffracted by electron density clouds and the scattered X-ray 

intensity is proportional to the square of the Fourier transform of the charge density:  

! ! !∝ ! !!!!!!.! ! ! !
           (2.4) 

Where, ρ(r) is the charge density. The analysis of scattered X-ray intensity as a function of 

diffraction angles is used to produce electron density map of a given crystal or crystalline 

structure. Though in theory for perfect crystals I(q) consist of delta functions, in practical cases 

the diffraction peaks have finite width due to strains, defects, finite size effects and instrumental 

resolution. 

A typical X-ray powder diffraction system mainly consists of an X-ray generator, 

goniometer, sample holder, and X-ray detector [99]. In this thesis most of the powder XRD 

pattern are recorded employing Rigaku powder X-Ray diffractometer Model-RINT 2000 

consisting of a Cu target X-ray source and a scintillator [NaI(Tl)] detector. The XRD pattern 

was recorded by employing Cu Kα line (λ = 1.54056 Å) and scanning with a typical step size of 

0.01o- 0.03o.and dwell time of 1-2 s.  Samples for measurements were prepared by crushing the 

transparent crystal chunks and sieving in to ~10µm size particles. 
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2.4.2 Crystal Orientation 

Laue Back-Reflection technique is used for the determination/orientation of bulk single crystals 

by fitting of the Laue back-reflection pattern. Fig.2.7 shows a schematic diagram for back-

reflection Laue experiments. In Laue method a white X-ray source is used to study the 

diffraction pattern. As in this case the Bragg angle is fixed for every set of planes in the crystal, 

each set of planes diffracts a particular wavelength from the white radiation that satisfies the 

Bragg’s law for the values of d and θ involved. Each point therefore corresponds to a different 

set of planes. These reflections generate a unique pattern for a particular orientation that is used 

to identify the crystal orientation. Beam which are diffracted in a backward direction are 

recorded on a photographic film placed between the X-ray source and the crystal in the back-

reflection method [100]. 

 

 
 

 Figure 2.7: The schematics of Laue 
back reflection method. 
 

Figure 2.8: Schematic diagram of a double beam UV-
VIS-NIR spectrophotometer. 
 

 

2.4.3 Optical transmission 

Transmission/absorption spectroscopy is a strong tool to observe optical quality of a sample and 

to probe the absorption levels introduced by dopants or impurities. Optical 
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transmission/absorption measurements were carried out on a spectrophotometer that measures 

intensity of light transmitted/absorbed through a sample with respect to a reference sample (in 

most cases air or vacuum). The ratio of the intensity of light passing through a sample (!), to 

that of light without passing through the sample (!!) is called the transmittance, and is usually 

expressed as a percentage (!). The absorbance, A, is related to the transmittance as 

! = !− log !
!"" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!                           (2.5) 

The schematic diagram of a double beam UV/VIS spectrophotometer is shown in Fig.2.8. Here 

the light is split into two beams before it reaches the sample. One beam is used as the reference 

and the other beam passes through the sample. Two separate detectors are used for the 

measurement of light passing through the sample and the reference. Generally, two lamps one 

deuterium lamp for UV and second tungsten lamp for VIS/NIR, are used to cover UV-VIS-NIR 

range of the spectrum. Photomultiplier is used for UV/VIS (range 190-850nm) and cooled PbS 

detector is used for NIR (range 800-2500 nm). The measurements were carried out in the 

wavelength range from 200 nm to 1100 nm and samples were taken in the form of thick slices 

(2-20 mm) prepared from the transverse section of the ingot.  

2.4.4 Luminescence 

Luminescence is UV-VIS-NIR light (apart from the thermal emission) emitted from certain 

material, called luminescence material, under certain kind of excitation. Some energy source 

kicks an electron of an atom out of its ground state into a higher energy excited state. The 

electron then returns to the ground state either by thermally (phonon assisted) transferring its 

energy to lattice called non-radiative transition or by emitting light photon called radiative 

transition. With few exceptions, the excitation energy is always greater than the energy 
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(wavelength, color) of the emitted light. Based on the source of excitation luminescence can be 

put in various subcategories. A few of these subcategories studied in this work are mentioned 

below.  

Photo-Luminescence: Photo-luminescence (PL) is the phenomenon in which absorption of 

light of a given wavelength by a molecule is followed by the emission of light at longer 

wavelengths [101].  The wavelength-dependent intensity pattern of emitted energy is called 

emission spectrum, while the distribution of wavelength-dependent intensity that causes the 

emission is known as the excitation spectrum. The PL studies of a material may elucidate the 

electronic structure and dynamics of an excited state of electronic states as it is a property 

related to the difference between two electronic states, viz. the emitting state and the ground 

state. The difference in the timing between the absorption of the higher energy photon and 

emission of secondary photon of lower energy is defined by the luminescence decay time or the 

lifetime of excitation states. Decay time can vary many orders of magnitude depending upon 

different materials and weather the transition is allowed or not. Based on practical observations 

of persistence, PL was historically divided in two categories; fluorescence for life times shorter 

than 100 µs (generally spin allowed) and phosphorescence for much longer lasting 

luminescence (up to a few hours and even days: generally spin forbidden). 

In the present work, (PL) studies were performed over wavelength range from 300 to 

800 nm and temperature range of 77–300K employing Edinburgh fluorescence spectrometer 

model FLP 920 (schematic shown in Fig.2.9 [102]). The instrument consists of a source, 

monochromator, sample chamber, emission monochromator and detector. Two types of 

excitation source viz. Xe or H2 filled flash lamps were used for recording life times in the range 

of µs and ns respectively. The lamp produces a broad spectrum of high intensity radiation 
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through the UV-Vis-NIR range which is imaged onto the entrance slit of the excitation 

monochromator. A specific excitation wavelength with a specific bandwidth is selected by the 

monochromator and passed from an iris (so that the intensity can be controlled) and then 

focused onto the sample. A portion of any luminescence from the sample is collected by a lens 

system and focused onto the emission monochromator. The emission monochromator selects a 

wavelength and spectral bandwidth of this emission and the light is passed into a 

photomultiplier tube (PMT) for emission in UV-VIS range. All the emission and excitation 

spectra were recorded in the reflection geometry by positioning the samples at an angle of 45o to 

the excitation beam. Measurements at low temperature were carried out by placing the sample 

in Oxford Cryostat Model Optistat DN. The recorded luminescence spectra were corrected for 

spectral sensitivity function of the instrument. The correction file was prepared by recording the 

spectra under identical conditions after replacing the sample by a scatterer. 

 

Figure 2.9: The schematic diagram of fluorescence spectrometer FLP920. 
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The lifetime measurement in this system is based on Time Correlated Single Photon Counting 

(TCSPC) technique [102]. The TCSPC measures single photons – namely, detection at the 

quantum limit. The technique requires an excitation source with high repetitive pulse output. 

The method makes use of the fact that for low level high repetition rate signals the light 

intensity is usually so low that the probability to detect one photon in one signal period is much 

less than one. The TCSPC electronics can be compared to a fast stopwatch with two inputs. The 

clock is started by the START signal pulse and stopped by the STOP signal pulse. The time 

measured for one START – STOP sequence will be represented by an increase of a memory 

value in a histogram, in which the channels on the x-axis represent the time. With a high 

repetitive light source millions of START – STOP sequences can be measured in a short time. 

The resulting histogram counts versus channels will represent the fluorescence intensity versus 

time.  

Thermally stimulated luminescence (TSL) is a kind of luminescence exhibited by certain 

materials called thermoluminescent materials. In this phenomenon, the material when irradiated 

by high energy radiation stores certain amount of energy in the form captured electron and holes 

by electron or hole traps. These trap centers arise due to localized defects, or imperfections are 

stationary states that have no formal time dependence though they are not stable energetically. 

The captured electron and hole get released when thermally agitated on heating. The released 

electron and holes combine at luminescence center and produce luminescence called thermally 

stimulated luminescence (TSL or TL) [103]. The TSL occur over a range of temperature 

typically varying from 4.2 – 700K. The luminescence intensity recorded as function of 

temperature is called glow curve and the peak is called glow peak. The peak shape and 

temperature depend on many factors like trap depth, frequency factor, kinetic order etc. All 
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these parameters can be calculated by the analysis of glow peaks. The intensity of luminescence 

is proportional to the original dose of radiation received and traps density in the material.  

To record a TSL glow curve (intensity vs temperature) of small quantities of sample 

weighing a few mg were taken and were given dose as required by the study using a 60Co 

gamma source. The sample were heated in the temperature range of 25 – 350oC employing a 

linear heating rate of 1-2 K/s. The schematic of TSL setup is shown in Fig.2.10. A 

photomultiplier tube with a GaAs photo cathode having almost flat response in the range from 

300 nm to 800 nm was used for recording the TSL. The TSL spectra were recorded by quickly 

scanning the monochromator once over the 200 to 700 nm while maintaining the sample 

temperature just below the glow peak position. 

 

Figure 2.10: A typical setup for recording thermally stimulated luminescence. 
"

Radio-luminescence (RL) is the phenomenon by which light is emitted from a material on 

bombardment with high energy radiation like X-ray, gamma-ray etc. The radio-luminescence is 

somewhat different than the PL as in RL the electrons are excited deep in conduction band and 
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there are many complex phenomena involved in this process. The details of this process are 

given in next section under the heading scintillation process and scintillation detector. The 

intensity distribution of luminescence, generated due to excitation from high energy radiation, 

as a function of the wavelength is called radio-luminescence spectrum. In this study, X-ray 

induced emission spectra were measured using an in-house built set-up. The source was an X-

ray tube with a Cu target. The accelerating voltage and tube current were set at 40 kV and 30 

mA, respectively. An Avantes make (model: 3648) spectrograph was used to measure the 

emission spectra. 

2.5  Scintillation and Scintillation detector 

Luminescence causes by high energy radiation is called scintillation. The core of the 

scintillation process is the transformation of energy of ionizing radiation into a variety of optical 

photons. The whole scintillation process (from absorption of energy to generation of optical 

photon) can be subdivided into following steps [104]; Conversion: Interaction of ionizing 

radiation with the matter and creation of primary (Compton scattered, photo-emitted etc.) high 

energy electrons followed by interaction of the primary electrons with the bulk of the matter and 

formation of secondary (Auger, delta-rays, etc.) high energy electrons and production of hot 

carriers (electrons, holes, excitons) within the ionization track; Transportation: Diffusion of 

the hot carriers from the point of creation to low ionization density regions and their 

thermalization and creation of electron-hole pairs with energy roughly equal to the band gap; 

Recombination: Energy transfer from the thermalized electron-hole pairs to or direct capture of 

the thermalized carriers by the luminescence centers and emission. These processes are 

schematically shown in Fig.2.11. 
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Scintillators are materials that convert the energy of ionizing radiation into a pulse of 

light (UV to visible range). Scintillation material can be gaseous, liquid, glass-like, organic 

(plastics), or inorganic. Scintillation material should be transparent to its own scintillation light. 

Therefore, for their application in radiation detection or monitoring these can be taken only in 

few specific phases like single crystals or optically transparent ceramics. Inorganic wide band 

gap ionic crystals are the most widely used scintillators for detection of X-rays, gamma rays, 

and thermal neutrons. 

 

Fig.2.11: Schematic depiction of the scintillation process. 
"

Scintillation Detectors: In this study scintillation detectors were fabricated using the grown 

single crystal to check their scintillation performance. A scintillator detector consists of 

following components; A scintillator material: to convert the high energy radiation in to 

detectable light in proportional to the energy of the ionizing radiation; Photo-detectors: to detect 

the light produced in scintillator and generate a processable electrical signal proportional to the 
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detected light (PMT, Photodiode etc); Preamplifier: to amplify the signal received from the 

photo-detector and give a voltage pulse; Shaping amplifier: to shape the pulse received from the 

preamplifier and transfer it to the pulse height analyzer (0-10 volt pulse); Pulse height analyzer: 

a multichannel analyzer that assigned register each pulse a channel number (from 0 – 8191 for 

8K MCA) proportion to its voltage (0-10 volt). Schematic of detector configuration using a 

photodiode read out is given in Fig.2.12. 

 

Figure 2.12: Schematic of photodiode based scintillator detector. 
"

2.6 Structural refinement 

The crystal structure is refined by fitting the entire profile of the diffraction pattern to a 

calculated profile employing Rietveld method. The X-ray powder diffraction data, obtained 

from the grown crystals has been analyzed by using GSAS program based on Rietveld method. 

The lattice parameters, atomic position coordinates, bond length and bond angles between 

atoms were calculated from the refinement were used to perform calculations within density 

functional theory.  

The Rietveld method is the profile refinement method for analyzing powder diffraction 

data which is widely used in the field of crystallography [105, 106]. The dependence of full 
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width at half maxima (FWHM) of the reflection i.e. !! on !! for the contribution of a single 

reflection k can be written in simplified form as [107],  

!! = !!!"#!!! + !!!!"#!!! + !!                                           (2.6) 

Where U, V, W are half-width parameters independent of θk. This gives an adequate 

representation of the variation of FWHM with Bragg angle. U, V, W must be treated as 

adjustable variables in the refinement. Least-squares refinement is achieved by minimizing the 

function, 

! = ! !! !! !"# − !
! !! !"#

!
!                                          (2.7) 

Where !! is the contribution of the Bragg reflection k to the intensity measured at position 2θi. 

The summation is over all points in the pattern. !! !is a weighting factor which is inversely 

proportional to the variance of quantity in square brackets and c is an overall scale factor. The 

parameters used in refinement of least-squares are of two kinds. There are two group of 

parameters: (I) ‘structural parameters’ viz. overall isotropic temperature parameter, fractional 

coordinates, occupation fraction, and isotropic temperature factor individual non-equivalent 

atoms; (II) 'profile parameters' viz. half-width parameters (!,!,!), zero position of detector  

and unit-cell parameters. Further parameters may be added as coefficients of the anisotropic 

temperature factors in first group while the second group may contain the parameters to allow 

the skewness of the reflections at extreme scattering angles or for preferred orientation. The 

quality (especially resolution) of the diffraction pattern determines the maximum number of 

structural parameters which can be safely included in a powder refinement. 

The General Structure Analysis System (GSAS) is a set of programs for the processing and 

analysis of both single crystal and powder diffraction data obtained with X-rays or neutrons 

[108, 109]. In addition, powder diffraction data from a mixture of phases can also be analyzed 
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by refining structural parameters for each phase. EXPGUI software is a Graphical User 

Interface (GUI) for GSAS which is written in FORTRAN and organized into several main 

programs designed for specific type of tasks or type of crystallographic calculations. The quality 

of fit is determined by the value of reduced χ2. The χ2 is defined by the minimization function as 

!! = !
!!"#!!!"#

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""(2.8)"

Where Nobs is the total number of observations in all histograms and Nvar is the number of 

variables in the least squares refinement. Minimization function ‘M’ is made up of several 

components and in case of powder diffraction data is written as 

                                                               M = Σ w (Io –Ic)2                                                (2.9) 

Where, Io and Ic are observed and calculated intensities respectively. 

 
 

2.7  Electronic band structure calculation 

Knowledge of electronic structures of solids are helpful in predicting its relative stability, 

chemical bonding, atomic relaxation, phase transitions, electrical, mechanical, optical or 

magnetic behavior etc. These prediction may be used for systematic material designing or 

explaining certain experimental observation like defect formation, reflectivity, absorption etc.  

The band structure problem is a many-body problem that includes the relative motion of 

electrons and of nucleus in a crystal. The many-body quantum mechanical problem can be 

solved by mainly two approaches, Hartree-Fock (HF) or with the aid of density functional 

theory (DFT). The HF method based on wave function solution, treats exchange energy, but 

correlation effects are ignored by definition while the DFT is based on electron density rather 

than on wave functions and it treats exchange and correlation but both approximately. In this 
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thesis DFT based theoretical calculation is used to calculate electronic structure of the material 

and hence only this will be described in detail.  

Density functional theory 

The DFT is one of the most powerful and widely used ab-initio methods for the calculation of 

ground state properties of metals, semiconductors and insulators [110-112]. It is based on the 

Hohenberg and Kohn theorem [113], which states that all ground state properties of an 

inhomogeneous electron gas can be described by a function of the electron density, and provides 

a one-to-one mapping between the ground-state density and the external potential. The main idea 

of the DFT is to solve a many body problem of interacting system of electrons and nuclei by 

mapping on to a one-electron reference system that leads to the same density as real system. This 

approximation reduces the variables to three (spatial coordinates x, y, and z) rather than 3N (N 

number of bodies) degrees of freedom. Spin densities ρσ(r) are the key quantities here and total 

energy can be written as, 

Etot(ρ ) = Ts(ρ) + Eee(ρ)+ ENe(ρ) + Exc(ρ) + ENN                                 (2.10) 

where Ts, Eee, ENe, Exc, ENN are the kinetic energies of the non-interacting particles, electron-

electron repulsion, nuclear-electron attraction, exchange-correlation and repulsive Coulomb 

energy of fixed nuclei respectively. Out of infinite number of possible densities the one that 

minimizes the energy is the ground state density. The problem therefore is to solve the Kohn-

Sham (KS) equation [114] 

     −!! + !!" + !!! ! ! + !!"! ! ! !!"! ! = !!"! !!"! !                                     (2.11) 

The spin densities can be written by summing over the orbitals as, 

!! ! = !!"!!" !!"! ! !                                                       (2.12) 
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!!"!  are the occupation numbers such that 0 < !!"! < 1 !!, where !! is the symmetry-required 

weight of point k. Orbitals !!"!  are wave functions of single particle (quasiparticle) but not the 

wave function of electrons. Overall density of these quasiparticles is equal to true electron 

density.  

Practical applications of DFT are based on approximations and one must choose the 

function that is used to represent exchange and correlation (xc) effects. But after this 

approximation one can solve the effective Hamiltonian with high precision. A common 

approximation is the so-called local density approximation (LDA). In LDA the exchange-

correlation energy Exc(ρ) of an inhomogeneous system is approximated by the exchange-

correlation energy of a homogeneous electron gas, which can be evaluated accurately. Here the 

density at each point in the space is replaced by a local value of the charge density ρ (r) and 

hence two approximations are taken as, i) exchange-correlation energies Exc written in terms of 

a local exchange-correlation energy density µxc times the total electron density as, 

 

!!" = !!" ! ↑, ! ↓ ∗ ! ↑ +! ↓ !"                                                 (2.13) 

and ii) the particular form chosen for that µxc. Thus Exc for a particular density ρ(r) could be 

found by dividing the material in infinitesimally small volumes with a constant density. The 

contribution from each such volume is same as from homogenous gas filled in identical volume 

and having same density as the original material has in this volume. Though, in many cases 

(calculation of lattice constant, bulk moduli, etc.) the LDA works well and is used widely for 

three decades for great variety of systems [115].  

Though LDA calculations often yield results in close agreement with experimental 

values but there are cases where they show large discrepancies. Recent progress goes beyond 
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the LDA by adding gradient terms of the electron density to the exchange-correlation energy or 

its corresponding potential. Thus, 

!!"!!" = ! ! ↑, ! ↓,!" ↑,!" ↓ !"                                                    (2.14) 

Therefore in GGA exchange correlation contribution of every infinitesimal volume not only 

depends on local density in that volume, but also on density in neighboring volume i.e. gradient 

of density. More advanced approximations are being used in many modern codes using DFT to 

improve accuracy for certain physical properties. There are several different parameterizations 

of the GGA e.g. the one by Perdew et al or by Perdew, Burke and Ernzerhof (PBE), which are 

recommended options [116, 117].  

There are many variational methods for solving Kohn-Sham equation for a system. All 

variational methods differ from each other only by the choice of the basis set and by the 

construction of the crystal potential. Several efficient basis methods developed in last four 

decades are widely used for band structure calculations of solids. A designated choice of basis 

set serves for specific purposes. For example the linearized muffin-tin orbital (LMTO) method or 

augmented spherical wave (ASW) method provides very fast band structure calculations, with an 

accuracy which is sufficient for many applications in solids. But usually simple basis methods 

are very fast but not very accurate. Methods with more complicated basis and potential 

constructions are appropriate for high precision electronic structure calculations  like augmented 

plane wave (APW) method, full-potential linearized augmented plane wave (FPLAPW) method, 

projected augmented wave (PAW) method, full-potential local-orbital minimum-basis method 

etc. The present work uses the full potential linearized augmented plane wave (FPLAPW) 

method [118, 119]. This method has proven to be one of the most accurate methods for 

performing electronic structure calculations for solids. For valence states, relativistic effects can 
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be included either in a scalar relativistic treatment [120] or including spin-orbit coupling 

variationally [121, 122] and core states are treated relativistically [123]. The problem of rapid 

variation of wave function near nuclei can be solved by dividing the unit cell into non 

overlapping atomic spheres “A” (centered at the atomic sites) and an interstitial region “B” (Fig. 

3.2) [124, 125]. Different basis sets are used in these respective regions. The idea behind this lies 

in the fact that the inner region of atom (near to nuclei) is shielded from outer region and electron 

behave as they are in free atom, therefore, could be described by atomic like functions. While in 

the outer region far away from nuclei (where most chemistry happens), electrons are free, thus 

can be represented by plane waves. 

 

Fig.2.13: Partitioning of the unit cell into atomic spheres (A) and an interstitial region (B). 
 

The computer code WIEN2k [126] and EXCITING [127] are used to study crystal properties on 

the atomic scale by employing linearized-augmented-plane-wave (LAPW) method within 

density functional theory (DFT). 

The band structure of NaBi(WO4)2 (NBW) was calculated employing the WIEN2K 

code. It was observed that the valence band (VB) is mainly formed by non-bonding states of the 

oxygen p orbital, with a very little contribution coming from the tungsten d orbital. The 

conduction band (CB) is mainly formed from W d states with a similar amount of contributions 
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coming from the p states of bismuth and oxygen. Code Exciting was used to calculate the band 

structure of NaGd(WO4)2. The results were similar to the NBW with the exception that the 

levels of Gd are formed in the forbidden region at the top of valence band.  

The band structure of CsI, CaF2 were calculated using EXCITING code. The band 

structure of CsI shows a direct band gap of approximately 3.8 eV. The top of the valence band 

consists of iodine electronic states while the bottom of the conduction band was made of Cs 

electronic states.  On the other hand CaF2 shows an indirect band gap (approximately 7.5 eV). 

The top of valence band, in CaF2, is mainly formed of F orbitals while bottom of conduction 

band consist of Ca orbitals. 
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CHAPTER 3 
____________________________________ 
GROWTH OF SINGLE CRYSTAL OF TL DOPED 

CsI BY A MODIFIED BRIDGMAN CRYSTAL 

GROWTH TECHNIQUE 
Thallium doped CsI (CsI:Tl) single crystal is an old and well known scintillator material and has 

been deployed in a variety of applications owing to its high density, sufficient light yield and 

suitably matched emission with photodiodes [128-131]. Though it is an old scintillator, active 

research to improve its scintillation properties is going on at full swing in scintillation 

community [132-137]. It shows better scintillation efficiency (if used with suitable readout) and 

is less hygroscopic and less brittle than NaI. This material could not achieve its full potential in 

the past due to the unavailability of a matching photo-multiplier tube (PMT). However, use of 

P-I-N photodiodes that show good efficiency at longer wavelengths and compact in size, has 

renewed the interest in the CsI:Tl crystals [138]. The CsI based scintillation detectors are 

efficient to detect charged particles with energies of E/A=200MeV [132]. The CsI:Tl crystals 

based detectors are less expensive than solid state detectors, less hygroscopic than NaI:Tl 

crystals, and can be easily machined into different shapes, therefore have been incorporated in 

many large solid angle detection arrays [139]. Many problems related with CsI:Tl based 

detectors like temperature dependence has been solved by holding the temperature constant, and 

by reading out the detectors via photodiodes instead of photomultipliers, whose gains may vary 

with time. 
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Scintillator alkali halide crystals, in particular, NaI:Tl, CsI:Tl and CsI:Na are generally 

produced using the directional crystallization of the corresponding melt in a crucible using the 

Bridgman/Stockbarger method [140,141].  Single crystals of CsI can be grown by Bridgeman as 

well as Czochralski methods. Though, the crystal growth using the Bridgman method is not a 

problem, sticking of the crystal with crucible wall and hence recovery of the crystal after the 

growth and thermal and mechanical stresses generated therein are important issues and of 

considerable interest [141]. Luminescence and scintillation properties of CsI:Tl are also found 

to be highly dependent to various stages of crystal preparation viz. starting material preparation, 

growth technique and post growth treatments, etc. Despite considerable efforts for many 

decades on this material, its poor radiation hardness and long afterglow are still major areas of 

concern that hinder its application to several other useful fields [142]. 

    In this chapter the main focus is on the development of a cost effective and efficient 

technique to grow alkali halide crystals particularly doped and pure CsI and NaI single crystals. 

Two different approaches that yielded, with considerable ease, good quality device grade single 

crystals of Tl doped CsI have been developed during the course of this work. 

 

3.1  Growth of CsI:Tl single crystals in carbon coated silica crucibles 

In this section the growth of high quality radiation hard Tl doped CsI single crystals in carbon 

coated fused silica crucibles by a gradient freeze technique is described. Effect of axial 

temperature gradient (inside the melt), cooling rate and post growth annealing on the crystal 

growth and luminescence properties were studied and optimum conditions were determined. 

Gamma-ray detectors were fabricated and characterized to study the effect of growth conditions 

on the scintillation quality of crystals. The best resolution found (with PMT readouts) for 
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optimum growth conditions was about 7.5% at 662 keV gamma-ray (from a 137Cs source) which 

is comparable to the reported values [143]. 

 

3.1.1 Furnace and crucible description 

A crystal growth furnace has been designed to have a positive and adjustable temperature 

gradient (from the bottom to the top of the furnace). Fig.3.1 shows the gradient of the furnace 

with an empty crucible along with the furnace diagram. To determine the actual axial 

temperature profile in the melt, potassium chloride was melted in a silica crucible that has an 

open end. It may be noted that KCl can be heated in air (melting point: 780°C) and has a heat 

capacity approximately equal to that of CsI. A K-type thermocouple enclosed in a thin silica 

tube was inserted in the melt and the profile was recorded as a function of position from the 

bottom to the top in the furnace. The axial temperature profiles in the melt for different 

positions of the controlling thermo-couples in the furnace are also shown in Fig.3.1.   

 

Figure 3.1: Temperature profiles in the furnace (a) blank furnace, (b) furnace with silica 
crucible (controlling thermo-couple at the crucible bottom) and (c) furnace with crucible 
(controlling thermo-couple 3 cm above the crucible bottom). Furnace diagram is shown on the 
right side of the figure. 

 

Fused silica crucibles 35 mm in diameter with conical bottom that had thin carbon films 

deposited on the inside surfaces were taken for the growth experiments. To deposit carbon 
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films, first the crucible was cleaned using a 10% HF solution for a few minutes and was 

transferred to a horizontal tubular furnace and heated up to 900°C. Argon was flown into the 

tubular furnace through a flask containing n-hexane that on cracking deposited a carbon film on 

the crucible walls. The carbon film coated crucible was transferred in a vacuum furnace and 

further annealed at 1100ºC for 2 h. Fig.3.2 shows the design of the crucible and its appearance 

before and after the carbon coating. 

 

Figure 3.2: Photograph of silica glass crucibles (a) before and (b) after carbon coating. 
 

3.1.2 Material preparation and dehydration 

The 500 g of high purity (99.99%) CsI was taken in a clean and dry carbon coated crucible. 

After filling of material the crucible was placed in the furnace (already at 50°C) and was 

connected to a vacuum system consisting of a rotary and cryo-sorption pumps. The crucible was 

evacuated to 1x10-2 mbar pressure. After this, the temperature of the furnace was increased up 

to 250ºC in the steps of 50ºC under vacuum. A one hour dwell was given at each step and the 

crucible was thoroughly shaken in between to avoid formation of lumps during the dehydration 

process. After the completion of dehydration the crucible temperature is brought down to 50ºC 

and 1.275 g of TlI (0.2 mol%) is mixed in the dehydrated material in a manner that the 

dehydrated material is least exposed to ambient moisture. Again the crucible is connected to the 

vacuum system and evacuated gradually to 1x10-2 mbar pressure. After this the furnace 
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temperature is increased to 150ºC in the step of 50ºC with a dwell of 30 minutes at each step. 

This completes the dehydration process of the material though finally a proper visual inspection 

of the material is required to ensure the complete dehydration of the material. After this the 

crucible is sealed using an LPG gas torch under the running vacuum condition and at ~1x10-2 

mbar pressure of Ar (The crucible is flushed with Ar gas 3-4 times when the crucible is at 

100ºC). 

 

 
 

Figure 3.3: Photograph of (a) crystal ingot 
and (b) polished cylinder. 

Figure 3.4: Transmission (a) and fluorescence (b) 
spectra of 0.2 mole% Tl doped CsI single crystal. 
(sample thickness 20 mm). 

 

3.1.3 Crystal growth 

After dehydration and sealing the crucible was placed inside the furnace on a growth station and 

temperature was raised so that the bottom of the crucible was at 640°C. Melt was kept at this 

temperature for 4 h and then cooling was started. Two different cooling rates, 4°C/h and 2°C/h, 

were applied for the growth. The growth experiments were carried out at two different 

temperature gradients (10 and 15°C/cm) and for different Tl concentrations in crystals of size 35 

mm in diameter and 40 mm in length in each growth experiment. Different annealing 

procedures were used to study the effect of annealing on the crystal quality. In some crystals 
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(Type-I), the growth was followed by a slow cooling (25°C/h) and post growth annealing at 

400°C in a uniform zone for 10 h. The other crystals (Type-II) were cooled at a faster rate 

(~50°C/h) down to room temperatures. Cylindrical samples of size 35 mm in diameter and 25 

mm in length were cut from the ingots for the optical characterization (Fig.3.3). A typical 

transmission spectrum of a polished CsI:Tl cylinder is shown in Fig.3.4. 

 

Figure 3.5: (a) Rocking curve for (4 2 2) plane of 0.1 mole% Tl doped CsI and (b) 2ϴ position 
of same plane. (X-ray energy- 9750 eV). 
 

3.1.4 High-resolution X-ray diffraction experiment 

Thin slices of as-grown crystals were cut carefully and polished to the optical finish. Single 

crystal XRD was recorded on an angle dispersive XRD (ADXRD) beamline (BL-12) at the 

INDUS-2 synchrotron radiation source [144]. The beamline consists of a Si(311) based double 

crystal monochromator and a collimating pre-mirror for high energy resolution. The measured 

energy band-width and the angular resolution (for single crystal diffraction) are 1.4eV (at 8 

keV) and 16 arc-sec, respectively. The measurements were carried out using a six circle 

diffractometer (Huber 5020) and a scintillation detector (Fig.3.5).  
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3.1.5 Optical and scintillation properties 

Transmission spectrum was recorded in the wavelength range from 200 nm to 1100 nm 

employing a double beam photo-spectrometer Chemeto 2500. The polished samples (20 mm 

thickness) were exposed to the day-light for 10 days to study its effect on the transmission 

characteristics (Fig.3.6 and Fig.3.7). For the photoluminescence measurements samples (2 mm 

thick) were cut from the crystal ingot and polished to optical finish. Thermally stimulated 

luminescence (TSL) glow curves (Fig.3.8) of Type-I and Type-II crystals were recorded in the 

25-200°C range employing a heating rate of 0.5°C/s. Luminescence spectra (Fig.3.4b) as well as 

afterglow spectra (Fig.3.9a) were recorded in the range 200-900 nm in a reflecting geometry 

employing a florescence spectrometer Edinburgh model FLP-920. The TSL emission spectrum 

(Fig.3.9b) was recorded by holding the sample at 45°. 

  

Figure 3.6: Transmission spectra of Type-I (a) 
and Type-II (b) crystals after 10 days of 
daylight exposure (sample thickness - 20 mm). 

Figure 3.7: Calculated induced absorption (○), 
individual fitted peaks (----) and envelope 
fitted peak (—). 

 

Scintillation studies were carried out on a 30 mm diameter and 25 mm long crystal (Type-I) that 

was wrapped with 10 layers of Teflon tape leaving one face open to connect with a PMT. 

Gamma spectra of 137Cs, 134Cs, 60Co, 22Na and 57Co sources were recorded using the detector 
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assembly consisting of CsI:Tl scintillator, a PMT (Electron Tube Limited Type: 9814A), a 

preamplifier, a spectroscopic amplifier and  an 8k multi-channel analyzer. A shaping time 

constant of 3 µs was used (Fig.3.10). 

 

  

Figure 3.8: TSL glow curves of (a) Type-I 
and (b) Type-II crystals. (heating rate 
0.5ºC/s). 

Figure 3.9: Afterglow (a) and thermally 
stimulated glow (b) spectrum of type-II 
crystal. 

 

 

Figure 3.10: Scintillation performance of 0.2 mole% Tl doped CsI crystal (a) Calibration 
curve drawn from detector response to different radionuclide and (b) a typical gamma spectra 
of 137Cs recorded using detector (30 mm diameter and 25 mm thickness). 
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3.1.6 Discussion 

The crystal ingots were visibly clear of any carbon particles and were highly transparent. As no 

part of the furnace or crucible was moving or vibrating, the probability of peeling off the carbon 

film from crucible walls and mixing with the melt was minimal. Upper parts of the crystals 

which were grown employing a temperature gradient (10°C/cm, Fig.3.1b) show a cloudy 

structure with a definite pattern. On analysis (using SIMS) it was found that Tl concentration in 

that part of crystals was relatively high (0.25-0.3 mole % for 0.2 mole % doping). This indicates 

a constitutional supercooling due to the segregation of Tl and low temperature gradient. A 

slower cooling rate (2°C/h) could not resolve the problem. In view of these observations, growth 

experiments were carried out under a higher temperature gradient (15°C, Fig.3.1c) which 

successfully solved the problem of constitutional supercooling. A typical photograph of a 

crystal grown in a higher temperature gradient and slow cooling rate is shown in Fig.3.3(a). 

Transmission and luminescence spectra of this crystal are shown in Fig.3.4. The spectra do not 

show any extra peaks related to carbonate or any other impurities. This observation supports 

that the carbon coating was of good quality without any oxygen contamination and free of other 

impurities. 

High resolution diffraction curve recorded for the 0.1% Tl doped CsI single crystal (not 

annealed) is shown in Fig.3.5. The X-ray rocking curve (Fig.3.5a) was measured for the (4 2 2) 

plane (Fig.3.5b). It can be seen from the rocking curve that there are low angle grain boundaries 

in the crystals. The separation of the grains in the plane is about 200 arc-sec. These low angle 

grain boundaries may arise during the growth itself or during the processing of the crystal owing 

to its plastic nature. N. Balamurugan et al [145] have reported an FWHM of the main rocking 

curve to be 480 arc-sec for the 0.06% Tl doping while in the present work an FWHM of about 
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140 arc-sec was obtained even at a higher Tl doping concentration of 0.1%. The carbon coating 

on the crucible wall that prohibits sticking of the crystal to the crucible also minimizes the 

stresses generated due to different thermal expansions of crucible and the crystal. The low angle 

grain boundaries may also arise due to the crystal processing (cutting/ polishing). These 

mechanically generated stresses could be eliminated by annealing the crystal at 400°C which is 

supported by a better performance of detector assemblies fabricated using annealed crystals. 

Thus from HRXRD study it is clear that crystals grown using the method described here, are of 

good quality compared to conventionally grown crystals.       

The transmission spectra of Type-I and Type-II crystals after a daylight exposure for 10 

days at room temperature are shown in Fig.3.6. It is evident that the absorption in Type-II 

crystals has been induced. This induced absorption is calculated using the following equation,  

µ = !
! !" !₀

!                                                                  (3.1) 

where, d is sample thickness in cm, I0 and I are transmission in percentage before and after the 

exposure. Calculated curves are then de-convoluted into their constituent peaks. The combined 

curve is presented in Fig.3.7. A total number of 9 peaks could be clearly identified which are in 

good agreement with the reported values [146, 147]. In order to confirm that the defect centers 

induced by high energy radiation and daylight exposures are similar, the Type-II crystals were 

irradiated with a 60Co gamma radiation source. The same induced peaks were observed in the 

transmission spectra recorded for the irradiated crystal. The TSL glow curves for Type-I and 

Type-II crystals (For radiation dose of 200 Gy) are shown in Fig.3.8. It is apparent from this 

figure that the number of defects/traps are far less (two orders) in Type-I crystals compared to 

those in Type-II crystals. The peak temperature shifts towards higher temperatures for the Type-

I crystals. This result is in agreement with the HRXRD data. After-glow and TSL emission 
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spectra shown in Fig.3.9 suggest that the same kind of center is responsible for both the 

phenomena.   

As UV light does not have sufficient energy to create new defect centers in the CsI:Tl 

crystal, the root cause of coloration of Type-II crystals may lie somewhere else. One possibility 

for such coloration could be proposed as the capture of electrons by defect centers already 

formed during the crystal growth process. In Type-I crystal no considerable day light coloration 

was found. Another benefit of the post growth crystal annealing in the controlled ambient of the 

silica ampoule is avoiding the fogginess of the crystal that sometimes arises due to moisture or 

oxygen contamination [138]. A detailed study of color centers is reported elsewhere [148].  

Linearity of the pulse height response of the gamma detector was checked up to 1332 

keV gamma-rays. The calibration curve for a detector fabricated using the grown CsI:Tl crystal 

is shown in Fig.3.10 and a typical 137Cs gamma spectrum is also depicted in the same figure 

showing an energy resolution of  about 7.5% at 662 keV which is comparable to or better than 

reported values [143]. Optimization of light collection at the PMT photocathode was necessary 

to get the best results. To achieve this nearly 10 layers of Teflon that had reflectivity better than 

98%, were wrapped around the crystal and optical grease was applied to couple the crystal with 

the PMT avoiding any trapped air bubbles. 

   

3.2  Growth of CsI:Tl crystals using a modified Bridgman method 
 

In a different approach a modified Bridgman technique has been designed and developed to 

grow the CsI single crystal of 50 mm diameter and 60 mm length, in a simple and effective 

manner. In this part of Chapter-3, design and construction of the modified Bridgeman system 

employed for the crystal growth of Tl doped CsI are elaborated. A specially designed crucible 
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along with the modified furnace was used to grow single crystal of CsI:Tl of 50 mm diameter 

and 60 mm length. By employing this technique the thermal and mechanical shocks to the 

crystal were minimized that reduced the day light coloration and enhanced the radiation 

hardness of grown crystals.  

3.2.1 Furnace and crucible design 

The furnace employed for the crystal growth consists of four independently controlled resistive 

heating elements.  The top isothermal zone consisting two heating elements is separated from 

the bottom isothermal zone by a 50 mm thick baffle (adiabatic zone). Fig.3.11 shows the 

schematic diagram of the furnace along with the photographs of the complete crystal growth 

system. The furnace can be rotated along a horizontal axis passing through middle of the 

furnace. There is also a provision for locking the crucible while rotating the furnace if 

necessary. A maximum 20oC/cm temperature gradient was achieved in the adiabatic zone. The 

axial and radial temperature profiles of the furnace are shown in Fig.3.12. 

 
Figure 3.11: Modified Bridgman furnace diagram (a) schematic of the crystal growth system, 
(b) enlarge view of furnace along with the control and monitoring thermocouple positions 
(green coloured ones are the controlling and the red coloured are the monitoring thermocouples) 
and (c) photograph of the fabricated crystal growth system.  
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The crucible has been specially designed to be used with the modified Bridgman furnace. It 

consists of two parts of approximately equal lengths (as shown in Fig.3.13). The lower part has 

a slightly less diameter (ID: 55 mm) than the upper part (ID: 60 mm). The crystal grows in the 

lower part of the crucible while after the growth the crystal is retrieved in the upper part by a 

definite process involving the rotation of the furnace along with the crucible. The detailed 

description of the growth is given in next section. 

 

 
 

Figure 3.12: Radial and axial temperature 
gradients of the crystal growth furnace. 

Figure 3.13: AutoCAD drawing of the 
crucible used in the crystal growth in the 
modified Bridgman furnace. 

 

3.2.2 Crystal growth 

The material was dehydrated following the same procedure as described in section 3.1.2. The 

silica crucible containing the material (discussed in previous section) is kept in the upper zone 

of the furnace for complete melting. The temperatures of all the zones are raised in such a 

manner that the temperature of the upper zone is about 50°C above the melting temperature 

(MP) of the material while the lower zone temperature is about 50°C lower than the MP 

(Fig.3.14-1). Once the material inside the crucible melts completely it is allowed to thermalize 
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for 4 h. The crucible is then lowered at a typical rate of about 0.5 mm/h to the bottom zone of 

the furnace through the temperature gradient (adiabatic zone) for a complete solidification of the 

melt into single crystal (Fig.3.14-2). 

 
Figure 3.14: The schematic diagram of the complete growth process of the CsI:Tl single crystal 
in the modified Bridgman furnace. (1) Loading of the crucible and melting of the material, (2) 
Lowering of the crucible to lower zone and solidification, (3) Locking of the crucible in the 
furnace and rotation by 180 degree and (4) retrieval of the crystal . 
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After complete solidification of melt into single crystal the crucible is locked inside the furnace 

using a locking mechanism and the furnace together with the crucible is inverted (rotated 

through 180º) (Fig.3.14-3). Now the temperature of the zone 3 and 4 containing the grown 

crystal is raised so that the temperature of the zone containing the grown crystal becomes 

slightly higher than the MP of the material. As the temperature of the outer part of the crystal 

increases above its MP it starts melting from the outer portion and leaves the walls of the 

crucible. The grown crystal slides down to the lower zone of the crucible that has a slightly 

larger diameter. Temperatures of the all the zones are then lowered quickly to the same 

temperature (MP-50°C) to achieve a uniform temperature in the furnace (Fig.3.14-4). The 

crystal is annealed at this temperature for 4 h. Finally the furnace is cooled down to room 

temperature at a uniform rate of 30ºC/h. Afterwards the silica glass crucible is cut open to 

retrieve the grown crystal.  

 

3.2.3 Optical and scintillation characterization of grown crystals 

Transmission spectrum was recorded in the wavelength range 200-1100 nm employing a double 

beam photo-spectrometer Chemeto 2500. X-ray induced emission spectra were measured using 

an in-house built set-up. The X-ray source was an X-ray tube with a Cu target. The accelerating 

voltage and tube current were set at 40 kV and 30 mA, respectively. An Avantes make (model: 

3648) spectrograph was used to measure the emission spectra. 

To test the scintillation properties detector element of 18 mm x 18 mm x 18 mm were 

fabricated by processing of crystal ingot (50 mm diameter and 50 mm length). About 5 to 6 

layers of 0.1 mm thick Teflon tape were used as reflectors. Silica based optical grease was used 

for the optical coupling. The fabricated detector element were tested for scintillation 
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performance using to different readouts, namely, (i) P-I-N photo-diode (Hamamatsu: S3204-8 

18 mm x18 mm active area) and (ii) Photomultiplier tube (Hamamatsu: R6095 25 mm 

diameter). In case of PIN photodiode 10-12 µs pulse shaping was used while in case of PMT 

read out it was kept 3-4 µs. To check the performance of the scintillator with the standard 50 

mm diameter head-on PMT (Hamamatsu: R1306), a scintillator detector element of 45 mm 

diameter and 45 mm length was fabricated from the crystal ingot and was mounted on the PMT. 

Reflector and mounting arrangement were similar to the earlier detector. Different gamma 

sources (60Co, 57Co, 137Cs, 134Cs, 22Na) were used to check the energy dependence of the 

scintillation characteristics. To get photo-peak at lower energy (10-100 keV) 57Co was used in 

different metal wrapping like Mo, W, Pb etc. An Am-Pu alpha source was used to test the pulse 

shape discrimination characteristic of the CsI:Tl detector. 

3.2.4 Discussion 

The main advantage of the present method over the conventionally used Bridgman system was 

that the grown crystal was subjected to minimum thermal and mechanical shocks during the 

retrieval of the crystal. After the growth, crystal could be annealed for various durations to 

improve the properties without any contamination or stress as in this condition crystal is free 

from the crucible walls. A typical photograph of grown crystal along with the processed 

scintillator is shown in Fig.3.15. Absorption spectra of grown crystals containing varying 

amounts of thallium (0, 0.001, 0.01, 0.05, 0.2 mol%) were recorded and are shown in Fig.3.16. 

Gradual development of Tl related absorption can be seen in the graph indicating the increasing 

Tl concentration in the crystal. All the crystals show more than 80% transmission in the 350-

1100 nm wavelength range indicating excellent optical quality of the grown crystals. The cutoff 

wavelength for un-doped crystals was about 240 nm. The band structure calculation of the CsI 
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(Fig.3.17) shows a direct band gap of 4 eV, while the experimental value was about 5.2 eV. The 

difference in observed and calculated value is acceptable as the full potential LAWP method 

used to calculate the band structure is known to underestimate the band gap. The calculation 

was done using the EXCITING code [127].  

 
Figure 3.15: Photograph of crystal ingot grown using the modified Bridgman technique and 
processed scintillator. 
 

  
Figure 3.16: Absorption spectra of CsI crystal 
as a function of Tl concentration. 

Figure 3.17: Electronic band structure of CsI 
calculated using Exciting code. 

 

The radio luminescence (RL) spectra were recorded for all the samples and are shown in 

Fig.3.18. The characteristic luminescence of Tl centered at 545 nm evolves with increasing Tl 
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concentration in the CsI crystal. The luminescence of undoped CsI centered at 310 nm indicates 

the high purity of the initial material and excellent growth (no oxygen contamination). 

 
Figure 3.18: Radio-luminescence spectra of Tl doped CsI as a function of Tl concentration. 
 

 
Figure 3.19: Typical gamma spectra of 137Cs and 60Co as recorded using a 18x18x18 mm3 
cube prepared from the CsI:Tl crystal and coupled to a PMT. 

 

Typical gamma spectra recorded using the CsI:TL (18x18x18 mm3) coupled to a PMT detector 

for different gamma sources (137Cs and 60Co) are shown in Fig.3.19. The fabricated detectors 

show an energy resolution of 7.0 ±0.2% at 662 keV. It is well established that the non-

proportionality in the photon-yield as a function of gamma energy is the main reason that 
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inorganic scintillators could not achieve energy resolutions theoretically predicted based on 

their light output. The non-proportionality depends on many factors. One of these factors is 

growth condition and distribution of dopant throughout the crystal. To see the effect of this 

growth technique on the non-proportionality in CsI:Tl in response to photon energy was also 

calculated and is shown in Fig.3.20. The observed non-proportionality is same as reported in the 

literature [149]. This fact shows that the adopted growth conditions are favorable to grow the 

crystals for detector application.  Linearity of the pulse height response of the gamma detector 

was checked up to 1332 keV gamma-rays. The detector performance of 45 mm diameter and 45 

length scintillator was tested using a 50 mm diameter PMT. The typical gamma spectra are 

shown in Fig.3.21. The energy resolution at 662 keV was found to be 6.7 ±0.2% that is 

remarkable for a CsI detector of this size. The resolution obtained from this detector was 

comparable to the resolution quoted for commercially available NaI based detectors despite the 

mismatch of the PMT response with the emission profile of CsI:Tl, again suggesting the good 

quality of the grown crystals. 

 
Figure 3.20: Non proportionality response of Tl doped CsI as a function of photon energy. 
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Figure 3.21: Typical gamma spectra of 137Cs and 60Co as recorded by CsI:Tl crystal (45 mm ϕ x 
45 mm L)  coupled to a PMT. 

 

As the emission at 550 nm from the CsI:Tl scintillator matches well with the response of 

photodiodes, a combination of CsI:Tl and P-I-N photodiode is expected to have sevral 

advantages over the conventionally used PMT based detectors. Few advantages to be mentioned 

are low voltage requirement, insensitivity to magnetic fields, ruggedness, compactness, low 

cost, etc. The 18x18x18 mm3 detector element was coupled to the photodiode of same active 

area. As in this case the time response of detector also depends upon the junction capacitance of 

the photodiode, the time integration time was taken about 12 µs. The typical gamma spectrum 

recorded using the detector is shown in Fig.3.22. The energy resolution calculated at 662 keV 

was 8±0.2% while at 1332 keV it was 5±0.2%. Though, in this case, the energy resolution at 

higher energies (>1 MeV) was comparable to the resolution obtained from the PMT based 

detector, at lower energies the resolution was poor. The main reason behind this is that, as the P-

I-N photodiode has no gain the electronic noise generated in various components like pre-

amplifier, connecting pins/wire etc becames dominant at lower energies. This is the reason that 

to detect gamma energy below 100 keV special low noise electronics is required [150].  



89"
"

 
Figure 3.22: Typical gamma spectra of 137Cs and 60Co as recorded by 18x18x18 mm3 CsI:Tl 
coupled to a P-I-N photodiode.    
 

 
Figure 3.23: The decay profiles of (a) Undoped CsI for gamma and (b) CsI:Tl for gamma and 
alpha particle. 

 

The scintillation decay profiles of un-doped and doped CsI crystals were calculated by 

analyzing the pulse shape of PMT output read by an oscilloscope (Tectronix: MDO3102) and is 

shown in Fig.3.23. The values of decay time constant are given in Table-3.1. The un-doped CsI 

crystal has two decay components with average decay constant of 13 ± 1 ns that is as per the 

reported values in the literature [151, 152]. The decay profiles of Tl doped CsI were recorded 

for gamma as well as alpha particle response. For gamma-rays the CsI:Tl crystal shows an 
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average decay constant of 1200 ± 50 ns while it was found to be 550 ±25 ns for alpha particles. 

This shows an excellent pulse shape discrimination characteristic of CsI:Tl. 

Table-3.1: The scintillation decay constant of undoped and Tl doped CsI. 

Scintillator Scintillation decay time 
Gamma-rays Alpha particles 

 
CsI 

 

 
12 ns (95%), 50 ns (5%) 

- 

 
CsI:Tl 

 

 
800 ns (90%), 4400 ns (10%) 

 
115 ns (20%), 550 ns (75%), 2000 ns (5%) 

 

3.3  Growth of NaI:Tl crystals using a modified Bridgman method 

 

Though this crystal growth system was designed for the growth of CsI:Tl it can be used to grow 

any halide crystals having melting point up to 900°C. To demonstrate the versatility of the 

system single crystals of NaI:Tl were grown and characterized. All the growth parameters were 

same as for the CsI except that the material was handled in a glove box with controlled moisture 

and oxygen content. The material was dehydrated following the same procedure as described in 

the section 3.1.2. The TlI doping level was kept at 0.1-0.12 mol%. After the growth the crystal 

is annealed at 600°C for 4 h and finally the furnace was cooled down to room temperature at a 

uniform rate of 10-20ºC/h. Afterwards the silica crucible is cut open to retrieve the grown 

crystal. The photograph of as grown crystal is shown in Fig.3.24. 

The scintillator performance was checked by processing a detector element of 45 mm 

length and 45 mm diameter from the crystal ingot. All the processing was done inside the glove 

box to avoid any moisture contamination. The scintillator was coupled with a 50 mm diameter 

PMT (ADIT: B51D01S) and a gamma spectrometer (1k MCA, 1 µs shaping time) was used for 
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the pulse height analysis.  The detector was hermitically sealed prior to testing. A typical 

gamma spectrum recorded using the system is shown in Fig.3.25. The typical resolution 

calculated at 662 keV was 6.8±0.2% which is at par with the commercially sold NaI detectors 

[27,28]. 

 
Figure 3.24: Photograph of as-grown Tl doped NaI crystal. 

 

 
Figure 3.25: Typical gamma spectra of 137Cs and 60Co recorded using a NaI:Tl crystal 
scintillator (45 mm ϕ x 45 mm L)  coupled to a PMT. 
 

3.4  Conclusions 

During the course of this thesis two different approaches were adopted for the growth of alkali 

halide crystals of 50 mm diameter and 60 mm length in general and CsI:Tl in particular. In the 
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first approach Tl doped CsI crystals were grown in the carbon coated fused silica crucibles 

using a gradient freeze technique. No adverse effect of carbon is seen and problem with sticking 

of CsI crystals with crucible wall was successfully solved. The quality of the crystal grown 

using the present methodology was better than the conventionally grown crystals. After-glow 

and daylight coloration are mostly related to defects generated during the crystal growth 

process. These defects became mobile above 400°C and can be eliminated if the crystal is 

annealed for a sufficient time. It is beneficial to anneal the crystal immediately after the growth 

without opening the silica ampoule to avoid deterioration of the transparency. With this 

approach crystal of 40 mm diameter and 50 mm length could be grown successfully. 

In the second approach a modified Bridgman crystal growth furnace has been designed 

for the crystal growth. The system was modified to retrieve the crystal after the growth without 

cracking the crucible and the crystal. The main advantage of the process was that the grown 

crystal was subjected to minimum thermal and mechanical shocks. After the growth, crystal 

could be annealed for varying durations and without any contamination or stress, as in this case 

crystal is not in contact with the crucible walls.  The grown crystal showed the best scintillation 

properties possible for the materials that proved the efficacy of the crystal growth process. With 

this process single crystals of alkali halides of 50 mm diameter and 60-70 mm length could be 

grown with almost 100% yield. This low cost method can be used for the industrial production 

of medium size (50 mm diameter and 70 mm length) alkali halides and the technology is being 

transferred to industry. 
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CHAPTER 4 
____________________________________ 
GROWTH OF SINGLE CRYSTAL OF NaBi(WO4)2 

AND NaGd(WO4)2 AND STUDY OF THE EFFECT 

OF OXYGEN STOICIOMETRY ON THEIR 

LUMINESCENCE PROPERTIES 
In this chapter the growth of single crystals of NaBi(WO4)2 and NaGd(WO4)2 has been 

discussed along with the effect of oxygen environment around W on the luminescence and 

optical properties of these crystals. 

 

4.1 Growth and annealing studies on NaBi(WO4)2 single crystals 
4.1.1 Introduction 

Single crystals of NaBi(WO4)2 (NBW) with high density and radiation hardness is one of the 

promising materials that can be used as a Cherenkov detector for both luminosity and 

calorimetric measurements under higher charge backgrounds that are encountered in the high 

energy physics experiments [18, 20, 154, 155]. From the chemical point of view NBW may be 

regarded as related to PbWO4 (PWO) with the replacement of Pb by a 1:1 mixture of Bi and Na. 

The NBW structure belongs to I41/a space group with lattice parameter a= 5.28 Å and c= 11.50 

Å [156]. While literature for PWO is widely available [62, 157-159], optical and luminescent 

properties of NBW are not studied in details. Further, it was reported that X-ray luminescence 

spectrum of NBW has a maxima at about 520 nm and the luminescence intensity is about 5% 

that of Bi4Ge3O12 (BGO) [54, 160]. However there is no report on photoconductivity properties 
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of this material though two decades back in 90’s, Nitsch et. al. have mentioned the necessity of 

these measurements to explain different decay kinetics in these crystals [161]. 

For application of this material in high energy physics experiments (CERN like 

conditions) thorough characterization of NaBi(WO4)2 single crystal will be necessary. In this 

work we investigated the spectral dependence of photoconductivity (PC) along with 

photoluminescence (PL) of these crystals. This simultaneous evaluation is highly desirable for 

better understanding of the excitation mechanism and relaxation of excited states. In addition, the 

influence of defect structures has been investigated by carrying out PL on high temperature 

annealed crystals. The studies on effect of annealing would also help to improve the radiation 

hardness of these crystals. 

 

4.1.2 Experimental 

(i) Crystal growth:Un-doped NBW crystals (Fig.4.1) have been grown using the Czochralski 

technique in air ambient [162]. The growth was carried out employing automatic diameter 

controlled Cyberstar crystal pullers, having a 50 kW induction heater. The system employed 

crystal weighing technique to control the diameter where the difference between actual and set 

values of mass growth rates was used as feedback for adjusting the percentage of power fed to 

the inductively coupled crucible. The value of axial temperature gradients just above the melt 

(within 5 mm) was about 60°C/cm. A uniform pull rate of 2 mm/h and a rotation rate of 15-20 

rpm was employed to grow 60 mm long crystals of 30 mm diameter from the melt contained in 

a 75 mm diameter platinum crucible of 70 mm height. About 500 g of charge was used in each 

growth experiment. Uniform post growth cooling rate of 30°C/h was employed in regular 

crystal growth experiments. Few growth parameters employed in particular growth experiment 

are listed in Table-4.1.  
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Figure 4.1: Photograph of a typical NaBi(WO4)2 single crystal ingot. 

Table-4.1: Parameters used to grow NaBi(WO4)2 single crystals. 

Parameters Value 

Solid Density 7.6 

Melting 930°C 

Growth Method Czochralski technique 

Ambient Air 

Pull rate 1-2 mm/h 

Rotation 15 rpm 

gradient 60°C/cm 

cooling 30 °C/h 

 

(ii) Optical and luminescence experiments: For performing optical transmission, reflection 

and luminescence measurements, the opposite faces of the crystal slices were optically polished. 

Optical transmission spectra of the samples were recorded over the wavelength range of 200–

800 nm by a PC-based spectrophotometer (Model: 8500 Techcomp). The reflection spectra, 
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over the wavelength range of 200–500 nm, were recorded by a Shimadzu spectrophotometer 

Model 3100. The PL studies were performed over a wavelength range from 300 nm to 800 nm 

and in a temperature range of 77–300K by employing a fluorescence spectrometer (Edinburg 

Model-FLP920) as described in the experimental techniques, Chapter-2. The recorded 

luminescence spectra were corrected for the spectral sensitivity function of the instrument.  

(iii) Photoconductivity and annealing study: The spectral dependence of photoconductivity 

was measured at an applied field of 500 V/cm. The field was applied using thermally deposited 

gold electrodes on one side of the crystal. A Lock-in amplifier was used to measure photocurrent 

across a load resistance of 1MΩ. The output signal as a function of excitation wavelength can be 

measured with the help of V/F converter and plotted on a PC. The schematic of the setup is 

shown in Fig.4.2. For annealing studies two discs cut from a crystal ingot were used. One disc 

was annealed in air at 700°C for 6 h. The other disc was annealed at 700°C under high vacuum 

conditions (10-6 mbar) for about 1h to avoid surface degradations. 

 
 

Figure 4.2: Schematic of Photo-conductivity 
setup. 

Figure 4.3: Spectral dependence of 
transmission and reflectivity of as-grown 
NaBi(WO4)2 crystal. 
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4.1.3 Result and discussion 

Optical transmission and reflection spectra recorded for NBW crystal are shown in Fig.4.3. Fig. 

4.4 (a), (c), and (e) show excitation and emission spectra recorded at 77 K for as-grown, oxygen 

annealed and vacuum annealed samples respectively. As-grown crystal shows an excitation band 

peak at 322 nm with a shoulder at 280 nm for a broad emission band peaking at ~495 nm. A large 

stoke shift of ~ 10854 cm -1 for the emission band was found to be similar to other molybdate and 

tungstates crystals and therefore indicates excitation and emissions to originate from the singlet–

triplet transitions [3T1 – 1A1] [158]. It is an expected result as it has been reported that the 

electronic and optical properties of NBW and other Scheelite crystals, particularly PWO are found 

to have striking similarities as the 3s states of Na in the NBW lie fairly above the bottom of the 

conduction band. Anisotropy of emission band and presence of two excitation band indicates the 

presence of more than one emission processes. The presence of two emission processes has been 

also reported by Nitsch et al [161], although Volkov et al have reported single excitation and 

emission band peaking at 335 and 505 nm respectively [160]. In the case of annealed crystal two 

emission bands peaking at 460 nm and 510 nm could be well separated for photo excitation at 

different energies. The excitation band at 280 nm was found to be suppressed significantly in the 

case of crystal annealed in air. Excitation peak at a higher wavelength (322 nm) can be ascribed to 

excitons which is independent of annealing while the lower wavelength (higher energy) excitation 

at 280 nm could be interband transitions between O p and W d states. The optically excited 

excitons may be created at Bi3+ ions and can move freely through the crystal and then get self-

trapped on (WO4)2- ions by inducing the Jahn–Teller distortion of the tetrahedral oxy-anion 

molecules [163]. The annealing changes the energy structure of regular WO4 complex due to 

defects in anion sub-lattices including interstitial oxygen and oxygen vacancies which 
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subsequently influence the higher energy excitation as observed in the excitation spectra 

measured for the annealed samples. 

 
Figure 4.4: Excitation, emission and temperature dependence of emission for NaBi(WO4)2 
crystal (a) and (b) as-grown, (c) and (d) annealed in air, and (e) and (f) annealed in vacuum. 

 

The temperature dependence of emission is shown in Fig.4.4 (b), (d) and (f). In as-grown crystals 

the PL intensity becomes half at ~145 K and completely quenched after 200K. The thermal 

activation energy for the quenching was calculated from a Mott-Seitz dependence of 

photoluminescence as given in the following equation,  

! = !
!!!"#$ !!"

!"
                                                                                 (4.1) 
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The ΔE is the thermal activation energy for quenching of emission and presents the height of the 

crossing point where parabola for excited state crosses that of the ground state and hence emission 

quenches through the non-radiative transitions. This energy for 495 nm emission was calculated 

to be about 160 meV in the case of NBW crystals which is smaller than that for PWO (~200 

meV) [164]. The observed temperature dependence of PL is also consistent with the reported 

results for other AWO4-type crystals [61, 165]. The anisotropy in emission band and temperature 

dependence of emission also indicates the presence of more than one excited states. Therefore PL 

intensity quenches with increasing the temperature as non-radiative transitions increase. Thermal 

quenching profile was also observed to be changed for vacuum annealed samples and even at 

room temperature, PL could be observed for these samples. Present studies suggest a different 

thermal quenching of PL due to different growth conditions compared to those reported earlier in 

the literature for this class of materials. Consequently the crystals having desired properties can be 

grown in controlled ambient that could affect its luminescence characteristics in a desired manner.  

The emission scans recorded at different temperature are shown in Fig. 4.5 for the grown crystal. 

The emission is found to shift towards higher wavelengths (red shift) with increasing temperature. 

Similar shift in the emission peak towards higher wavelength is also observed on annealing in air 

and vacuum as shown in Fig. 4.6. This red shift in emission with temperature can be ascribed to 

increase in the absorption in urbach tail that suppresses the excitation in higher wavelength 

excitation band and simultaneous quenching of both emissions. Dilation of lattice and electron 

lattice interaction increases with temperature which consequently leads to red shift and thermal 

quenching of luminescence.  

This mechanism of PL has also been supported by our electronic band structure 

calculations as shown in Fig.4.7 [166]. It was observed that the valence band (VB) is mainly 
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formed by non-bonding states of the oxygen p orbital, with a very little contribution coming from 

the tungsten d orbital. The conduction band (CB) is mainly formed from W d states with a similar 

amount of contributions coming from the p states of bismuth and oxygen. But the presence of Bi 

states in VB and CB indicates that the excitons are created at Bi ions and then trapped at the 

(WO4)2- complex. 

  
Figure 4.5: Effect of temperature on emission 
of as-grown NaBi(WO4)2 crystal. 

Figure 4.6: Effect of after growth annealing 
on emission of as-grown NaBi(WO4)2 crystal. 

 

The role of these excitons and localization of charge carriers can be understood by comparing the 

spectral dependence of excitation, photoconductivity, transmission and reflectivity of the as-

grown NBW crystal as shown in Fig.4.8 and Fig.4.3. The dependence of measured reflectivity 

matches well with that of calculated from electronic band structure calculation [166]. Only 

intrinsic photoconductivity could be observed in these crystals. Though the band structure of 

NBW is similar to that of Mono tungstates like PWO, but the photoconductivity lies in the 

excitation region of NBW crystals where excitonic transition is involved. The photoconductivity 

observed in the excitation region indicates that excitation leads to free charge carriers. These 

processes correspond to delocalized transitions unlike localized transitions in the case of PWO. 

Therefore involvement of mobile charge carriers in the luminescence and excitation processes 
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may be one of the reasons for lesser activation energy of thermal quenching of photoluminescence 

observed in the NBW crystals as compare to that of PWO crystals. 

The effect of annealing on PC shown in Fig.4.9 also shows a lower threshold value due to 

the dissociation of excitons at defects created in the anion sub-lattice. The appearance of PC 

below absorption edge may be corresponding to the absorption band of O- centers. According to 

our studies a total of five types of defect centers were identified in the annealed samples of NBW 

[167]. In contrast to these results, Volkov et al. have observed no damage or coloration in the 

crystals after annealing in air [54]. Difference in the effect of annealing and PL results can be 

attributed to the different type of defect centers present in the grown crystals as Volkov et al. 

have used different starting charge to grow the crystal. For better understanding and direct 

observation of these defects, other experiments viz. EXAFS, ESR and ENDOR are required and 

hence planned for future work. 

 

 
Figure 4.7: Partial density of states of constituent atoms of NaBi(WO4)2 crystal. 
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Figure 4.8: Spectral dependence of excitation 
and photoconductivity of as-grown 
NaBi(WO4)2 crystal. 

Figure 4.9: Effect of annealing on 
photoconductivity of NaBi(WO4)2 crystal. 

 

4.2 Effect of growth ambient in luminescence properties of NaGd(WO4)2 single 
crystals. 

4.2.1 Introduction 

Double tungstate (DT) compounds with the general formula MT(WO4)2, where M is a 

monovalent alkali cation Li, Na, K etc and T is a trivalent cation Y, Gd, Bi, La etc, exhibit 

ordered phases with separate sites for M and T cations and disordered phases where M and 

Tcations are randomly distributed over the same cationic sub-lattice [56]. Single crystals of 

NaR(WO4)2  R: Bi, Gd, Y, La etc having high density and radiation hardness are the promising 

materials that can be used as radiation detector for both luminosity and calorimetric 

measurements (CERN like conditions). From the chemical point of view these materials may be 

regarded as related to CaWO4scheelite-type compound with the replacement of Ca by a 1:1 

mixture of R and Na. These materials are intrinsic scintillators and WO4
2- group is responsible 

for the luminescence. We consider a one-electron charge transfer process from the oxygen 2p 

orbital to the 4d and 5d of the W6+. For the tungsten compounds, the ground state corresponds to 

the 1A1 level (4d/5d0 W6+ /2p6 O2- state) and the lowest energy excited state results from the 

splitting of the 3T1 level (4d/5d1 W5+/2p5O- state) [59]. Therefore the absorption band is a charge 
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transfer excitation band. As in these materials emission comes from a level associated to an 

electron transfer mechanism, it is described as charge transfer emission band. The energy 

difference between the maximum of the emission and excitation band related to the same two 

levels is called Stokes Shift. This value gives information about the non-radiative contribution 

to the relaxation processes. Campos et al. [61] and others explained experimentally and 

theoretically the phenomena responsible for luminescence in CaMO4 (M = W, Mo). Though it is 

generally accepted fact that blue-green emission comes from the WO4
2+tetrahedra slightly 

distorted, while the orange comes from a distortion in the long and medium range order related 

to oxygen vacancies, the influence of the oxygen vacancies is still subject to discussion. The 

present study aimed to analyze the intrinsic characteristics of the structure and role of oxygen in 

in the intrinsic luminescence of the NaGd(WO4)2 (NGW).  

The other interesting fact about disordered phases is their suitability as a laser host for tunable 

laser operation and generation of ultra-short optical pulses. The random distribution of M3+ and 

T3+cations in tetragonal DTs induces locally variable crystal field acting on the active ion that is 

expressed in the large bandwidths of the spectral lines of the electronic transitions for the rare-

earth elements. Concerning their opto-mechanical and spectroscopic properties such disordered 

crystals occupy an intermediate position between ordered laser hosts and glasses. In this work 

Yb doped (NGW) has been grown to show the multi-functionality of the material. 

 

4.2.2 Experimental 

(i) Material preparation and Crystal growth: Un-doped and Yb3+ doped NGW single 

crystals were grown by the CZ technique using an automatic diameter control crystal growth 

system (Cyberstar-oxypuller). The starting materials i.e. Gd2O3, Yb2O3, Na2CO3 and WO3 of 

>99.99% purity were used for the single crystal growth. A 300 cc high purity platinum crucible 
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was used to contain the melt. The starting materials were mixed in stochiometry and sintered at 

750 °C for 24 hours prior to load in the crucible. The melt was kept at 1275°C for 2 h prior to 

seed for homogenization. The crystal rotation and pulling rates were kept typically at 15-20 rpm 

and 0.5–1 mm/h, respectively. The seed was a cylinder of NGW with a diameter of 8 mm, and a 

length of 20 mm oriented along the c-axis.  A uniform cooling rate of 30 °C/h was applied in 

each growth experiment. The cylindrical boules obtained had a weight of about 150 g, a 

diameter of 25 mm, and a length between 45-50mm. Crystals were grown under three different 

condition; (i) from fresh charge, grown under 90% Ar + 10% O2 ambient (crystal-I), (ii) from 

fresh charge, grown in air (crystal-II), and (iii) from left over charge grown in air (crystal-III). 

One crystal containing 5mol% Yb in melt was also grown by same procedure as crystal-I. 

(ii) Structural and optical study: The crystalline structure of NGW has been the subject of 

several previous studies and it is debated that whether the structure is I-4 or I41/a [56]. 

According to [168] NGW crystallizes in the Scheelite structure (space group I41/a) with cell 

parameters; a = 5.2483 Å and c=11.392Å. Phase formation was checked by X-ray 

powderdiffraction pattern employing RigakuRint 2000 X-ray diffraction system and orientation 

was verified by recording Laue pattern employing a Huber make Laue camera (Model 801). The 

UV-VIS-NIR absorption and transmission spectra of NGW were studied over the wavelength 

range of 200–800 nm on C-cut disks (2-10 mm thick) employing a spectrophotometer (Model: 

CHEMETO 2500). The crystal disks were polished to optical finish on both sides for optical 

measurements. 

(iii) Photoluminescence studies:The intrinsic emission and excitation spectra were recorded in 

200-800 wavelength range employing Edinburgh instruments make FLP 920 spectrometer. The 

emission corresponding to Yb3+ was recorded using an 450 m watt InGaS diode laser emitting at 
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985 nm as excitation source and an solid state spectrometer (Avantes: 3648) to record the 

emission in 800-1100 nm range. 

 
Figure 4.10: Photographs of as-grown NaGd(WO4)2 crystal ingots. 

 

4.2.3 Results and discussion 

The photographs of crystals grown in three different conditions are shown in Fig. 4.10. The 

crystal-I was crack free and color less in appearance. On the other hand crystal-II was slightly 

greenish in color and has few minor cracks while crystal-III was dark greenish in appearance and 

was full of cracks. The results of crystal growth experiments show that the defects and stress 

generated due to the oxygen vacancies/interstitial (in crystal-II) and stoichiometry deviation (in 

crystal-III) are major factor in deciding the crystal quality. The X-ray powder diffraction pattern 

of crystal-I, crystal-II and III were identical with no detectable peak shifts though there was 

slight variation in the peak intensity. A typical powder X-ray diffraction pattern recorded for 

crystal-I is shown in Fig.4.11 along with the calculated pattern using Reitvel refinement. The 

crystal structure parameters are given in table-4.2 while the unitcell structure realized from the 

calculated structural parameters is shown in Fig.4.12. The same structural parameters were used 
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for the ab-initio electronic band structure calculation using EXCITING code [127]. Laue pattern 

recorded of the crystal-I is shown in Fig.4.13. Orient express code was used for the fitting of the 

Laue pattern that confirmed the c-orientation of the grown crystals.  

 

  
Figure 4.11: Powder XRD pattern of un-doped  
NaGd(WO4)2 (- × -) along with the calculated  
pattern ( ──) and residual (── ). 

Figure 4.12: Calculated unit cell 
structure of NaGd(WO4)2. 

 

 

Table-4.2: Calculated structural parameters of NaGd(WO4)2. 

Lattice parameter a=5.24404(12) Å; c= 11.3701(4) Å 
Cell volume 312.678(17) Å3 
Space group I 41/a 
 
Atomic coordinates (x, y, z, Occupancy, Uiso, multiplicity) 

NA1     0.0000         0.2500         0.1250       0.5        0.02554       4 
GD2     0.0000         0.2500         0.1250       0.5        0.02554       4 
W3      0.0000         0.2500         0.6250      1.0         0.02502       4 
O4        0.7441         0.6009         0.0435      1.0         0.04740       16 

 

The UV-VIS-NIR spectroscopy of the crystal revealed that the band edge of the crystals shifts 

towards lower wavelength in the order crystal-III>II>I (Fig.4.14a). The observed shift may be 
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because of distortion of the WO4 tetrahedra (that is the functional group of the material) due to 

change in oxygen coordination number of W. WO4tetrahedra in crystal-I, that appears colorless 

and shows no absorption band in visible region (Fig.4.14b), may be considered as least distorted 

and hence is supposed to show better luminescence properties compare to other two crystals. 

Furthermore, the crystal-II and III show a broad absorption band throughout the visible range 

crystal that affects the crystal quality and luminescence properties. Defects generated in crystal-

II and III may be of interstitial oxygen related as the growth of these crystal were carried out 

under oxygen rich environment relative to crystal-I and interstitial oxygen in tungstate and 

molybdate are known to introduce absorption band in the visible range [169, 170].  

 

 

 
 
 

Figure 4.13: NaGd(WO4)2 crystal samples oriented along c-axis and the Laue pattern. 
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Figure 4.14a: Plot of square-root of absorption 
as a function of photon energy. 

Figure 4.14b: Transmission spectra of 
NaGd(WO4)2 crystals. 

 

Though the intrinsic luminescence spectra recorded for crystal-I at room temperature show a 

broad excitation peak centered at 270 nm and a broad emission peak at 480 nm (Fig.4.15) similar 

to other tungstates [171, 172], in this case additional sharp peaks centered around 313 nm were 

observed along with the characteristic excitation band of WO4tetrahedra. These peaks belong to 

Gd levels. The density of state calculated for the NGW also shows remarkable difference from 

the other iso-structural single or double tungstate [173-175]. As shown in the Fig.4.16(a) and (b), 

there are states of Gd in the forbidden band just above the valence band. These state of 

gadolinium are related to the sharp peaks observed in the excitation band of NGW. This fact is 

also supported by the participation of Gd levels in the excitation/absorption spectra of other Gd 

containing material like Li6Gd2(BO3)3 [176]. The participation of Gd state in the 480 nm 

emission band indicates towards energy transfer from Gd to O atom of WO4tetrahedra. This is 

also supported by the overlapping Gd and O density of states (Fig.4.16(b)). This may be one of 

the reasons that among double tungstate NGW is more luminescent at room temperature [59]. 

The PL decay profile for excitation at 313 nm and emission at 480 was recorded and is shown in 



109"
"

Fig.4.17. The profile could be fitted in two decay components;τ1(45ns 20%,) and τ2 (1150ns, 

80%). This is different from the fast decay observed on other sheltie tungstate like PWO [177-

179]. The slower component observed in the decay profile of WO4 is due to the Gd contribution.  

 

 
Figure 4.15: Emission and excitation spectra of NaGd(WO4)2 crystal at room temperature. 

 

 

  

Figure 4.16a: Calculated band structure of 
NaGd(WO4)2. 

Figure 4.16b: Calculated density of state of each 
atom species in NaGd(WO4)2. 
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Figure 4.17: Decay profile of NaGd(WO4)2. 
(Crystal-I; excitation: 313 nm, emission: 500 
nm). 

Figure 4.18: Temperature map of 
luminescence intensity of crystal-I and II. 

 

Despite the differences in the absorption and transmission spectra, the shape of luminescence 

spectra of the crystal-I, II, and III were found to be more or less the same except for intensity. 

Crystal-III was least luminescent while the luminescence intensity of crystal-II was 70% of the 

crystal-I at room temperature. To see the role of oxygen on the thermal quenching temperature 

dependence of luminescence of crystal-I and II were studied (crystal-III was not considered as it 

involves stoichiometric variation too). Fig.4.18 shows the luminescence intensity of crystal-I and 

crystal-II as a function of temperature. Though the quenching temperature was more or less same 

the slope was different. Interestingly, the gradient of thermal quenching was steeper in the 

crystal-I despite its being relatively free of defects. This may be due to the fact that large defect 

density in crystal-II may cause considerable thermal quenching even at low temperature that may 

effectively decrease the slope gradient. The evolution of excitation and emission spectra of 

crystal-I is shown in Fig.4.19. Though the intensity of the emission and excitation increases as 

the temperature decreases, there was a small blue shift in the emission peak shift in the peak 

unlike the observed blue shift in NBW, an iso-structural material [180]. 
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Figure 4.19a: Temperature map of excitation 
spectra of crystal-I.(with emission at 500 nm). 

Figure 4.19b: Temperature map of emission 
spectra of crystal-I.(with excitation at 270 
nm). 

 

  

Figure 4.20: Excitation spectra of Yb in 
NaGd(WO4)2 matrix. 

Figure 4.21: Emission spectrum of Yb in 
NaGd(WO4)2 for excitation at 975 nm. 

 

Finally, as the NGW is a multifunctional material, the polarized NIR absorption spectra of the 

Yb doped NGW crystal (a laser material) was recorded in 850-1100 nm range with different 

combination of E, k and c (Fig.4.20). It is clear that for E%%c and k⊥c the absorption is maximum 

for the 975 nm absorption that make it suitable for the pumping with InGaS diode laser. The 
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emission spectrum for excitation in 980-990 nm range is shown in Fig. 4.21. It is in accordance 

with the reported values [56]. Though it shows a peak at nearly 1011 nm it is composed of 

several peaks centered at 935, 965, 975, 994, 1010, 1022 nm. The total broadening of the 

emission peak is around 60 nm that makes it suitable for the tunable femto-second laser source. 

 

4.3  Conclusions 

In summary, transparent and crack free single crystals of NBW and NGW were grown by CZ 

technique. The luminescence characteristics of both the crystals were thoroughly investigated. In  

case of NBW lower thermal quenching due to the presence of mobile charge carriers and only 

intrinsic photoconductivity in excitation region make it a more promising Cherenkov radiator 

compared to PWO crystals that are deployed currently in the high energy physics experiments at 

CERN. Two excitation bands observed in these crystals can be ascribed to the charge transfer 

transition from O to W and excitonic transition. Annealing in air or vacuum changes the 

environment of (WO4)2- complex ions and consequently changes its luminescence properties. 

Based on these results One can optimize the growth conditions of NBW crystals to tailor the 

required properties and improve its Cherenkov characteristics. 

In case of NGW it was established that the growth ambient affect the growth behavior as 

well as optical and luminescence properties of the crystal. The crystal grown in 90% Ar + 10% 

O2 (crystal-I) shows the best crystal quality with controlled diameter and colorless appearance. 

This type of crystal was defect free with no absorption band in the visible range. The 

luminescence properties of NGW crystal were found to be strongly dependent on the growth 

ambient. The crystal grown in inert ambient with slight oxygen partial pressure shows best 

luminescence properties. The role of Gd level in luminescence process was found experimentally 

and confirmed theoretically by ab-initio band structure calculation.  
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CHAPTER 5 
OPTICALLY TRANSPARENT CERAMIC OF Mn 

DOPED CaF2 
5.1  Introduction 

The CaF2:Mn is an important phosphor material for use as the thermo-luminescence (TL) 

dosimeter. The difficulty in growing doped single crystals of this material arises from high 

vapour pressure and different crystal structure of MnF2 that prohibit its incorporation in the 

CaF2 crystal lattice during the growth under vacuum conditions and leads to variations in the 

Mn concentration throughout the crystal. The difficulty in doping single crystals with Mn can be 

surmounted by preparing optically transparent ceramics (OTC) of this compound.  

  With the realization of Nd:YAG laser based on transparent ceramic in 1995 the interest in 

this field has increased tremendously [181, 182]. As a result the use of transparent ceramics in 

the field of lasers is now well established. In recent times transparent ceramics of several 

materials have been found with superior properties compared to their single crystal counterparts 

as these can be produced in large sizes and volumes in a cost effective processing, can have 

uniform and higher level of doping and with enhanced thermo-mechanical properties, etc. 

  Undoped CaF2 single crystal is an important optical material with high transmission in a 

broad wavelength range (190-1600 nm) and used as IR window and other types of optical 

components like lenses, prisms, etc [71]. On the other hand doped CaF2 is a multi-functional 

material that finds applications in lasers production (CaF2:Yb), as radiation detectors (CaF2:Eu) 

and as a thermo-luminescence (TL) dosimeter (CaF2:Dy, CaF2:Mn, CaF2:Tm) [75, 183, 184]. 

The CaF2:Mn also known as TL-400, is an important material for the TL dosimetry [185]. It has 
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a single TL peak around 260°C and is linear for a wide range of doses, from 0.5 mGy to few 

kGy. However, the TL curve depends on the Mn concentration [186]. It has been shown earlier 

that the maximum glow curve intensity is achieved for a doping of 2.5 at% Mn [187]. It is 

desirable to use transparent CaF2:Mn samples to obtain better sensitivity, higher light output and 

repeatability for dosimetric applications. The difficulty in growing doped single crystal of this 

material arises from the high vapor pressure of MnF2 that prohibits its incorporation in the CaF2 

crystal lattice during the growth under vacuum conditions. It also leads to variations in the Mn 

concentration throughout the crystal. Hence, most of the reports on this material are either on 

polycrystalline powder samples or pellets [77,78]. The difficulty in the growth of single crystals 

can be circumvented by using optically transparent ceramics (OTC) of this compound.  

  Recently, fabrication of CaF2 transparent ceramic doped with Yb, Eu, Er has been 

reported [188-192]. Several studies have been reported in the literature on transparent ceramics 

of pure and doped CaF2. Except for CaF2:Yb applications of these transparent ceramics have not 

been fully explored yet. Lyberis et al [191, 192, 193] presented the optical characterization of 

ytterbium doped CaF2 transparent ceramics obtained from powders synthesized by a soft 

chemistry route, for high power laser applications. The Effect of Yb3+ concentration on optical 

properties of CaF2:Yb transparent ceramics has been studied in order to check if the ceramic 

processing route affects the Yb3+ coordination in the processed ceramics [194]. Applications of 

transparent ceramics of differently doped CaF2 have been reported in literature [192]. The 

CaF2:Tm and CaF2:(Tm, Ho) ceramics, prepared using hot pressing, and hot formation 

technique had been used as an active medium for a diode pumped mid-infrared tunable laser 

[195]. Similarly, processing of Er and Yb doped CaF2 transparent ceramic has been reported by 

various groups [190, 196]. 
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  In this thesis the synthesis of CaF2 transparent ceramics doped with Mn (2.5 at.%) has 

been carried out. These ceramics were found to exhibit properties comparable to the CaF2 single 

crystals. The ceramic samples were characterized using XRD, SEM, SANS, UV-Vis, PL, SIMS 

and XPS and tested for possible thermo-luminescent dosimetric applications. Further, studies 

were carried out on samples that were prepared by co-doping Ce (0.5 at.%) with Mn (2.5 at.%) 

to understand the effect of Ce doping on TL dosimetric properties. 

5.2  OTC fabrication and characterization of Mn doped CaF2 

The CaF2:Mn (2.5 atm.%) transparent ceramics were prepared by hot pressing of nano-powders. 

The nano-powder was synthesized by a co-precipitation method [187]. Stoichiometric amounts 

of CaCl2, MnCl2 were dissolved in DI water and added drop wise to asolution containing NH4F 

under continuous stirring to form white precipitates. The precipitate was washed by DI water 

and separated out by centrifugation. Then it was dried by annealing in vacuum at 450°C to 

remove all organic and moisture residues. For co-doping with Ce, CeCl3 was dissolved in the 

CaCl2, MnCl2 solution and the same steps were repeated. To prepare the transparent ceramic 

(OTC), 15 g of nano-powder was taken in a high density graphite die (inner diameter: 40 mm) 

and hot pressed by applying 20 MPa pressure at1000°C in a vacuum chamber (base pressure 

<10-5 mbar) followed by cooling at a uniform rate of 500°C/h down to room temperatures. The 

nano powder and prepared OTC were characterized for the phase identification using a 

diffractometer (Rigaku Model: RINT 2000 Dmax, Cu Kα line). The microstructure of 

nanopowder and fractured OTC was studied using the SEM.  

  Fig.5.1(a) shows the SEM image of as-prepared nano-powder (with a particle size around 

70 nm) of CaF2:Mn after dehydration at 450°C. Fig.5.1(b) exhibits an SEM image of a polished 
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surface of  CaF2:Mn OTC. To observe grain boundaries under the SEM, the OTC was cut, 

polished and chemically etched in hot HCl for 30 minutes. The average grain size has been 

found to increase to around 100 µm and the hot-pressed pellets had no voids or porosity. 

Secondary phases and cavities were absent at the grain boundaries. Thus vacuum hot pressing of 

the nano-powder at 1000°C for 2 h does not lead to any phase separation except an increase in 

the crystallite size. The relative density of the OTC was greater than 99%, as measured using 

the Archimedes’s method. This further confirms the absence of any pores in the OTC. 

a b

 

Figure 5.1: SEM  image of (a) as-prepared nano particles and (b) optically transparent ceramic. 

Small Angle Neutron Scattering (SANS) experiments have been performed on the virgin 

powders as well as vacuum sintered and hot pressed pellets, using a double crystal based 

medium resolution small angle neutron scattering instrument (MSANS) at Guide Tube 

Laboratory of the Dhruva rector at Trombay, India [197]. The instrument consists of a non-

dispersive (1, -1) setting of (111) reflections from silicon single crystals with specimen between 

two crystals. Scattered intensities have been recorded as a function of modulus of wave vector 

transfer |q| =4πsin (θ)/λ, where 2θ is the scattering angle and λ (=0.312 nm) is incident neutron 

wavelength] for present experiments. The SANS profiles of specimens, recorded by the 

instrument, were corrected for smearing effects after transmission and background corrections, 
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using the methods given in literature [198]. For the SANS study three different types of samples 

of CaF2 was considered. Sample-1, was as prepared pressed pellet of CaF2 (cold pressed pellet), 

Sample-2, was pellet formed by pressing under pressure 20 M Pa at 900 °C for five minutes and 

sample-3, was hot pressed at temperature 900ºC and pressure 20 M Pa for 2 h. The Sample-1 is 

opaque, sample-2 translucent and sample-3 is transparent pellet of CaF2. 

  

Figure 5.2: Raw data of SANS experiment 
carried out on CaF2 samples. 

Figure 5.3: Processed SANS data. 

 

In SANS experiment, the deviation of the scattering curves from the rocking curve, as shown in 

Fig 5.2, signifies that there is scattering signal in the specimens. The Sample-1, which is as 

prepared sample of CaF2 (cold pressed pellet), possess the in-homogeneities in the form of voids 

in CaF2 matrix. In general, as-formed specimen consists of agglomerates and inter/intra 

agglomerates pores. The information regarding the porosities may be extracted from the small 

angle neutron scattering. Since there is no scattering signal in sample-3, further analysis has 

been carried out only for sample-1 and sample-2. The process followed for the SANS data 

analysis is similar to that followed in reference [199]. 
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Figure 5.4: Pore size distribution in CaF2 samples as calculated from SANS data. 
 

It is evident from Fig.5.3 that the scattering signal decreases when pressure is applied. The 

sample-2, which was pressed under pressure 20 M Pa at 900°C for five minutes, has small 

scattering signal which shows that the number density of in-homogeneities (pores) decreases 

with respect to cold pressed sample. However, there are some porosity still exists in the sample 

which scattered enough light so that the sample appears only translucent (not transparent). The 

sample-3, which was hot pressed at temperature 900ºC and pressure 20 MPa for 2 h, has no 

scattering signal in present wave vector transfer range q. Thus, the specimen has no porosity in 

the preset experimental length scale (1 nm to 1 µm). This behavior is well supported by the 

transparent nature and high density (> 99 % ) of the pellet. Thus it is clear that translucent 

property is more in the sample that has less porosity. In the present case, sample-3 possesses the 

highest transparency. 

Fig. 5.4 shows that the average pore size in the sample-1 is smaller as compared to that 

of the sample-2. Though the pour size in the sample-2 is larger than that in the sample-1 but 
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their number density is much smaller. Larger size of pour in sample-2 is because of 

agglomeration of void through diffusion towards each other and from the two curves it may be 

inferred that under the prevailing conditions of temperature, pressure and time, on an average 

two pores merged together apart from annihilation of smaller one. Thus when the sample was 

kept at 900ºC and 20 MPa pressure voids grow in size and later on annihilated due to grain 

growth of CaF2 crystallites. 

 
 

 

Figure 5.5: XRD spectra of as grown nano 
particles and OTC of CaF2:Mn. 

Figure 5.6: Optical image of a 2mm thick 
sample of Mn doped CaF2 transparent 
ceramic.  

 

The change in the crystallite size on vacuum pressing is further supported by XRD spectra 

shown in Fig.5.5. For both the as-prepared and hot-pressed samples (nano-powder and OTC) all 

the diffraction peaks could be indexed to the cubic structure of CaF2 with a lattice constant of a 

= 5.47Å without any impurity phase [JCPDS 04-0864]. No peak corresponding to MnF2 was 

detected. All the peaks are located at almost the same position of CaF2 (up to 2.5 at.% of Mn) 

with a small shift that indicates that Mn is incorporated into CaF2 lattice and does not distort the 

crystal lattice appreciably. The crystallite size of the nano-powder calculated using the Deby 
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Scherer’s formula was about 40 nm. The XRD pattern of the OTC is similar to that of the nano-

powder with the (311) peak having the maximum intensity. An asymmetric broadening in the 

peaks of OTC was observed that may arise due to defects (dislocation, slip planes, etc.) 

generated because of the pressure applied at high temperatures and not due to crystallite size as 

reported by Groma et al. [200]. The shift in the position of XRD peaks of the OTC also 

confirms that Mn is retained in the lattice of CaF2 even after sintering at 1000°C. 

  

Figure 5.7: Transmission spectrum of a 1 mm 
thick sample of Mn doped CaF2 transparent 
ceramic. 

Figure 5.8: XPS spectra of Mn 2p peak of 
CaF2:Mn OTC. 

 

The 40 mm diameter disc of OTC prepared by hot-pressing is cut and polished for further 

studies. Fig.5.6 shows the photograph of a polished 2 mm thick 10 mm x 10 mm CaF2:Mn 

sample. The transmission in the UV-Vis range (200-1100 nm range) was recorded using a 

spectrophotometer (Chemito-2500 UV-Vis) and in the IR region by FTIR spectroscopy 

(BRUKER Model VERTEX 80V). The in-line transmission spectrum recorded for this ceramic 

in the UV-Vis region is shown in Fig.5.7. The transmission is about 50% above 800 nm that 

decreases at lower wavelengths with a cutoff around 200 nm [71]. The transmission at 2000 nm 
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recorded using an FTIR was about 64% (figure not shown). This is comparable to the reported 

transmission for a CaF2:Yb OTC sample [188]. A mirror-finish polishing of the ceramic can 

further improve the transmission. 

The elemental analysis of the OTC was carried out using the SIMS. The quantitative analysis 

confirmed the presence of Mn doping in the OTC. Concentration of Mn was found to be in the 

range of 1-1.5 at.%. This is similar to results obtained for the sintered samples of CaF2:Mn 

[187]. It appears that the total amount of Mn added to the solution does not incorporate into the 

lattice of CaF2 OTC and evaporates during the high temperature processing. Further the 

oxidation states of the Mn dopant in the OTC were determined using an X-ray photo-electron 

spectrometer (XPS). Fig.5.8 shows an XPS spectrum of the 2p peak of Mn. The binding 

energies of the 2p3/2 and 2p5/2 peaks ware found to be 641.6 eV and 653.2 eV respectively. 

These values correspond to the reported binding energies in MnCl2 that confirms the Mn2+ state 

in the CaF2 OTC [201]. It may be noted that the Mn2+ state in the CaF2 is desirable for the 

dosimetry applications. A vacuum environment maintained during the sintering of the OTC may 

be responsible for the absence of Mn4+ state in the sample. 

5.3  Luminescence characterization and analysis 
5.3.1 Thermo-luminescence Characterization 

 The dosimetric properties were investigated by irradiating the samples with a 60Co gamma 

source. The thermally stimulated luminescence (TSL) glow curve was recorded using an 

indigenously developed thermo-luminescent dosimetry setup as described in Chapter-2. It 

consists of a sample heater controlled by a temperature controller (Eurotherm Model-2614, 

heating rate of 1K/s) and a PMT read-out. The output current of the PMT was measured using a 

pico-ammeter (Keithley Model-6487) as a function of temperature using a computer controlled 
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program. The linearity of the exposed dose was determined by exposing the sample to a 

standard gamma-ray source for different durations. 

The OTC was cut into small pieces each weighing about 10 mg and exposed to 60Co to carry out 

TL dosimetric studies. The glow-curve recorded after a gamma dose of 100 mGy is shown in 

Fig.5.9. A single glow-peak at 260°C was obtained [202]. The minimum dose that could be 

measured was about 3 mGy. The wavelength of the emission spectrum recorded during 

photoluminescence and thermoluminescence measurements was found to be the same (470 nm). 

This indicates the observed excitation bands in both the cases are due to the internal transitions 

of Mn2+ states as reported earlier and that the exposure to γ radiation does not change the ionic 

state of Mn2+ [203]. This fact indicates a possible formation of hole traps. Inset of Fig.5.9 shows 

the dose linearity of the OTC, measured by irradiating the OTC to different doses and 

measuring the area under the glow-peak. The sample is found to be linear up to the highest dose 

of 100 mGy used in the present work.  

  To compare the TL response of the OTC with an opaque CaF2:Mn pellet, the as-prepared 

nano-powder (with same Mn doping concentration) was cold pressed into a pellet and annealed 

at 300°C. This opaque pellet was exposed to a 60Co source for different doses along with the 

OTC to study their TL properties. However, even after exposure to a dose of 10 Gy the glow 

curve could not be recorded for the opaque pellet. While the OTC samples could produce clear 

glow curves even for doses in the mGy range (Fig.5.9). Earlier, a minimum dose of 50 Gy has 

been reported for the opaque pellets of CaF2:Mn [78]. This suggests that the OTC samples are 

more sensitive compared to an opaque pellet and can be used to measure low doses. 
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Figure 5.9: Glow curve of CaF2:Mn OTC 
after irradiation with a dose of 100 mGy. The 
inset shows the dose linearity of CaF2:Mn 
OTC. 

Figure 5.10: Emission spectrum of Ce3+ and 
excitation spectrum of Mn2+ in CaF2:Mn,Ce 
OTC showing the over-lapping of Ce 
emission band with Mn absorption. Inset 
shows the optical photograph of a 
CaF2:Mn,Ce OTC. 

 

 In an independent experiment, OTC samples of CaF2 co-doped with 2.5 at.%Mn and 0.5 at.% 

Ce were prepared using the technique described in the preceding section. The idea was to 

increase the efficiency of the TL glow curve through an energy transfer mechanism involved 

between Ce3+ to Mn2+ ions in the CaF2 matrix [204-206]. A sample plate of CaF2:Mn,Ce OTC 

having a thickness of 2 mm is shown in the inset of Fig.5.10. The energy transfer was confirmed 

by recording the PL spectra of this sample. In Fig.5.10 the emission peak at 330 nm of Ce3+ lies 

in the excitation energy band of Mn2+ at 336 nm indicating a possibility of an energy transfer 

occurring between Ce3+ and Mn2+ in the CaF2 matrix. 

  Fig.5.11 compares the TL glow curves for the same dose for co-doped OTC sample 

(CaF2:Mn,Ce) and CaF2:Mn OTC. The dose linearity of the co-doped sample is given in the 

inset. The glow curve of the co-doped OTC shows an extra peak at 125°C with an intensity five 
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times recorded for a CaF2:Mn sample (for 260°C peak). This curve could be deconvoluted into 

two peaks at 95°C and 125°C. This OTC sample is found to detect a minimum dose of 0.8 mGy 

with dose a linearity up to 200 mGy. However, the low temperature peak (125°C) was 

susceptible to fading with long storage times at room temperatures. Contrary to increase in the 

intensity of the glow-peak at 260°C due the energy transfer, a slight decrease in the intensity for 

has been observed. This implies that Ce3+ may be creating new trap-centers that may interfere 

with those from Mn2+. 

 

Figure 5.11: Glow curves of CaF2:Mn and CaF2:Mn,Ce OTC after irradiation with 0.66 Gy. 
Inset shows the dose linearity of CaF2:Mn,Ce OTC. 

 

5.3.2 Low temperature photoluminescence studies 

CaF2:Mn is an important material for applications in radiation dosimetry. The material is 

commonly known as TLD-400 and it is particularly useful in the environmental radiation 

dosimetry [207]. In the previous section [208-211] it was shown that optically transparent 

ceramics of CaF2:Mn exhibited a better sensitivity to lower doses of gamma as compared to 
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polycrystalline samples. The luminescence properties of CaF2:Mn have been studied in detail in 

the past [212]. These studies are performed either on Mn doped CaF2 single crystals or on the 

sintered powder [78]. The emission displays a characteristic maximum at 495 nm due to the 

relaxation of electrons from one of the internal 4G excited states of Mn2+ to the ground-state 6S 

level [213]. In the CaF2 lattice Mn2+ is incorporated as a substitution for Ca2+. Its point group 

symmetry is Oh and it possesses eight-fold coordination with the surrounding F-ions. However, 

the spectral location of the emission (in the green) is usually associated with fourfold 

coordination. Alonso and Alcala [203] however, from a careful analysis of the excitation spectra 

from CaF2:Mn, assigned the emission to a transition from the first excited 4T1g (4G) level to the 

ground-state 6A1g (6S) level; the 4T1gand 6A1g terms arise from the cubic crystal field splitting of 

the original 4G and 6S states for the 3d5 electrons of the Mn2+ ion. Alonso et al calculated the 

crystal field Dq= 425 cm-1 for Mn2+ in CaF2. 

  Low temperature emission studies were carried out to understand the luminescent process 

and compared with that in CaF2:Mn single crystals. Though the room temperature (RT) results 

found in this study are in agreement with the reported values, there are significant differences in 

the temperature dependence of the luminescence properties. The observed results have been 

compared with the reported values and an explanation has been proposed for the obtained 

results.  

  The photo-luminescence from CaF2:Mn OTC was recorded in the range 200-800 nm 

(spectral resolution: 0.1 nm) using a fluorescence spectrometer (Edinburg Model-FLP920) for a 

temperature range of 77 - 300K. A cryostat (Oxford, Optistat-DN) was used for the low-

temperature measurements down to 77K. The emission was recorded in the reflection geometry 

by positioning the sample at 45° with respect to the excitation beam. A steady state xenon lamp 
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was used as an excitation source and a spectral bandwidth of 1 nm was selected for both 

excitation and emission arms (for high resolution measurements, a spectral bandwidth of 0.1 nm 

was used). The recorded luminescence spectra were corrected for the spectral sensitivity 

function of the instrument. A xenon flash lamp having a pulse width of 10 µs and a repetition 

frequency of 2 Hz was employed to record the lifetime spectrum.  X-ray induced emission 

spectra were measured using an in-house built set-up. The X-ray source was an X-ray tube with 

Cu target. The accelerating voltage and tube current were set at 40 kV and 30 mA, respectively. 

An Avantes make (model: 3648) spectrograph was used to measure the emission spectra. 

   

Figure 5.12: Optical photograph of a 25 mm 
diameter and 3 mm thick transparent ceramic 
of CaF2:Mn. 

Figure 5.13: Tanabe Sugano diagram for d5 
electronic configuration and recorded 
excitation spectrum (on the right) of CaF2:Mn 
transparent ceramic at room temperature. 

 
 

Fig.5.12 shows the optical photograph of a CaF2:Mn transparent ceramic of 25 mm diameter 

and ~3mm thick. The optical transmission measurements showed a maximum transmission of 

about 55-60% at 1000 nm for a 3 mm thick disc. The photo-luminescence properties of OTC of 

CaF2:Mn have been studied in the wavelength range from 200 nm to 900 nm. 
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  The transition responsible for the Mn2+ excitation band has been assigned to different 

levels as per the Tanabe-Sugano diagram. The calculated levels and observed excitation 

spectrum are shown together in Fig.5.13. From the figure it is clear that all the four excitation 

bands are present in the excitation spectrum. The excitation band at 240 nm was very difficult to 

observe in the CaF2:Mn mainly because of the oxygen related and other defects that had 

transition level below 250 nm [214, 215]. The results suggest that the CaF2:Mn transparent 

ceramic is free from the oxygen related defects presumably because it is processed from 

oxygen-free components in a highly reducing carbon ambient under high vacuum conditions. 

The complete excitation and emission spectra of the CaF2:Mn transparent ceramic are given in 

Fig.5.14(a). The emission spectrum shown in Fig.5.14(b) corresponding to the excitation band 

395 nm is the same for the other excitations bands, indicating a non-radiative transition from all 

the higher levels to the lowest excitation level 4T1g(G). The emission observed at 550 nm is due 

to the transition from the 4T1g (G) – 6A1g (G) states [214]. 

  The temperature dependence of the emission corresponding to 4T2g(FG) – 6A1g (G) states 

has been reported in the literature, however, an evolution of excitation spectra with temperature 

has remained unexplained [214]. Based on the present study, a temperature map of excitation 

spectra is shown in Fig.5.15. An enlarged view of the most intense excitation peak (3 to 3.2 eV) 

is shown in Fig.5.16. From the Fig.5.16 it is clear that the broad peak consists of several 

individual peaks.  
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Figure 5.14a: Excitation and emission spectra 
of CaF2:Mn transparent ceramic at room 
temperature. 

Figure 5.14b: Room temperature emission 
peak of CaF2:Mn transparent ceramic 
corresponding to excitation different at 
different wave-lengths. 

 

The temperature dependence of the emission intensities corresponding to excitations at 389 nm, 

395 nm and 402 nm has been studied and results are shown in Fig.5.17. The emission intensity 

corresponding to all the excitations at 77 K has been normalized to 10000 for comparison. The 

temperature behavior of these transitions showed that the emission intensity corresponding to 

the excitation at 389 nm decreases very slightly above 110 K while that corresponding to 

excitations at 395 and 402 nm increased considerably at temperatures above 110 K. This finding 

is contrary to the observed temperature quenching [203, 215]. The intensity of all the three 

excitations at 395 nm, 335 nm and 445 nm is found to increase with temperature, however, the 

increase in the intensity of excitation at 395 nm is more than the other two, as shown in Fig.5.17 

(b). 
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Figure 5.15: Temperature map of the entire 
excitation spectra in the 300-500 nm range for 
emission at 500 nm of a CaF2:Mn transparent 
ceramic. 

Figure 5.16: Enlarged temperature map of the 
excitation spectra in the range 3.25-2.75 eV 
(380-450 nm) for emission at 500 nm of a 
CaF2:Mn transparent ceramic. 

 

The decay of all the transition was recorded and it was found that the decay profiles of all the 

levels are more or less similar because of the fact that the emission occurs due to a transition in 

the 4T1g (G) – 6A1g (G) states in all the cases. The temperature evolution of the decay profile of 

4T1g (G) – 6A1g (G) states is shown in Fig.5.18. Though the Alcala et al reported only one decay 

component, our data could be fitted in two exponential components indicating two decay times 

for the above mentioned transition [203]. The temperature behavior of these two components 

along with the average decay time is plotted in Fig.5.19. The faster decay time (τ1) is nearly 

independent of temperature (varies from 30 ms to  37 ms) while the slower one (τ2) varies from 

90 ms to 180  ms. Here the change in decay component begins from 120 K which is similar 

where the emission intensity starts to change rapidly as shown in Fig.5.17b. Though the 

temperature behavior is in agreement with that reported by Alcala et al., in the present case it is 

accompanied by a change in the emission intensity, whereas a constant emission intensity up to 

450 K was reported earlier [214, 215]. 
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Figure 5.17a: Intensity as a function of 
temperature for excitation at 335 nm, 395 
nm and 445 nm.  

Figure 5.17b: Temperature dependence of 
constituent peaks of 395 nm excitation band for a 
transparent ceramic of CaF2:Mn. 

"

" "
Figure 5.18: Temperature map for the decay 
profile of CaF2:Mn transparent ceramic 
(excitation: 395 nm; emission: 500 nm). 

Figure 5.19: Temperature behavior of the 
two decay constants τ1 and τ2 of CaF2:Mn 
transparent ceramic. The τavg is the average 
time constant of the two decay components. 

"

These observations can be explained by assuming that between the two components τ1 and τ2, 

the faster one (τ1) is a pure radiative type with a negligible phonon contribution (as inferred 

from the largely temperature independent behavior) while the slower one (τ2) is a phonon 

assisted transition that depends on temperature. Here, the phonon density that increases with 



131"
"

increasing temperature facilitates the usually forbidden transition. This increases the rate of 

transition consequently decreasing the decay time. This is also reflected in an increased fraction 

of τ2 in the overall decay and increase in the emission intensity with the temperature. This 

phonon assisted transition is significantly less in the case of single crystals whereas the fraction 

of this transition is significant in ceramics leading to a different observation in the present 

studies than those reported for single crystals in literature [215]. 

 

Figure 5.20: X-ray induced radio-luminescence spectrum of a CaF2:Mn transparent ceramic. 

 Further, the transparent ceramics of CaF2:Mn were checked for their scintillation properties. 

Fig.5.20 shows the room temperature X-ray induced radio-luminescence spectrum of a CaF2:Mn 

transparent ceramic in the range from 200 nm to 1000 nm. A sharp peak recorded around 500 

nm is similar to the photo-luminescence emission of this material. Absence of any additional 

peak in the radio-luminescence spectrum suggests that there is no other impurity, secondary 

phase or other dopant present in the CaF2:Mn transparent ceramic. This emission coincides with 
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the spectral sensitivity of a charge-coupled device (CCD) arrays, suggesting a possible use of 

the CaF2:Mn transparent ceramic in digital X-ray imaging detector based on a CCD imager. 

5.4  Conclusions 

High quality transparent ceramic of CaF2:Mn was prepared by a vacuum hot press 

method. A doping concentration of 1.5 at.%Mn has been successfully achieved in the CaF2 OTC 

in spite of sintering at high temperatures under vacuum conditions, as confirmed by XPS and PL 

measurements. The ceramic was characterized for its photo-luminescence properties at low 

temperature down to 77K. Measurements suggest that the ceramic is devoid of any secondary 

phase or impurity or oxygen contamination. Though the luminescence properties at room 

temperature are similar to those reported for single crystals, the temperature dependence was 

found quite different than that in the single crystals. While in single crystals the luminescence 

intensity is reported to be constant up to 450K, in OTCs it was found to increase with 

temperature (from 77K to 300K). This may be put to advantage in the TL applications where the 

luminescence takes place at relatively higher temperatures. This study shows that the CaF2:Mn 

OTCs have superior luminescence properties over the single crystal and therefore can be 

considered as a potential substitute for single crystals in certain applications. Thermo-

luminescence studies carried on the CaF2 OTC doped with Mn2+ exhibited promising 

characteristics and can be used as a TL dosimeter for applications in the personal and 

environmental safety.  

"  
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CHAPTER 6 
____________________________________ 

SUMMARY AND CONCLUSIONS 
 

In my thesis I have studied the effect of preparation procedure and growth parameters on the 

properties of three materials  (i) CsI and (ii) NaR(WO4)2; R = Gd, Bi as a prompt scintillator in 

the form of single crystals and (iii) Mn doped CaF2(in the form of OTC) as a material for 

thermally stimulated luminescent dosimeter. The aim of the study was to make single crystal 

growth procedure easy and simple and second, to develop a better substitute for Mn doped CaF2 

single crystals for applications in radiation dosimetry.  

Tl doped CsI single crystal: Single crystals of CsI are conventionally grown using the 

Bridgman technique. The growth of CsI crystals does not pose major problems. However, 

sticking of the grown crystal to crucible walls makes their extraction difficult and stresses are 

generated during the recovery process. These issues are important and need to be addressed to 

grow device grade crystals. In this Ph.D. work two different approaches were opted to grow 

detector grade single crystals of Tl doped CsI of 50 mm diameter and 60 mm length; (i) Growth 

of CsI:Tl single crystals in carbon coated silica crucibles and (ii) Growth of CsI:Tl crystals 

using a modified Bridgman method.  

In the first method, single crystal of Tl doped CsI crystals of 35 mm diameter and 40-50 

mm length were grown in carbon coated fused silica crucibles by a gradient freeze technique 

that exhibited good radiation hardness. Effects of the axial temperature gradient inside the melt, 

cooling rate and post-growth annealing on the crystal growth and luminescence properties have 
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been studied and optimum conditions were found. Results of a systematic study carried out on 

the effects of growth process on radiation hardness, day-light coloration and related afterglow of 

CsI:Tl was studied. A possible process of defect formation for induced coloration is proposed 

and methodology adopted for their successful removal is discussed.   

In a different approach a modified Bridgman technique was developed to grow the CsI 

single crystal of 50-55 mm diameter and 60-70 mm length. The Bridgeman furnace, employed 

for crystal growth, consists of four independently controlled resistive heating elements. Top 

isothermal zone consisting two heating element is separated from bottom isothermal zone using 

a 50 mm thick baffle (adiabatic zone). A maximum 20oC/cm temperature gradient was achieved 

in the adiabatic zone. A specially designed silica glass crucible was used for the growth. The 

main advantage of the process was that the grown crystal was not in the contact of the crucible 

wall during annealing and cooling. Scintillation performance of the crystals grown by these two 

methods were tested and found excellent. Other alkali halide crystals like NaI, NaCl, KBr etc 

have also been grown successfully employing this technique. 

In summary a cost effective Bridgman single crystal growth system has been developed 

which can be used to grow high quality halide single crystals (NaI, CsI, KBr etc.). By 

employing this technique the thermal and mechanical shocks to the crystal were avoided that 

minimized the day light coloration and enhanced the radiation hardness of the grown crystals. 

The developed technology is ready to be transferred to small-scale industry and has been 

uploaded on the BARC website [216].  

 

Double tungstate: Single crystals of NaR(WO4)2  R: Bi and Gd having high density and 

radiation hardness are the promising materials that can be used as radiation detector for both 
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luminosity and calorimetric measurements (CERN like conditions). The role of oxygen 

vacancies/interstitial in the luminescence properties of tungstate has been discussed. The present 

study was aimed at analyzing the intrinsic luminescence characteristics and understand the role 

of oxygen (during crystal growth as well as annealing in various ambient) in Sheelite type 

double tungstates. For that purpose, this study was performed on NaLn(WO4)2 compounds with 

Ln = Gd, Bi.  

(i) NaBi(WO4)2: Un-doped NaBi(WO4)2 (NBW) crystals were grown using the Czochralski 

technique in air ambient. Optical transmission, reflection and luminescence measurements were 

performed on optically polished single crystal disks. To study the effect of oxygen environment 

around W, one disc was annealed in air at 700°C for 6 h while the other disc was annealed at 

700 °C under high vacuum conditions (10-6 mbar) for about 1 h.  

As-grown crystal shows an excitation band peak at 322 nm with a shoulder at 280 nm 

for a broad emission band peaking at 495 nm. In the case of annealed crystal two emission 

bands peaking at 460 and 510 nm could be well separated for photo excitation at different 

energies. The excitation band at 280 nm was found to be suppressed significantly in the case of 

crystal annealed in air. Excitation peak at a higher wavelength (322 nm) can be ascribed to 

excitons and is independent of annealing while the lower wavelength (higher energy) excitation 

at 280 nm could be inter-band transitions between O p and W d states. The annealing changes 

the energy structure of regular WO4 complex due to defects in anion sublattices including 

interstitial oxygen and oxygen vacancies which subsequently influence the higher energy 

excitation as observed in the excitation spectra measured for the annealed samples. The 

temperature dependence of emission has been studied. In the as-grown crystals the PL intensity 

becomes half at ~145 K and completely quenched after 200 K. The activation energy for 
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thermal quenching for 495 nm emission was calculated to be about ~160 meV in the case of 

NBW crystals which is smaller than that of PbWO4 (~200 meV). The observed temperature 

dependence of PL is also found to be consistent with the reported results for other AWO4 - type 

crystals. Thermal quenching profile was also found different for vacuum annealed samples and 

even at room temperature, the PL could be observed for these samples. Present studies suggest a 

different thermal quenching of PL due to different growth conditions compared to those 

reported earlier in the literature for this class of materials. Consequently, the crystals having 

desired properties can be grown in a controlled ambient that could affect its luminescence 

characteristics in a desired manner. 

The role of the excitons and localization of charge carriers was understood by comparing 

the spectral dependence of excitation, photoconductivity (PC), transmission, reflectivity and 

band structure calculation of the as-grown NBW crystal. The dependence of measured 

reflectivity matches well with that inferred from electronic band structure calculation. Only 

intrinsic photoconductivity could be observed in these crystals. The photoconductivity observed 

in the excitation region indicates that excitation leads to free charge carriers. These processes 

correspond to delocalized transitions unlike localized transitions in the case of PWO. Therefore 

involvement of mobile charge carriers in the luminescence and excitation processes may be one 

of the reasons for lesser activation energy of thermal quenching of photoluminescence observed 

in the NBW crystals as compared to that of PWO crystals. The effect of annealing on PC shows 

a lower threshold value due to the dissociation of excitons at defects created in the anion 

sublattice. The appearance of PC below absorption edge may be corresponding to the absorption 

band of O- centers. Lower thermal quenching due to the presence of mobile charge carriers and 

intrinsic photoconductivity only in the excitation region make the NBW crystal a more 
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promising Cherenkov radiator compared to the PWO crystals that are deployed currently in the 

high energy physics experiments at the CERN.  

 

(ii) NaGd(WO4)2: Un-doped and Yb3+ doped NaGd(WO4)2 [NGW] single crystals were grown 

by the Cz technique using an automatic diameter control system (Cyberstar oxypuller) under 

varying conditions. Phase formation was checked by X-ray powder diffraction pattern and 

crystals orientation were verified by recording Laue pattern employing Huber make Laue back-

reflection camera. The UV-VIS-NIR spectroscopy of the crystal revealed that the UV band edge 

of the crystal grown in argon ambient shifted towards lower wavelengths compare to crystals 

grown in air ambient. This may be due to oxygen related defects. Furthermore, the crystals 

grown in air showed a broad absorption band throughout the crystal bulk and resulted in poor 

quality of the grown crystals.  

The intrinsic luminescence spectra show an excitation peak centered at 260 nm and a 

broad emission peak at 485 nm. The intrinsic emission from the single crystals grown in air and 

Ar were compared and it was found that the oxygen related defects played an important role in 

fluorescence properties of the material. The crystal grown in Ar ambient showed best 

luminescence properties at room temperature. It was also found that Gd energy levels 

participatied in the luminescence process that made the luminescence behavior of the NGW 

different than the other double tungstate. 

Finally, as the NGW is a multifunctional material, the polarized NIR absorption spectra 

of the Yb doped NGW crystal (a laser material) was recorded in 850-1100 nm range. The 

emission spectra for excitation in 980-990 nm range was found in accordance with the reported 

values. Though it showed a peak at nearly 1011 nm it is composed of several peaks centered at 
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935, 965, 975, 994, 1010, 1022 nm. The total broadening of the emission peak is around 60 nm 

that may make it suitable for the tunable femto-second laser source. Thus it was established that 

by controlling the oxygen content in the growth ambient the optical and luminescence properties 

of the NGW could be tailored. 

 

Mn doped CaF2: CaF2:Mn also known as TL-400, is an important material for the TL 

dosimetry. It has a single TL peak around 260°C and is linear for a wide range of doses, from 

0.5 mGy to few kGy. The maximum glow-curve intensity is achieved for a doping of 2.5 

at.%Mn. It is desirable to use transparent CaF2:Mn samples to obtain better sensitivity, higher 

light output and repeatability for dosimetric applications. The difficulty in growing doped single 

crystals of this material arises from the high vapor pressure of MnF2 that prohibited its 

incorporation in the CaF2 crystal lattice during the growth under vacuum conditions. The 

difficulty in the growth of single crystals has been circumvented by using optically transparent 

ceramics (OTC) of this compound in place of single crystal. The OTCs have several advantages 

over the single crystal like homogeneity, ruggedness, low cost, relatively simple manufacturing 

process etc.  

In this thesis the synthesis of CaF2 transparent ceramics doped with Mn (2.5 at.%) has 

been described. These ceramics were found to exhibit properties comparable to the CaF2 single 

crystal. CaF2:Mn (2.5 atm.%) transparent ceramics were prepared by hot pressing of nano-

powders. The nano-powder was synthesized by a co-precipitation method. The nano powder 

and prepared OTC were characterized for the phase identification using a X-ray diffractometer. 

The microstructure of nano powder and fractured OTC was studied using the SEM and SANS. 

The transmission in the UV–Vis range (200–1100 nm range) was recorded using a 
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spectrophotometer and in the IR region by FTIR spectroscopy while the photo-luminescence 

was recorded using a fluorescence spectrometer in the range 200–800 nm. Further the oxidation 

states of the Mn dopant in the OTC were determined using an X-ray photo-electron 

spectrometer (XPS) and the concentration was determined using a secondary ion mass 

spectrometer (SIMS). The dosimetric properties were investigated by irradiating the samples 

with a 60Co gamma source.  

The average grain size, after hot pressing of the nano-powder at 1000°C for 2 h, has 

been found to be around 100 µm and the hot-pressed pellets showed no voids or porosity. The 

relative density of the OTC was greater than 99%, as measured using the Archimedes’s method. 

The in-line transmission spectrum recorded for this ceramic in the UV-Vis region exhibited 

about 50% transmission at 800 nm that decreased at lower wavelengths with a cutoff around 

200 nm. The quantitative analysis confirmed the presence of Mn doping in the OTC. 

Concentration of Mn was found to be in the range of 1-1.5 at.%. It appears that the total amount 

of Mn added to the solution did not incorporate into the lattice of CaF2 OTC and evaporates 

during the high temperature processing.  

The excitation and emission spectra of the Mn doped CaF2 OTC showed the presence of 

excitation levels corresponding to 6A1g(6S) – 4T2g(4G) transitions of Mn2+ that was in agreement 

with the reported values in literature. In TL studies a single glow-curve at ~ 260°C was 

obtained. The minimum dose that could be measured was about 3 mGy. The wavelength of the 

emission spectrum recorded during photoluminescence and thermoluminescence was found to 

be the same (470 nm). This indicated the observed excitation bands in both the cases were due 

to internal transitions of Mn2+. The dose linearity of the OTC was measured by irradiating the 
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OTC to different doses and measuring the area under the glow-peak. The sample was found to 

be linear up to the highest dose of 100 mGy used in the present work.  

In conclusion an alternative of CaF2:Mn single crystal in the form of optically 

transparent ceramic has been developed employing hot pressing of nano-crystalline CaF2:Mn 

synthesized using a wet chemical processing method. The problem of inhomogeneous 

distribution of the dopant (Mn) in CaF2 matrix was solved and it was shown that the CaF2:Mn 

(OTC) would be a better material than the conventionally used opaque pellets in TL dosimetry 

applications. A doping concentration of 1.5 at.% Mn has been successfully achieved in the CaF2 

OTC in spite of sintering at high temperatures under vacuum conditions, as confirmed by XPS 

and PL measurements.  The OTC having Mn2+ in the CaF2 matrix exhibited promising 

characteristics to be used as a TL dosimeter for applications in the personal and environmental 

safety.  

In this thesis three different kinds of approaches covering a broad field of material 

synthesis and single crystal growth employing different techniques were investigated. The effect 

of growth process on crystal growth and scintillation properties of Tl doped CsI has been 

established. Crystals were grown employing two methods, namely gradient freeze technique and 

the modified Bridgman technique. The grown crystals were subjected to different heat 

treatments to improve their scintillation properties. The technology to grow high quality, large 

size (55 mm diameter x 75 mm Length) alkali halide crystals, developed during the course of 

this work is available for transfer to industry. In oxide materials sodium double tungstate 

crystals were taken for the study. The single crystals were grown by the Czochralski technique 

under varying ambient conditions. The post-growth heat treatment under various ambient was 

successfully used to tailor the fluorescence and optical properties of the grown crystals. It was 
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found that oxygen has a high mobility at elevated temperatures in the double tungstates that 

makes them sensitive to ambient conditions during the growth. A process to fabricate OTC of 

CaF2:Mn was developed during the course of this work . It was demonstrated that the synthesis 

of CaF2:Mn OTC at lower temperatures and under a reducing ambient facilitates the 

incorporation of Mn in relatively higher amounts and minimizes the oxygen contamination, thus 

improving the TL-properties significantly.  

Future scope: 

• The crystal growth system developed will be upgraded to grow alkali halide crystals up to 

75 mm diameter and 80-85 mm length and to grow new scintillator materials like 

LaBr3:Ce, SrI2:Eu, etc. 

• Further studies will be carried out to probe and direct observation of the defects related to 

oxygen for better understanding of these defects employing various experimental 

techniques viz. Positron annihilation, EXAFS, ESR, ENDOR, etc. The effect of oxygen 

defects on lasing characteristic of Yb doped NGW will be studied. 

• Further studies will be performed on the optimization of doping concentration of Mn in 

CaF2 along with other co-dopants to improve the sensitivity and dynamic response range 

of the material.  
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