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PREFACE 

Luminescence is one of the phenomena which has been investigated extensively 

by scientists resulting in valuable contributions to the field of pure and applied sciences. 

Understanding of luminescence and related properties exhibited by certain class of materials 

influenced the advancement in such diverse fields as display devices, laser systems,light

matter interactions,lattice dynamics etc. Any study on luminescence addresses the key 

questions such as 

1. What is the molecular and atomic nature of the origin of luminescence? 

2. What are the detailed paths of molecular excitations and de-activations ? 

3. What are the structures of excited states? 

4. Can one design devices using specific and useful properties of luminescent materials? 

Luminescence is the emission of UV, visible, IR radiations from materials under various 

types of excitations and arises from a radiative transition between the excited state and a lower 

state.The classification of luminescence depends on how the excited states are derived. 

Photoluminescence arises following excitation of luminescence centres by the absorption of a 

photon of light. Short lived emissions (within a life-time - 10-ll sec) have been considered as 

fluorescence while long-lived emissions the phosphorescence. Thermoluminescence (TL) is the 

luminescence that arises on warming up of the material. 

The phosphors are the materials capable of emitting radiation when subjected to 

UV or some other form of excitations. The f1uroescence emission of these phosphors depends 

on incorporated impurities. Research on these phosphor systems has shown a well 

understanding of the characteristic luminescence since the properties of these phosphors can 

be studied on simple model compounds. In these materials the emission occurs in the 

luminescence centres as a result of an electron transition that, in principle, could also be possible 

if the centre is situated in free-space instead of in a crystal lattice. In the case of rare-earth (RE) 

activated phosphors, the characteristic properties of rare-earth ions are attributable to the 

presence of ion of a deep-lying 4f shell, which gives rise to a number of discrete energy levels. 

The alkaline earth sulphide (AES) phosphors produce emission from UV to near IR 

region in the presence of various activators and co-activators. They possess simple face 

centered cubic crystal structure with wide band gap (3.8eV to 5.2eV) and offer themselves 

as good host materials in the preparation of phosphors for various applications and uses. 

From the earlier reports it has been found that the amount of work on Barium Sulphide (BaS) 

phosphors is not of that magnitude as compared to the work on other members of the AES group. 

Rare-earth dopants along with certain metallic impurities like Cu are found to alter the 

characteristics of these phosphors by exhibiting interesting features like senitized luminescence 



and energy transfer between the two luminescence centres. Such phenomena will enhance 

the overall efficiency of the phosphor too. 

The investigations presented in this thesis are centered on the fluorescence emission 

characteristics and related aspects of Barium Sulphide phosphor doped with copper and 

rare-earth impurities. The RE acts as the best co-activator due to its characteristic emission 

in the visible region. In addition, the crystal field splitting of RE3+ ions introduce localized levels 

within the forbidden gap of BaS. By exciting with suitable radiation, the transitions between 

these levels can be achieved which in turn enhances the quantum yield of fluorescence 

emission. The TL and the emission decay of the phosphors are used as a means to investigate 

the mechanism of luminescence. The decay analysis is helpful to understand the kinetics 

involved in the process. Nature and distribution of trapping states in the lattice are also studied 

by emission decay and TL analysis. 

The thesis is organised into seven chapters and an appendix. 

The first chapter of the thesis is a general introduction to the luminescence phenomena 

and related aspects. The necessary theoretical background used for the analysis of the 

resu~s obtained are discussed in this chapter. 

A brief overview of the present status of the work on fluorescence related properties of 

AES phosphors are reported in chapter 11 with a special reference to BaS. 

Chapter III presents a concise description of the method of sample preparation and 

experimental techniques used. This involves the design and fabrication of the sample cell, 

the experimental set up and the data aquisition techniques employed for recording the 

fluorescence, phosphorescence and thermoluminescence spectra. 

The absorption spectra of various phosphors under consideration, and their 

fluorescence emission under Nitrogen laser excitation are discussed in chapter IV, It has been 

observed that a good number of RE ions in crystal lattice absorb UV radiation to emit 

fluorescence in the visible region. A pulsed N2 laser radiation of 337.1 nm wavelength (10 ns 

pulse width, 25 pps, 300 KW) was used as the source of excitation. N2 laser induced 

fluorescence spectra of singly and doubly doped BaS phosphors such as BaS:Cu, BaS:RE, 

BaS:Cu:RE, BaS:RE,:R~ systems (where RE stands for the rare-earth - La, Pr, Nd, Srn, Gd, 

Dy etc.) are presented in this chapter. A detailed spectral analysis and the energy levels 

involved in the emission processes are also discussed at length. Resu~s obtained are used to 

characterise the possible sites of dopants in BaS lattice. 



The subject matter of chapter V forms the emission characteristics of BaS:Ce, BaS:Cu, 

BaS:Ce:Cu phosphor systems under UV (365 line of mercury lamp) excitation and their TL 

properties. 

In chapter VI, the phosphorescence decay analysis of the phosphor systems are 

discussed in detail. 

The last chapter gives the general conclusions drawn from the present investigations. 

The studies on the photoluminescence of Y -Ba-Cu-O superconducting samples are 

given as an appendix. 

The reference to literature are made at the end of the respective chapters. 

Based on the present investigations, the following research papers have been 

published/communicated to standard journals/presented in InternationaVnational symposia 

(a). Standard refereed journals. 
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Solid State Communications; Vol., 73, No. 12 (1990) p.802. 

3. MEnergy transfer and fluorescence spectra of BaS:RE phosphor system under N21aser 

excitation" 

Reethamma Thomas and V.P. N. Nampoori, 
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CHAPTER I 



A GENERAL INTRODUCTION TO LUMINESCENCE PHENOMENA 

1.1 Introduction 

Luminescence is one of the phenomena which has attracted many research workers 

due to its applications in both fundamental and applied sciences. Range of applications of 

luminescence studies varies from the basic understanding of different types of energy 

processes in materials to the development of display devices. In this chapter various aspects 

of luminescence phenomena along with the necessary theoretical framework are outlined. 

Luminescence is the emission of UV, visible or IR radiations from materials under various 

types of excitations and arises due to a radiative transition between the excited state and a lower 

state. Time scales involved in luminescence phenomena range from 10-8 to 1 0·' sec which is very 

much large as compared to those involved in fast processes ( - 10·"sec) like Raman 

scattering, Compton Scattering, Rayleigh scattering, Cerenkov effect etc. At ordinary densities 

of excitation, the spontaneous transition probability predominates so that the luminescence 

radiation is incoherent; where as when excited with high densities in specialconfiguration,the 

induced transition probability may predominate which results in laser action and in that case the 

emission radiations will be coherent. 

Excitation of the luminescent substance is a pre-requisitefor luminescence emission. 

The general phenomenon of luminescence has been sub-divided according to the source of 

excitation energy. Since a given substance can frequently be made to luminesce by a number 

of different external exciting agents and the atomic and the electronic phenomena that cause 

luminescence are basically the same regardless of the mode of excitation, this sub - division 

of luminescence phenomena is only a matter of convenience and not of fundamental 

distinction.The following are the different types of luminescence phenomena which are usually 

encountered. 

Photoluminescence-refers to the luminescence excited by the photons, 

Cathodoluminescence or electronoluminescence - involves excitations by cathode rays,or ener

getic electrons impinging on a phosphor, 

Radioluminescence or roentgenoluminescence - if the excitation energy comes from x-rays 

or from y-rays. 

Electroluminescence - involves the luminescence as a resu ~ of excitation with an applied electric 



field in a phosphor, 

Triboluminescence - is due to the mechanical excitation such as grinding, 

Chemiluminescence - is the conversion of energy of a chemical reaction into luminescence 

emission, 

Bioluminescence - excitation luminescence by biological process. 

In all the above cases the luminescent material may be considered as a transformer of 

energy.The quality and quantity of luminescent radiations are strongly dependent on the nature 

of the emitting material [1]. The ability to luminesce is not confined to any particular state of matter. 

Even though the luminescence is observed in all forms of matter, the main applications involved 

are in solid luminescent materials. 

A luminescent material is often referred to as a phosphor. The word 'phosphor' 

comes from a Greek word meaning 'bearer of light'. Phosphors are the materials that absorb 

radiant energy of a given wavelength and re-radiate at longer wavelengths. CO"l>aratively 

few pure solids like silicates, sulphides, selenides and oxides of Ca, Hg, Zn, and Ba 

luminesce efficiently at room temperatu re. The lu minescence emissions of these phosphors can 

be modified by incorporating certain impurities known as activators. 

The alkaline earth sulphides (AES) like CaS, BaS, SrS belong to a class of efficient 

phosphors which emit radiations from UV to near IR regions in the presence of suitable activators 

[2]. AES possess simple face centered cubic crystal structure with wide band gap (3.8 eV to 

5.2 eV) and offer themselves as good host materials in the preparation of phosphors for various 

applications [3). 

1.2 Some Basic Concepts 

(a) Absorption spectra 

Absorption spectra-are useful in identifying various energy levels involved in excitation 

and de-excitation processes in materials. Optical spectrum will reveal absorption bands when the 

material is illuminated with continous source of electromagnetic radiation (Fig. 1.1 (a).) 

(b) Luminescence spectra 

Ions in a lu minescent material that are excited to an upper level will retum to the ground 

state either by radiationless transitions or by radiative transitions. Emission transition is 

2 
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registered in the form of a band in the luminescence spectrum does not depend on the method 

of excitation and is determined only by inter-level spacing. But certain bands may be present or 

absent inthe spectrum depending on the mode of excitation. In fig.1.1(b) a single emission band 

is shown. In energy level diagram, however,there will be several levels and the transition from 

each one of them can be not only to the ground state but also to the intermediate levels. 

Moreover, the ground state can be splitted into sub-levels and then, transition from each emission 

level will be into these ground state sub-levels. This can result in the appearance of complex 

luminescence spectra consisting of many bands. Such complex spectra are characteristics 

of lanthanides and actinides [4]. 

(c) Excitation spectra 

A particular band or line in the luminescence spectrum can be excited by one or more 

wavelengths of excitation radiation.By maintaining the intensity of luminescence emission at 
a particular wavelength with respect to the wavelength of excitation radiation, one can get what 

is usually referred to as excitation spectrum. In general, different bands of luminescence 

spectrum will have different excitation spectrum. The excitation spectra, therefore, do not 
coincide with the absorption spectra. An example of excitation spectrum is shown in fig.1.1 (c). 

1.2.1 Radiative and non-radiative processes 

An excited system can come to the ground state either by emitting photon (ie radiative 

processes) or by way of emitting phonons (ie.non-radiative processes). 

(a) Fluorescence and phosphorescence 

These are the cases of radiative emission transitions. It is a classification based 

onthe persistence of emission after the source of exciting energy is removed. Many substances 

continue to luminesce for extended periocls even after the exciting energy is cut off. The 

delayed emission is generally called phosphorescence and the emission during the time of 

excitation is called fluorescence. More clearly, the emission with a life time of 10-8 sec to 

10.3 sec is indisputably fluorescence or to saY,the short lived emissions are fluorescence where 

as long lived emissions are phosphorescenca [5].Fig.1.2 shows the processes involved in 

fluorescence and phosphorescence. If the emitting ion is raised by excitation from the ground 

state 'G' to the excited state 'E', it will return to the ground state with the emission of light. The 

fluorescence emission occurs at a time ''t' after the excitation, which is the life time of the excited 

state and is usually of the order of 10-8 sec for atomic dipole emission. But if, on the contrary, 

there exists a metastable level or a trapping centre 'M' then the excited species can make 

a transition to this state, which does not allow a further transition M -+G. If by some means the 

system receives an energy 'E' - the energy difference between M and E - it is lifted again 

4 
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to the state E and then the emission E .. G occurs.This is the case of phosphorescence, which 

is delayed by a time ''t' (seconds to even hours) equal to the time taken by trapped species 

to get released from the level 'M'. The energy 'E' (eV) (called the trap depth) may be so small 

which can be provided by the thermal agitation of the environment. It can also be provided 

by the absorption of an incident photon of appropriate energy. 

(b) Radiationless transitions 

The phonon assisted transitions are known as radiationless transitions. The larger 

the proportion of excitation energy transformed into phonons, the less will be the lu minescence 

efficiency. Radiation loss of excitation energy also takes place by collapse of excitation states 

by small increments corresponding to phonon energies or by interaction of atoms or ions with 

each other. 

1.2.2 Quantum yield 

An important parameter of a phosphor material is the quantum yield which may be 

defined as the ratio of the number of photons emitted from a given level to the number of photons 

used to excite the atoms or ions. If 'P: represents the probablity per sec for an excited species 

to return to the ground state with photon emission and 'Ph' is the probability for energy 

dissipation in the form of heat, then the quantum yield or luminescence efficiency 'ri' can be 

defined as, 

11= 1.(1 ) 

Here Pe is assumed to be the temperature independent part, while Phis a temperature 

dependent quantity. In the case of radiative transition,P h is determined by the probability to find 

the excited state in a vibrational level corresponding to a frequency of emission \), then, 

Ph = \) exp (-ElKT) 1.(2) 

When temperature, increases Ph also increases, so that luminescence efficiency will decrease 

with increase in temperature. 

6 



1.3. Role Of Activators And Co-activators In Luminescence Process 

The development of a large number of inorganic phosphors is due to the discovery 

that certain impurities called activators, when present in amounts ranging from a few parts per 

million to several percent, can confer luminescent properties on compounds in which they are 

incorporated. The activators can be introduced mainly in two ways: 

(i) they may be impurity atoms occuring in relatively small concentrations in the host 

material 

(ii) they may be stoichiometric excess of one of the constituent of the host material itself. 

This is called self-activation. 

For certain activators to function properly, it is necessary to incorporate an additional donor 

impurity, usully referred to as co-activator. For example, in ZnS type phosphors, along with the 

activators such as Cu, Ag, Au etc., incorporation of a trivalent impurity (donor; ego AI) gives high 

quantum yield of luminescence emission [6]. Some activators are found to evoke or intensity the 

latent emission line or band of the host material. These types of activators are known 

as intensifiers. There is another class of activators known as originative activators which 

produce new emission lines or bands at the expense of the original emission bands of the 

host material. Two or more activators in suitable proportions in a given phosphor may 

sometimes be used to produce different emission bands. In certain cases the addition of 

impurity atoms may inhibit the luminescence efficiency and are referred to as killers [7]. In the 

preparation of good luminescent materials,the presence of killers should be avoided. 

The incorporation of an activator in a phosphor normally gives rise to certain localized 

energy levels in the forbidden gap. Localized states are the extended states in the forbidden gap 

[8]. Depending upon the energy levels involved we can distinguish characteristic and non

characteristic luminescence. For characteristic luminescence, the energy levels involved are 

those of activator atoms themselves which may be get modified by the host lattice. Here the 

incident quantum of energy is absorbed by the activator atom. When the excited atom returns 

to its ground state, it loses a part of the energydueto lattice interaction and hence emits a photon 

of less energy. In this case the trapping does not occur at the same site at which the light 

emission occurs. In non-characteristic luminescence, number of electrons have to be excited 

into conduction band before light emission can occur. Here a charge transfer through the lattice 

is taking place. The energy levels of the host lattice may be modified..due to the presence of 

activator atoms. 

1.4. Representations Of Luminescence Spectra - Models of luminescence 

Most of the luminescent solids exhibit broad, bell-shaped absorption bands near the 

fundamental absorption edge and emission bands corresponding to lower transition energies. 

The excitation and emission bands depend on the characteristics of activator system. In order 

7 



to explain the luminescence phenomenonJdifferent models are suggested. 

1.4.1 Configuration co~rdinate model 

Considering the luminescence of solid materials. two major observations need 

explanation. (a) The emission band appears on the longer wavelength side of the absorption 

band (b)Theemission and absorption are often found as broad bands - hundreds of angstroms 

wide instead of narrow lines fou nd in atomic luminescence. Both these effects can be explained 

by using the concept of configuration co-ordinate curves [1 ].This can be su~ably illustrated w~h 

the help of the fig.1.3 and 1.4. In this model the ordinate is the total energy of system for ground 

and exc~ed states of the luminescence centre including both ionic and electronic terms. In 

these curves this energy is shown to vary parabolically as some configu ration co-ordinate.usually 

the distance from the luminescent centre. is changed. There is a value of the co-ordinate for 

which energy is a minimum.Value of the configuration co-ordinate at which energy is minimum 

is different for the ground and exc~ed states because of different interactions of luminescence 

centre w~h ~s neighbours. Fig.1.4 shows the generalised and simplified energy -level diagrams 

for interpreting many of the luminescence phenomena in solids based on this model. These 

diagrams which should be used together. are intended to portray the elemental energy 

transformations in a typical phosphor centre. that is. in the perturbed region produced by a 

subst~utional or interst~ial impurity atoms. 

Fig.1.3 shows the variation of potential energy of a phosphor centre ( in only two states) 

as a function of generalised configurational co-ordinate x which represents three dimensional 

changes in the geometrical arrangement of the atoms in the centre. A novel feature of this 

diagram is the near approach of the ground state and exc~ed state curves at 'f'. When the centre 

is in energy level T. it is assumed to be in a configuration where there is high probabil~y that any 

exc~ation energy stored in the centre or delivered to the centre will be dissipated quickly as heat 

to the surrounding region. An exc~ed centre in equilibrium at. say room temperature, may be 

in the ground state vibrational level "Ea" from which ~ can be raised to exc~ed level Eb"- Ea' 

The excited centre gives up some of this energy E
b

" - Ec' as heat in about 10·12sec and comes 

to equilibrium in the excited level Ec·' When the selection rules are favourable the centre may 

make a spontaneous radiative trans~ion by emitting the energy Ec' - Ed' as a luminescence 

photon. At this point the centre still has an excess of vibrational energy above the initial 

equilibrium level and so it returns to the original ground level by giving up the energy Ed - E. as 

further heat to the surroundings. When the selection rules for a radiative trans~ion from Ec' are 

unfavourable. so that Ec' is a metastable state. add~ional energy may have to be provided to 

raise the centre into a higher exicted state from which a radiative transition is permitted. Under 

these circumstances. the centre in state Ec' functions as a trap. Exc~ations and de-excitations 

of centres take place according to Frank-Condon principle. 
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Fig. 1.4 
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When the temperature of the solid is raised, the equilibrium levels E. and E; rise 

in proportion to the add~ional vibrational and rotational energy in the centre. when the centre 

is in the indicated exc~ed state, the probabil~y of being raised thermally into the crossover level 

-F 
at "f' is equal to U. exp (------- ) where U. is the frequency of vibration of the system 

KT 

-1012 sec .1) and ~F = Et" - E; is known as the activation energy. Fig.1.3 indicates how a 

phosphor centre may function as (1) an activator, by providing a highly probable radiative 

trans~ion from an exc~ed level well below 'f' (2) a trap, by recieving an add~ional activation 

energy to raise the exc~ed centre into a state from which a radiative trans~ion is probable and 

(3) a killer, by having the excited state equilibrium level sufficiently near or above' f 'so that 

radiationless transitions predominate. According to the diagram, a centre may operate predomi

nantly as an activator and/or a trap at low temperatures and become increasingly a poison centre 

as the operating temperatures of the solid is raised to increase the probabil~y of radiation less 

crossover. The diagram emphasizes, also, that the average inter nuclear spacing and atomic 

configurations in a centre change during the luminescence process. 

Fig.1.4 shows some of the higher energy levels of both the surrounding host crystal and 

the impur~y centre as a function of distance along a chain of atoms passing through the impur~y 

atom. The diagram is drawn for a specific configurational co-ordinate x and so one must 

imagine that the potential barriers and energy levels change after electronic trans~ions in 

the centre. The impurity atom le is shown as introducing an additional occupied ground level 

(group of levels) El and exc~ed levels EIn"" (before inter nuclear readjustment) and Eln" (after inter 

nuclear readjustment) extending up into the conduction band. As the energy of the exc~ed 

state increases, the wavefunction 'l' of the excited electron extends further into the region 

arou nd the impurity atom. This is indicated by the plots of absolute value of 'l' at the top of the 

figure. The exc~ation trans~ion El ->EI1 "" corresponds to Ea -> Eb"" in the fig.1.3 and the 

spontaneous radiative return EI1 ->EI" corresponds to Ee * -> E
d

• In this case the 

luminescence process is highly localized, and is determined mainly by the nature of the 

activator atom le which is modified by the influence of the host crystal. When the excitation 

proceeds to much higher energy levels, the activator atom loses control overthe lu minescence 

process to the extent that the exc~ed electron wanders away from le and may get trapped at 

trapping centres so that it requires add~ional energy for liberation to make a radiative return. 

If the trapping is done w~hin a parent centre as in EI2"' then the activator atom ~self helps to provide 

~he trap(s) and determines, in conjuction w~h the host crystal, the activation energy such as 

EI2"" -EI2" to release the trapped electron. If, on the other hand, the excited electron is given 

enough energy to escape from ~s parent centre, then ~ travels through the host crystal (in the 

conduction band levels) until ~ may be captured in another imperfection or centre. Some 
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impurities can capture an additional electron (or two) even in the unexcited state to form one or 

more new occupied levels such as (El) in fig.1.4. A new set of excited levels is then allowed 

a~hough these new sets of excited levels may overlap with E; in those cases where EI- is near 

to E; (shallow remote trap). This type of trapping is most probable when the activator atom is 

multivalent. When a remote,trapped electron is freed, it may return to its own or another ionized 

centre (positive hole) to make a radiative transition after entering to one or more of the 

relatively discrete excited levels associated with the centre. Accordingly, an excited free 

electron which belongs to the host crystal must become bound to the localized centre before it 

can make a radiativetransition. This mechanism is much more probable than the direct radiative 

transition of free electrons from the conduction band. 

There is another distinctive process whereby an excited electron trapped at EI-

might make a radiative transition. In this process, a positive hole may come to the trapping 

centre through the filled band EH and approach le where an electron may drop from El into the 

positive hole. The trap then becomes a normal excited centre with a positive hole localized at 

El' and an excited electron (formerly trapped) at El,' or at some higher level. By radiative transition 

of the excited electron to El' the system returns to the ground state level Er By an extension 

of this process, it may be possible under certain conditions, to transfer excitation energy in 

the form of a localized positive hole, from one centre to another. If there are two different centres; 

one with a positive hole El' (1), the other in the ground state El (2), then an electron might 

be raised thermally from EH into El' (1) and the positive hole in EH' could wander through the 

normally filled band to the other centre where an electron could drop from El' (2) to provide a 

new localized positive hole El' (2). This process tends to transfer positive hole from energy levels 

near EH to higher levels. 

For a given phosphor centre, energy level diagrams are determined by the nature of 

chemical species, charge, bonding characteristics and crystallographic location of the 

activator, coupled with the chemical and structural nature of the host material. 

1.4.2 Energy band model 

The usual method of explaining luminescence mechanism in phosphors is by the use of 

an energy level diagram. When atoms are arranged in an orderly way, the energy state for the 

electron in atoms are distributed by mutual interaction. As a resu~, the discrete electronic states 

are broadened into bands of allowed energy separated by the forbidden gap. The lowest energy 

band called the valence band, is completely filled with electrons. while the upper energy band 

corresponding to unoccupied higher levels is called the conduction band. The energy region 

between the valence band and conduction band is called the forbidden energy gap. Fig.1.S (a) 

depicts simplified energy band model showing the mechanism of luminescence. Excitation 

(step 1) with a photon of sufficient energy across the band gap creates an electron - hole pair. 

12 



Fig. 1,5 
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Donor levels 
(M

3
+'ty( ) 

2 

Acceptor levels (M·) 

( c ) 

(8) Simplified Energy band model showing mechanism of lu
minescence; and (b) and (c) show positions of donor and 
acceptor levels In 8aS band gap according to this model 
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The hole diffuses to the level A, induced by the activator impurity or a defect as shown by 

step 2. The electron in the conduction band recombines with hole at A, (step 3) thereby releasing 

a photon (step 4). 

The spectral emission of luminescence from phosphors will be a function of the band 

gap energy, the type of activator and the conditions of excitation. It is seen that as the band gap 

decreases the spectral distribution of emission shifts to longer wavelengths. In the case of BaS, 

for example, the conduction band is comprised largely of 6s orbitals of Ba2+ (6s0) cations. At the 

same time, the valence band of BaS consists of S2. anions represented by the filled 3p'orbitals 

of S2., Due to an excitation by radiation with suffICient energy, the ionization states of ions get 

altered. This causes the detachment of electrons from them and transportation from valence 

band to conduction band. This can be schematically represented as 

Here the sulphide shell remains with a missing electron which is designated as e+ (hole). 

This hole transforms S2. (3p') to S' (3p5), with the formation of a hole centre S' and it is 

distributed all over the sulphur atoms of BaS yielding an electron and capturing a hole. In 

the same man ner, an electron transported into the conduction band cau ses the formation of an 

electron centre, due to the process Ba2+ (6s0) + e' --> Ba+ (6s') and is distributed among 

all atoms of Ba in BaS by the capture of electrons. 

In addition to the usual lattice defects like cation and anion vacancies.the number of 

additional energy levels can be produced in the forbidden gap by the introduction of suitable 

impurities. Considering the position in the forbidden band region, the energy levels are divided 

into two groups [4] as, 

(I) Donor levels which arises due to the substitution of a trivalent ion (M3+) in BaS lattice. 

Two electrons contribute to the formation of a normal chemical bond and the third excess 

one enters the conduction band. Donor levels can also arise due to the substitution of 

a monovalent anion (M') in BaS lattice, which also causes the formation of an excess 

positive charge. The position of donor level is near the conduction band. In the process 

of luminescence they act as electron traps and in normal case they are empty. With the 

capture of an electron,the valency of the donor impurity decreases and it accepts a new 

position in the band scheme. Here we have to deal with a localized electron. 

(fig. 1.S(b) ). 

(ii) Acceptor levels which arises due to substituing a monovalent cation impurity (M+) in BaS 

lattice. Its position in the band scheme is near to the valence band. In luminescence 

process they act as hole traps and in normal state they are filled. When it traps a hole, 

its valency increases and here we have to deal with a localized hole (fig.1.S (b)). 
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As regards to the electron-hole centres a capture of an electron or hole in the excitation 

of luminescence by donor and acceptor defects gives rise to the formation of electron-hole centre 

which is referred to as a photosensitive centre. 

Knowing the orgin of levels in the forbidden gap. we can now trace out a sequence of 

events leading to luminescence phenomena. Different schemes suggested in this model are the 

following: 

(a) LarTbe-Klick scheme [9] 

This is the formation of an electron centre. Here the luminescence appears in course 

of an electron centre re-combination with a hole in valence band. ie. a localized electron combine 

with a free hole (fig. 1.6 (a) ). 

(b) Schon-Klassen's scheme [10] 

In this scheme the luminescence occurs due to the re-combination of a hole centre with 

an electron from conduction band or an electron combining with localized hole due totransition 

from conduction band to impurity or vacancy level (fig.1.6. (b) ). 

(c) Donor - Acceptor model [11] 

Here the donor level captures an electron from the conduction band and the acceptor 

level captures a hole from the valence band. After the capture.the emission occurs due to 

transition from acceptor level to donor level (fig.1.6 (c) ). 

1.5. Effect Of Crystal field on the spectra of ion . 

In fact the mechanism of luminescence process,is a complicated one due to the effect 

of crystal field or ligand field on the spectra of ions. When an ion or atom is located in the crystal. 

it is subjected to various inhomogeneous fields produced by the ligands. This causes either 

splitting up of ionic energy levels or modification of energy levels due to the interaction between 

the ligands and the impurity ions. Hence. for the complete description of the process. we have 

to take these effects also into account. 

In general. the state of ion activators is descr-ibed by the levels splitted by the ligand 

field [12]. The levels of electron-hole centres that originate from ion activators during their 

ionization are the levels of new ions. which are also splitted by ligand field. 

1.5.1 Crystal field splitting of Cu+ energy levels 

As an example. let us consider the effect of crystal field on the energy levels of Cu+ ion 

in BaS lattice. For BaS. the crystal field has got a cubical symmetry. In cubical symmetry there 
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Different models suggested for the luminescence emission in 
solids. (a) Lambe-Klick Scheme (b) Schon-Klassen's Scheme 
and (c) donor-Acceptor model. 
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will not be any splitting observed for sand p states of free ions. Usually the splitting is observed 

for levels forthe states with 1 > 2. The electron configuration of Cu is Cu (---) 3d'0 4s'. When 

it is introduced in the lattice as Cu+ the free electronic state corresponds to the configuration 

Cu (--) 3d'0 4so. The Introduction of Cu+ causes the perturbation of Oh symmetry of BaS. 

It's free electronic states and modification in cubic crystal field is as shown in fig. 1.7. 

1.5.2 Effect of crystal field on RES. energy levels. 

As far as the effect of crystal field on rare-earth (RE) ions is considered the difference 

lies in the fact that, rare-earth ions have unfilled 'f'orbitals, which are screened by the completely 

filled S and P electrons and can be written as. 

Usually the splitting of the RE3+ energy levels by crystal field reaches a magnitude of 

the order of 1 ()2 cm" while spin-orbital interaction is of the order of 103 cm" [4]. The splitting 

of each one of the multiplet levels by the crystal field is determined by the quantum 

numberI andthe symmetry of the crystal field. Fig. 1.8 shows the multiplet RE3+(lanthanides) 

energy levels owing to the principal transitions leading to luminescence emission [13]. The fine 

structures of RE3+ spectra depend on the characteristics of the host material, the presence of 

co-activators, local or non-local compensation of charge, the manner of ion's incorporation, 

concentration of the activator etc. 

The multiplicities of various degenerate levels of RE3+ in the host crystal can be 

predicted theoretically by a method suggested by Lea et. al [14] and Zhong and Bryant [15] in 

conjuction with point charge crystal field model. 

According to Lea et. ai, for the 4f states of RE ions within a manifold of angular 

momentum composed of 'f' electron wave functions, the most general operator equivalent 

potential with cubic point symmetry may be written as 

where 0lm the spherical harmonic functions are given by 

0.° = 35 J/ - [30 J(J+1) - 25] J/ - 6 J(J+1) + 3 J2(J+1)2 

1.(3) 

06°= 231 Jz6 - 105 (3J(J+1) - 7) J/ + [105J2(J+1)2 - 525J(J+1) + 294] J/ - 5J3 (J+1)3 

+ 40 J2 (J+ 1)2 - 60 J(J+ 1 ) 
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Fig. 1.7 Energy level diagram of Cu· due to crystal field splitting 
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with x,y,z axes chosen along the <100>, <010>, and <OOh directions. The coefficients 

B. and B6 are factors which determine the scale of the crystal field splittings. They are linear 

functions of <~> and <~>, the mean fourth and sixth powers of radii of the magnetic ion wave 

functions. Since these are very difficult to calculate quantitatively, it is customary to regard 

the coefficients B. and Bs as parameters to be determined empirically. 

For the numerical calculation of the eigen values for each J manifold, the 

(2J+ 1) x (2J + 1) matrix is written down using the operator equivalent matrix element as 

tabulated by Stevens and Elliot [16]. These contain factors common to all the matrix elements 

F(4) and F(6) and these are separated out in calculation, in order to keep the eigen values 

in the same numerical range for all ratios of the fourth and sixth degree terms. Then the 

Hamiltonian can be written as 

0. Os 
JI = B. F(4) -- + Bs F(6) -- 1.(4} 

F(4) F(6) 

where 04 and Os are given by 

In order to cover all possible value of the ratio between the fourth and sixth degree terms, take 

B. F (4) = Wx 

B6 F (6) = W (1-\ x!) 
1.(5) 

1.(6) 

where x is a dimensionless parameter which can have values between -1 and + 1. It follows 

that 

B. x F(6) 

1.(7) 

Be (1-\ X I) F(4) 

so that 

B. B4 
o for x = 0 while + to for x = ± 

B6 B6 
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Re-writing equation 1.(4) 

[ 

°4 0 6 
] 

11 = w x- + (1 -I x I) -"-
F(4) F(6) 

1.(8) 

The term expressed in the square bracket represents a matrix whose eigen vectors 

correspond to the most general combination of fourth and sixth degree crystal fields and where 

eigen values are related to the crystal field energy levels by a scale factor W defined by the eq. 

1.(5) and 1.(6). The diagonalization of this matrix yields the eigen values and has been 

represented diagramatically for various J values [14}. This will correspond to energy levels 

splitting pattem of RE3+ in a crystal field. Such pattem for the splitting of J manifold for J = 7/2 

J = 9/2 and J = 4 are shown in 1.9(a) and (b) and 1.9(c). 

One can find the sign of the scale factor W and that of the parameter x directly from 

the signs of B4 and B6 as follows; (i) from eq. 1.(6), from which the sign of W is determined 

by the sign of B6 , since (1-lxl) is always positive for -1 <x<+ 1 and (ii) from eq. 1.(5) which shows 

the sign of x is determined by the sign of BiB6 since F(6) & F(4) both positive for all J's. Sign 

of 84 and B6 can be found out from the point charge crystal field model for the geometrical 

co-ordination factors A4 and~. There are three types of cubic co-ordination corresponding to 

4,6 or 8 equidistant charges Ze. For each of these, the point charge model gives the following 

results (Table 1.1). 

Table 1.1 

Pioint charge model parameters [14] 

! 
Type of co-ordination I B4=A4 <r4> B6=A6 <r6> 

i 
I 

Tetrahedral - (4) 7 Ze2 < r4 > ~ I + 1 Ze2 < r6 > r - I - -- I - --
- 36 RS 

I 18 W 

Octahedral - (6) I + 7 Ze2 < r4 > ~ + 3 Ze2 < r6 > r - -- - --
i 

36 RS I 64 W 
! 

i 
I 

Cubic - (8) 7 Ze2 < r4 > ~ + 1 Ze2 < r6 > r I - - -- - --
I 18 RS 9 W 
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Here R is the distance of the co-ordinating charges Ze from the magnetic ions, 'e' is the 

charge of the electron, 'r' is the radius of the ion, ~ and 'Y are the Stevens muhiplicative constants 

[17]. The numerical values of ~ and 'Y for all RE3+ are given by Elliot and Stevens as given in 

Table 1.2. 

Table 1.2. 

Values of multiplicative factors ~ and 'Y (Stevens and Elliot [16] 

Rare- Earth Ground ~x1()4 'Y x 106 ~/'Y 

ion term 

Ce 3+ F!0'2 63.4920 0 00 

Pr3+ H4 -7.3462 60.9940 -12.0440 

Nd3+ ~ -2.9111 -37.9880 7.6632 

Pm3+ 14 4.0755 60.7810 6.7052 

Sm3+ H!0'2 25.0120 0 rf) 

Tb3+ F6 1.2244 -1.1212 109.2000 

Oy3+ H,!0'2 -0.5920 1.0350 57.2000 

Ho3+ 1a -0.3330 -1.2937 25.7400 

Erl+ J,!0'2 0.4440 2.0699 21.4500 

Tm3+ Hs 1.6325 -5.6081 -29.1200 

Yb3+ Fm 17.3160 148.0000 -11.7000 
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( a ) 

( b) 

Fig. 1.9 

J·'h 

Energy level splitting patterns of J manifold in cubic crystal 
field [14] for (a) J = 7/2 (b) J = 9/2 terms. 

23 



E 

Fig. 1.9(c} Energy level splitting pattern of J manifold in cubic crystal 
field [14] for J = 4 term. 
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Freeman and Watsori18]gave then values of and for the 4f electrons of RE3+ in terms 

of aH- the Bohr radius ( given in Table 1.3). 

Table 1.3 

Values of d"> in units of Bohr Radii using 4f wave function 

(Freeman and Watson (18) 

Rare-Earth <r2> <I"'> <r4> 

ion 

Ce3+ 1.200 3.455 21.226 

Pr3+ 1.086 2.822 15.726 

Nd3+ 1.001 2.401 12.396 

Sm3+ 0.883 1.897 8.775 

Eu3+ 0.938 2.273 11.670 

Gd3+ 0.785 1.515 6.281 

Dy3+ 0.726 1.322 5.102 

Er3+ 0.666 1.126 3.978 

Yb3+ 0.613 0.960 3.104 

1.6. Transfer Of Energy In Luminescence Processes. 

Energy transfer occuring in luminescence processes during absorption and emission 

is not confined to same centre. Energy transfer plays an important role in luminescence 

phenomena. When there are two activators in a crystal, though the emission lines may not change 

duetothe presence of the second activator, the following changes are possible. (i) the intensity 

of the luminescence spectrum of one ion can gain in strength at the expense of the other (ii) an 

ion not luminescent at a given concentration in a given crystal becomes luminescent in the 
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presence of another ion in the same crystal (iii) luminescence of an ion can be observed under 

conditions of excitation in which it is not luminescent without the presence of another ion (iv) 

with complete quenching of one centre.intensified luminescence can be observed from the 

other centre. 

The above changes in luminescence of one ion in the presence of the other is due to 

transfer of excitation energy from one to the other. Luminescence of ions excited as a result 

of the energy transfer from one to the other excited ion is termed as sensitized luminescence 

and proceeds conformable to the scheme [19]. 

s· ) A· 

1 1 
S A 

Here'S' is the sensitizer (energy donor) and A is the activator (energy acceptor). Asterisks denote 

their excited states. 

In sensitized luminescence. the energy absorbed in the absorption band of one ion 

(sensitizer) can be re-emitted in the emission band of the other ion (activator). Sensitization can 

be accomplished in two ways: 

(i) Impurity sensitization -ie. with the help of admixture of different ions and (ii) lattice 

sensitization-ie.with aid of ions entering the composition of the host itself. 

In these cases,thetransferof energy does not involve the motion of electrons; it is accomplished 

mainly due to following three schemes. 

(a) Emission re-absorption type 

This implies the emission of light by a single ion and its absorption (re-absorption) and 

emission by the other ion (fig.1.1 O(a)).ln this case eventhough both the ions behave like 

independent systems. for this type of energy transfer to manifest. the essential requirement 

is the closeness of the emission energy of one ion to the absorption energy of the other. Both 

ions should be activators and have sufficiently intense absorption bands. while the 

luminescence emission band of one of them must be over1apped by the absorption band of the 

other. 
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Fig. 1.10 Diifferent energy transfer mechanisms (a) emission -
reabsorption type (b) resonance - radiationless type (c) non
resonance - radiationless type 

S - Sensitizer; A - Activator 
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(b) Resonant - radiationless type 

This is the energy transfer effected between interacting systems behaving like a 

single system (fig 1.10(b)). In this case also the mechanism of energy transfer is effected due 

tothe coincidence or the closeness of energy level pairs of the ion sensitizer and the ion activator. 

But the essential difference is that the transition between the levels of the sensitizer is not 

necessarilyemissive, whereas the activator's absorption corresponding tothe pairof levels close 

to the first one may be of low intensity. Then the emission of the activator does not necessarily 

occur as a result of transition between the pair of levels to which the energy of the sensitizer 

is transmitted. The ion sensitizer (energy donor) cannot by itself be an effective activator of 

luminescence; while the ion activator (energy acceptor) may not have sufficiently intense 

absorption bands suitable for inducing luminescence. However the broad absorption bands of 

the sensitizer and emission transitions of the activator comprise together a system capable of 

effective luminescence. 

(c) Non- resonant radiation less type 

In this case the mechanism leads to the transfer of energy, when the distance between 

the levels of an ion transfering energy is not coincident with that of ion receiving it. 

(fig.1.10(c)). The energy difference between these levels goes either to the lattice in the form 

of phonon or to a third ion which has a pair of levels corresponding to this difference. 

This mechanism of energy transfer involves an exchange interaction between ions 

and comes into play over very short distances (upto 7-8 AO). 

1.6.1. Resonant energy transfer 

The transfer of energy has been treated theoretically using quantum mechanics by 

assuming a model of resonace between coupled systems [20}. The sensitizer has an allowed 

transition only if it absorbs the exciting light appreciably. The probability of energy transfer P 

varies a~~ding~ 1 
1.(9) 

where R - is the distance between sensitizer and activator 

n - the index of refraction of the host material 

Fs - A function describing the emission band of the sensitizer as a function of energy and is 
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normalized so that the area under the curve is unity. 

FA - is a function describing the absorption band of the activator and also normalized to unity. 

The integral of the above expression measures the overlap of these bands and determines 

the resonant transfer. In typical cases, the sensitizer will transfer energy to an activator 

if the activator occupies only one of 1000-10,000 nearest available sites around the 

sensitizer [21]. 

1.6.2. Quenching 

Another phenomenon related to the resonant transfer of energy is the quenching [22]. 

There are different types of quenching like temperature quenching, concentration quenching 

impurity quenching etc. The main function of the quenchers are to reduce the life time of the 

excited state. 

If the phosphors are prepared with increasing concentrations of activators, the 

brightness will first increase but will be quenched at higher concentrations. Change of brightness 

with growing activator's concentration is different for different activators.!t is believed that at 

high concentrations the absorbed energy is able to get transferred from one activator to a nearby 

one by resonant transfer and this migrates through the solid. If there are quenching sites 

distributed in the material the migrating energy may reach one and be dissipated without 

luminescence. As the concentration is increased the speed of migration is increased and the 

quenching process becomes increasingly important. 

1.7. Luminescence As A Function Of Time. 

There are three obvious time components in an individual one-quantum 

luminescence process; (i) energy - absorption or excitation - transition time (ii) the life time 

of the excited state (iii) the energy - emission or radiative - transition time. These three 

componets are experimently inseparable and so they are treated as a single life time (of the 

excited state). This approximation is valid since magnitude of (i) and (iii) phenomena is very small 

as compared to (ii). The luminescence emission which occur at times greater then the natural 

fluorescence life times are called phosphorescence. It denotes a constrained, partially forbidden 

or unnatural decay in the radiative return of an excited system to the ground state. The decay 

phenomenon is usually associated with the existence of metastable states. 

1.7.1 Kinetics of luminescence 

We usually distinguish two kinds of luminescence processes viz., kinetics of first order 
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(monomolecular mechanism) and kinetics of second order (bimolecular mechanism) 

(a) First - order kinetics 

The number of exc~ed electrons'N' decreases according to a constant probability law, 

dN = - a eft 

N 

which gives solution N = No e-a! 

The luminescence intens~y is given as 

I a dN ; then = 10 e-a! 

eft 

1.(10) 

1.(11 ) 

1.(12) 

The major characteristics is the life-time which is the average stay of ion in a given exc~ed state. 

(b) Second order kinetics 

In this case if the probabality for recombination is proportional to the number of centres; 

then 

dN = - a N eft 1 . ( 13) 

N 

1.(14) 

This shows that N decreases hyperbolically with time 

Since 

a dN 

= 1.(15) 

= where a = ~ 1.(16) 

(1 + at)2 

Here the decay become more rapid as the exc~ation intensity is increased. 

The above kinetics can be applied only if the optical transition is associted with dipole radiation 

or to say if't - 10 -a sec. In the case of phosphorescence, the kinetics involved in the process 

depends on the spatial relation between luminescence centres and on the motion of conduction 
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electrons. The glow of activators resulting from the heat release at a constant temperature 

of electrons and holes captured by shallow traps is phosphorescence. The afterglow is longer 

at lower temperature and shorter at higher temperature showing the strong dependence of phos

phorescence on temperature. 

1.7.2. Life time of a level 

The life of a level 'tm is related to the probability Arm of transition between levels m and 

n and also to the oscillation strength for the absorption band f In a free ion, life time 'tm of nm 
an excited state 'm' is inversely proportional to the transition probability, Arm from this level 

ie. 1.(17) 

This transition probability is related to oscillator strength frm through the relation 

= 1.(18) 

i.e. 1.(19) 

substituting the values of atomic constants the charge and mass of e-, 'e' 'm:, 

Arm 0.22 \)2 
fnm 1.(20) 

c3 

or 

fnm 4.5 c3 A rm 1.(21 ) 
\)2 

From the above relations one can obtain the values for the transition probabilities Arm and 

life time 'tm in seconds. Relations among 't, A and f in the case of free ion and also for an ion 

in a crystal are as shown in fig 1.11. 

If the transition from a given level 'm' occurs over several adjacent levels the life time 'tm 
is given as 

= 1.(22) 
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The ion in a crystal interacts with the surrounding ions resulting in radiationless transition. 

The probability of radiationless transition is the probability of luminescence decay. The life time 

of the energy levels of an ion in a crystal is then reduced due to radiationless transition 

= 1 1.(23) 

where Crm is the probability of radiationless transition. This value of 'tm determines the experi

mentally measured value of duration of glow. 

1.7.3 Decay Law 

The luminescence decay law determines the diminution of the number of emitted 

photons with time and is designated as N,(t) 

dN 

dt 

This decay law can be re-written as 

or 

The decay thus proceeds exponentially. 

1.(24) 

1.(25) 

1.(26) 

The radiation power P is associated with the probability of transition Arm 

P 1.(27) 

Hence the emission intensity can be written as 

l.mrSSKln 1.(28) 

The intensity of emission is thus determined by the probability of transition Arm and the oscillator 

strength f of a given transition. In the event of transition with great oscillator strength, 
nm 

interaction with the lattice can lead to a reduced emission intensity due to radiationless 

transition. 
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1.7.4 Different Decay mechanisms [1J 

The process of phosphorescence arises due to a number of complicated terms such 

as transitions between bands, activators with transfer of the electron and hole involving 

temporary capture by traps, by the presence of traps with different depths, by possible 

repeated trapping etc. In order to explain the mechanism of decay different methods are 

suggested. 

(a) Temperature - independent decay: 

(I) Simple exponential decay 

As an elementary example of this type of decay consider the fig. 1.12(a) which 

represents an optical absorbtion 'E: and resonance emission 'E: transition of an isolated atom. 

If there be N excited atoms at time 't' then the luminescence intensity (radiance) I from N atoms 

will be given by 

a - dN 

dt 
= aN 1.(29) 

ie. the numberof photons emitted or atoms de-excited at time 't' is equal to a rate constant a times 

the number 'N' of the excited atoms existing at time 't'. Integration of eq.1.(29) yields 

- log I a -IogN = at 1.(30) 

where the rate constant a is equal the reciprocal of the life time t of the excited state 

a = 1 = 8 exp ( - ElKT) 

(where '8' the frequency factor) 

and t is the time taken by the system to decay to e-' 10 (= 0.36788 10 ) 

where 10 is the luminescence emission intensity at t = 0 

(ie. at the instant of cessation of excitation). 

Hence 

1.(31 ) 

1.(32) 

A plot of log I vs 't' is a straight line for an exponential decay. There are no external 

constraints on the free atoms assumed in this example and so t is about 10-& sec. The life time 

of the excited state decreases with increasing energy of the emitted photon E. and the line width 
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Resonance radiation 
(a) Isolated ion 

, 
• 

c' 
Cl: 

"01 
"'0 ' ._' 
..0' 
~I 

0' .... ' • 

E~ 
m 

.!. \ --~--~~~~-- Eo 

Delayed resonance 
t~diation 

(c) Isolated ion with 
metastable sta.te 

"'----'.~---- :.} band 

\ 

~ -------------- -
~ys stokes law 

(b) Ion in a metal 

./ ----r----r---
• I 
f 

I , 1: I 2 .. 
~ ____ . Eo } band 

Eo 

Obeys stokes law 

(d) Phosphor with 
electron traps 

Fig. 1.12 Simplified energy level diagrams illustrating electronic tran
sitions involved in two major decay processes - (a) and (b) 
illustrate the temperature independent decay; (c) and (d) the 
temperature dependent decay 
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t.E" increases with increasing E: = F - Eo' Now consider the optical luminescence of an atom 

bound in a soild according to fig. 1.12(b). The energy of the photon used for excitation (E ... E" 

-Eo) is greaterthanthat of the photon emitted (Eo=F - Eo·) because some energy istransfered 

from the atom (centre) to the surrounding soild as heat. 

Referring to eq. 1.(29) which is the general equation for simple temperature independent 

exponential decay, the decay of phosphorescence emission is 

a f(t) a dN 

dt and the rate of decay is 

dl d2N 
-_a--

dt dt2 1.(33) 

A decay curve is a plot of I vs t during phosphorescence, and the rate of decay 

at time l' is the slope of the tangent of the decay curve at time 1'. When the decay of a phosphor 

follows the eq. 1.(32) it is found that the growth (during excitation) is also exponential and the 

shape of the growth curve is relatively uninfluenced by the changes in the temperature of the 

luminescing phosphor. 

(ii) Hyperbolic Decay 

This type of decay takes place in a system where on irradiation, shallow traps are also 

produced along with deeper traps. The decay of phosphorescence occurs generally in two or 

three groups depending upon the natu re and concentration of traps. In such cases the observed 

intensity will be due to the superposition of all the exponentials corresponding to different 

traps and represented generally as [23] 

= I t.o o 1.(34) 

where 'b' the decay constant. Also, in this case logarithm of intensity (I) versus time (t) plots 

are non-linear indicating the non-exponential form of decay. Howeverthe plots log I vs log t show 

linearity and the decay is said to be a hyperbolic one. 

Again, 1.(35) 

where lom is the phosphorescence intensity due to electrons in traps of energy Em· 

Pm = S exp ( - Em/KT) is the probability of an electron escaping from a trap. 
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Here, the analysis of the decay curves will be usually done by adopting the 

·Peeling off' [24] procedure where each stage of decay will be associated with an exponential 

law. The trap depth corresponding to each exponential was caculated from the slopes of straight 

lines on the semi log plot using the relation 

E = log (S/a) KT 1.(36) 

where a is the slope of each linear portion of the curve. The number of discontinuities in 

log I-log t plot corresponds to number of straight lines into which the semi-log plot can be splitted. 

The value of cb' is indicative of the decay rate and also provides information about 

relative population of trapping states at various depths. The relative population of trapping levels 

Nn at t = 0 can be obtained by extrapolation of the plot log I-t using the relation [25] 

= 1.(37) 

where tn = 1 IP n is the life time of the electron trapped in the trap of depth En. So the ratio 

Nn(t),.ol Nn(t),_5 forthe 'peeled-off components of the graph indicate the idea about distribution 

of trapping levels. 

(b) Temperature - sensitive decay· Power law decay 

At very long decay times, however the phosphorescence decay curve of the phosphor 

tends to depart from 

a exp ( - at and can be written as 

a 1.(38) 

so called power law-decay. 

Power law-decays are quite sensitive to changes in tempreature, excitation density and 

the kind of excitant. The interpretation of the so called power law-decays which is offered here 

is based simply on the evidence for electron traps in t ·n decay phosphors. A simple example 

of an electron trap is found in the occurence of a metastable state in an isolated atom in a gas. 

When an atom is excited into a metastable state, for example Em· in fig. 1.12(c), it must absorb 

an amount ~E· of activation energy to be raised into the radiative state E·. If the radiative 

transijion Emo--> Eo were not completely forbidden, this transition would occur as a slow 

temperature-independent exponential decay according to eq.1.(32). The transition to Eo from 

Em· via. EO, however is strongly temperature dependent following a relation of the type 
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= - dN 

dt 

= NS exp (- ~E' / KT ) 1,(39) 

where N is the numberof excited atoms in metastable states. ~E' is the thermal activation energy 

required to raise an electron out of the 'trap' Em' into E' • and S is the attempt-to-escape frequency 

for the transition from Em' to E'. Under these conditions'S' is the frequency of molecular 

collisions (S Cl Tll2 ). By integration eq. 1.(39). the phosphorescence output becomes ( in the 

absence of retrapping). 

le' St (axp .6£' / KT ) 
o m 1.(40) 

where 10 is the output att=O. and T is the tempreature (OK). Here the eq 1.(40) assumes a single 

discrete trapping (metastable) level. whereas there may be one or more bands of trapping levels 

( E; in fig.1.12(d)) in solids. Hence for a solid. equation 1.(40) can be expanded as 

1= 110e,slt(exP'&:l'/KT) + l2Qe, s2t (exP'&:2"KT) + ....................... + INQe,sNt(eXP'&:N"KT) 1.(41) 

where the subscripts 1.2 ..... N denote traps of different depths ~El" ~E2'''' ~EN' and attempt 

frequencies Sl,S2 .... SN which may make different contributions 110, 12Q ..... INQ to the output at time 

t = O. Randall and Wilkins [26] have shown that for a hypothetical uniform trap distribution. 

that is .an equal number NE of traps of all depths. 

I = NE' KT (1 - e .. t ) / t 1,(42) 

which reduces to the hyperbolic relationship 

I = NE' KT / t 1.(43) 

where St» 1 (ie after a microsec. e_St is negligible). 

The decay of many phosphors approximates to this law. In simple terms the reciprocal 

relation may be derived as follows. The intensity of phosphorescence emission due to the release 

of electrons from traps of certain depth is proportional to the rate of release of electron from those 

traps. The rate of release of an electron from a trap is inversely proportional to the mean life 

time of an electron in the trap. When there is a coutinuous distribution of trap depths. at 

a time 't' during phosphorescence. most of the light emission is due to the traps in which 

electrons spend a mean time 't'. since the shallower traps are mostly emptied by that time 

and the deeper traps release electrons too slowly to contribute much to the 

phosphorescence. If there is an equal numberof traps at all depth. the phosphorescence is at all 

times proportional to 1/t. 
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If the trap distribution where exponential with trap depth 

1.(44) 

where A is a constant then, 

I - (S, KT) 8t ·(aKT + 1) 

which reduces to eq. 1.(44) when Cl = 0 (ie.uniform distribution of traps) and expresses an ideal 

bimolecular decay (I Cl t·2) when ClKT = 1. 

An ideal bimolecular decay 1.(46) 

would obtain if there were two equally abundant remote recombination partners, that is free 

excited electrons and positive holes, which require no activation energy to become sufficiently 

mobile to seek each other out. In practice, the temperature sensitive phosphorescence 

mechanism comprises of an activated release of trapped excited electrons or positive holes 

followed by a bimolecular type recombination of those electrons and positive holes which have 

sufficient mobility to reach their opposite recombination partners without being retrapped and 

concluded by a monolecular type of radiative transition. If it is assumed, for simplicity, that there 

are equal numbers of trapped electrons and holes and that the holes remain trapped, then the 

phosphorescence decay will prove to be iargely according to eq. 1.(41 ~if the rate of release of 

electrons from traps is very slow relative to the rate of radiative recombination of the released 

free electrons with holes. This appears to be generally true and so thennal release is usually 

the rate - determining step. On the other hand, the influence of eq. 1.(46) should become larger 

when the rate of release of electrons from traps is very fast relative to the rate of radiative 

recombination oft he free electrons and holes. In general, atthe instant of cessation of excitation, 

there will be certain proportions of (i) free electrons with various velocities and various 

distances from suitable positive holes (ii)trapped electrons in traps of various depths and at 

various distances from holes (iii) mobile holes with various velocities and (iv) trapped positive 

holes. Phosphorescence decay during the first instants after cessation of excitation arises 

largely from the r~diative recombination of nearby mobile excited electrons and positive holes; 

then the phosphorescence output comes mainly from the release of electrons from the 

shallowest traps and during the later stages of decay the phosphorescence contributions come 

from successively deeper traps. On this basis, it is understandable that the phosphorescence 

decay curves of t-n are usually quite complex even neglecting (a) retrapping (b) non-uniformities 

in the degree of excitation within a volume of the phosphor and (c)optical complexities due 

to scattering and absorption. Also the brief initial non-exponential decay of some predominently 

e-al - decay phosphors is probably due to the radiative returns of free excited electrons which 
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happen to be in very shallow traps ortheconductionbandat the instant of cessation of excitation 

(Fig 1.4) [electrons in Ec· and E,3· (where E13•• - E, *« KT) first drop to El, * and then make a 

radiative transition from El, * to E, * ] 

1.8 Thennoluminescence (Tl) And Glow Curves. 

Thermoluminescence does not refer to thermal excitation but rather to thermal 

stimulation of luminescence. This phenomenon is essentially phosphorescence measured 

during conditions of increasing temperature. 

The production of TL in a sample by exposure to ionizing radiation may be divided into 

two stages; (i) electron and/or hole trapping and (ii) electron and hole recombination with photon 

emission. The energy band configuration for each stage explained below is shown in fig. 1.13. 

Ionizing radiation is absorbed in the material and free electrons are produced. This is equivalent 

to transferring electrons from the valence band to the conduction band (A). These electrons are 

free to move through the crystal (8), but if trapping levels such as (T) are present the electron 

may be get trapped (C). The production of free holes which may also migrate via, the valence band 

(b) and may be get trapped (c). Many hole centres are thermally unstable and may decay rapidly 

at room tempreature (d). The trapped electrons will remain in the traps provided they do not 

acquire sufficient energy to escape. This will be determined by the trap depth and temperature 

of a particular material. If the tempreature of the material is raised, trapped electrons may acquire 

sufficientthermal energy to escape (D). Released electrons may recombine with the holes at the 

luminescence centre (L). and emit visible or UV photons (Ep). With electron capture at delayed 

recombination with a hole at the centre (L) is the mechanism of TL. 

In thermoluminescence, heating imparts activation energy to an electron centre which 

releases an electron and then it migrates tothe hole centre. This recombination delivers energy 

which induces luminescence. In a similar manner heating can liberate a hole from the hole 

centre. In this respect thermoluminescence means annihiliation of electron hole centre 

registred by the luminescence of activator excited by these centre or by the luminescence 

of the centre themselves. The inter-relations of the trapping and emission centre can be 

understood if one proceeds from the existence of sirruhaneous presence of two capture centres 

(fig. 1 (14) a to_c) [27]. 

As the phosphor is heated the probability of releasing any particular electron is increased 

and at some tempreatu re there is virtual certanity of its release. The emission (TL) will thus start 

to increase, go through a maximum and then decrease again to zero. The intensity of emitted light 

with tempreature is known as a glow curve. 
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Conduction band 

TL 
A / L 

Valence bond 

Fig. 1.13 A general model explaining TL process 
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Fig. 1.14 

(b) 

~ 

Capt ured electron 

Capt ured hole 
,,-

(a) 

== Activator 
levels 

( c) 

T 
I Tl emission 

'(a), (b) and (c) Diagrams of levels representing the TL process 
involving the simultaneous presence of two capture centres. 
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1.8.1 Trapping parameters In TL process [28, 29) 

The thermal energy spent in ionizing the electron centre is the trap depth 'E'. It is the 

distance (in eV) between the pos~ion of the electron centre level in the forbidden band and the 

conduction band. To calculate this value one has to know the position of the last occupied 

molecular orb~al of the centre in the band scheme and its displacement caused by the thermal 

energy of the centre. Another parameter in connection with therrnoluminescence is'S' -which 

is a factor that characterises the capture centre from the stand point of thermal vibration 

releasing the electron from the trapping centre. 

The nature of trapping states as well as the kinetics involved in the recombination 

phenomenon can be understood from the TL resu~s. Utilising the information, the trapping 

parameters namely trap depth (E) and frequency factor (S) can be calculated by using different 

techniques. 

1.8.2 Methods to calculate trapping parameters 

There are several methods for claculating'E' and'S' from TL curves. The root of these 

calculations stems from the expression. 

P = S exp (-ElKT) 1.(47) 

where P - the probability of electron to escape from the trap - is related to t, the mean life time 

of electrons in the capture centre and is given as 1/t = P. The intens~y of glow which is 

proportional to a change in number of electrons 'N' during the time 't' expressed as 

and 

I a - dN 

dt 

WP 

= - NP = - NS exp(-ElKT) 1.(48) 

if the kinetics is of first order 

1.(49) 

for second order kinetics 

Integrations of these kinetic equations render formulae for determining concentration 

of electrons in the trapping centres and for estimating glow intensity at tempreature T, through 

the medium of parameters trap depth E, frequency factor S and the heating rate ~o/Sec. 
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(a) Randall and Wilkins Method 

Randall and Wilkins were the first to investigatethermoluminescencetheoretically[23J. 

Their theory considered that (i) glow peaks corresponding to different trapping levels do not 

overlap (ii) no retrapping occurs inthe process and (iii)the lifetimet for recombination is so small 

that dN/dt « NIt where N is the concentration of electrons in the conduction band. By using 

first order kinetics and assuming a uniform rate of heating, they obtained an expression for the 

variation of thermoluminescene w~h tempereature as 

T 

I(t)= NoS. exp (-ElKT) explf S exp -ElKT)dT/P 1.(50) 
Ti 

where No - the initial concentration of the trapped electrons, T - is the absolute tempereature. 

K - the Bo~zmann's constant, and E the trap depth at tempereature T m of the maximum glow 

intens~, can be obtained by setting (dlldT)T .. = 0 as 

E = K T m log S (1 + f (S,P) ) 

KTmlog S 

Instead of first order, if the second order kinetics is considered then 

N = No 

T 

I +J S exp -ElKT)dT/P 
Ti 

:. I(t) = NoS. exp (-ElKT) 

[I + S exp -ElKT)dT/P J2 

By setting dl/dT = 0 (for T m) 

1.(51 ) 

1.(52) 

b ElKT m 1/2 [I + S exp -ElKT)dT/P S exp ( - ElKT m) J = 0 1.(53) 

T 

This differs from eq. 1.(50) by a factor 1/2 [I J S exp -E/KT)dT/P J = NJ2n 
Ti 

where n is number of electrons left in traps at T m • 

The thermoluminescence curve is not symmetrical and the change from T to T m does 

not correspond exactly to the relation n= No I 2. However this difference is not large and T rr 

is only changed by a percent or so by the above factor. 

So the application of monomolecular formula to T m gives approximately correct values 

for maximum trap distribution but if the whole curve is plotted then the bimolecular fOrmJla gives 

44 



a wider apparent distribution than really exist. 

(b) Curie's Method 

According to D.Curie [30] the trap depth 

E(eV) T m (OK) - To (~/S) 

K (~/S) 1.(54) 

where ~/S = e, To and K are called Curie parameters, being obtained graphically as given in 

below: 

Table 1.4 

Values of To and K for various ~/s. ( D.Curie [30] ) 

e=(~/S) K To 
(OK) (oK/eV) (OK) 

10- 4 833 35 

10- 5 725 28 

10- 6 642 22 

10- 7 577 17 

10- 8 524 13 

10- g 480 10 

10 10 441 7 

10 11 408 6 

10- 12 379 6 

10- 13 353 5 

10- 14 331 5 

10- 15 312 4 
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(c) Urbach's Method 

The approximate formula given by Urbach [3] for the calculation of trap depth is 

1.(55) 

Which also give the right order of values. 

(d) Booth, Bohun And Hooganstraafen's Method [32 , 35] 

By using different rates of heating ~1and ~2 the trap depth E is given as 

E = K T m1 T m2 

T m1 - T m2 

log 1.(56) 

where T m1 and T m2 are the temperatures corresponding to the glow maxima for the heating rates 

~1 and ~2 respectively and, 

log (T m2 / ~) = ElKT m + log (SKlE) 1.(57) 

In this equation the plot between log (T m2/~) and T m will be linear having slope (ElK) and gives 

an intercept equal to log (SKlE) from which 'F and'S' can be calculated. 

(e) Halperin and Braner's Method 

Here the symmetry of the peak is considered, from which the activator energy is 

calculated using a simple formula [36,37] 

1.(58) 

where T m - the peak temperature ; K - Bottzmann's constant : 0 - the half-width towards the 

fall of tempereature of the glow peak; q - a factor which can be computed from the shape of the 

glow peak 

If the value of q ~ 1 - monomolecular kinetics 

1 < q < 2 - bimonolecu lar kinetics. 
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(f) Grosswiener's Method 

Using first order kinetics Grosswiener [38] formulated the expression for activation 

energy for TL process as 

E = 1.51 K.T m T, 1.(59) 

Tm - T, 

where T, - the temperature corresponding to half intensity peak width on the low temperature side 

of the glow peak. Chen [39] has modified this formula by replacing 1.51 with 1.41 for better 

accuracy in the cases where SIP> 107 deg·' and ElKT m > 20 

(g) Louchtchik's Method 

Louchtchik [40] has obtained the expression for activation energy by approximating 

area under the glow curve to a triangle as 

E = KT m2 I ( T2 - T m) for first order kinetics 

1.(60) 

and E = 2 K T m2 I ( T2 - T m) for second order kinetics. 

in this case Chen has suggested the mu~iplying constants as 0.978 and 0.853 respectively for 

better accuracy. 

(h) Chen's Method 

Chen [41] analysed the glow curve by applying first order kinetics. According to him 

the trap depth 'E' and the frequency factor'S' are given by 

E 2.29 KT m2 
/ w 1.(61 ) 

and S 2.67 (b/w) 10 Tm'O> 1.(62) 

where ~ - the heating rate; T m - the maximum glow tempereature ; w - the half-width 

The above described methods are applicable only for well isolated single glow peaks. 

In the case of complex TL patterns, before applying the methods described above, the 

overlapping glow peaks are to be separted and attempts have thus to be made to resolve the 

TL patterns. 
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CHAPTERll 



REVIEW OF PREVIOUS WORK 

A brief description of luminescence and its theoretical aspects has been given in the first 

chapter. As indicated in the previous chapter, understanding of the mechanism involved in 

luminescence and related fields is essential in making use of this natural phenomenon for 

scientific and technological advancements of mankind. Development of devices like flat panel 

displays demands the synthesis of new phosphor materials having good quantum yield. 

Amongst a large number of materials, alkaline earth sulphides (AES) are the most efficient 

phosphors which can be put into practical use. AES phosphors which are known as Lenard 

phosphors in earlier literature belong to the group of phosphors which were found to fluoresce 

in the visible region under UVexcitation [1]. Most of the earlier works on luminescence and 

related properties of these sulphides are available in the literature [2-5]. Although several 

hundred papers have been published so far on the preparation and characterization of these 

sulphides there does not seem to be an agreement on the results of the studies even on the 

same material. This chapter gives an overview of the work which has already been carried out 

on the preparation and characterization of AES phosphors in recent years. 

AES phosphors were prepared by several workers in the past [6-10]. Most of the 

preparation procedures involved the reduction of host sulphates by carbon or H2S. However 

the stability of these phosphors was poor and in most of the cases only 80% yield was obtained 

[11]. It has been pointed out by Lehmann [12] and Kato et.al. [13] that these materials, when 

properly prepared and activated with suitable impurities, may become efficient phosphors for 

many opto-electronic applications. Normally these sulphides are prepared by firing the host 

sulphates/carbonates/oxides with reducing agent in the temperature range 8000C to 12000C 

under different controlled ambient atmospheres, for a duration of about one to four hours. The 

optimum yields of the sulpides in the end product could be obtained by making several trials by 

varying the tel1l>erature and duration of firing and by adding different types of reducing agents 

and flux materials. Recently Green et.al.[14] reported that CaS phosphors prepared by the 

reduction of sulphates in H/HzS atmosphere and refired in the presence of flux N~CO/S, NH.CV 

CaF 2 are fou nd to give a good quantum yield as compared to the previous methods of preparation. 

The role of flux materials in the preparation of industrial phosphors is well known. 

Depending upon the nature of phosphors, the flux materials are suitably chosen to provide a 

proper media for an effective incorporation of the activating impurities in the system. Materials 

like alkali fluorides, sulphates, borax etc. have been used in the past to prepare AES phosphors 

[15-17]. With a special reference to the role of fluxes, studies were made by J.D. Ranade and B.K. 

Kathal [18] which led to the important conclusion that the flux only serves to alter relative 

importance of different groups of traps and not their mean depth. The emission is affected 

only by the atoms of flux cluster around the activator atoms and bring about changes in the nu mber 

of centres. The variation of flux results in slight change of operative trap depth from phosphor 
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to phosphor. This leads to the view that within a single group of traps in these phosphors there 

may exist su~groups which are probably very close to each other and may follow quasi-uniform 

distribution of traps in themselves. Chakravarthi et.aI.[19]. studied the effect of NaF, N~S04 and 

KFfluxes on AES phosphors and observed that fluxing ions going into the lattice do not interact 

in such a way as to shift the trapping levels. However, when KF was used as a flux, two 

distinctly separate peaks were observed with relative heights depending on the amount of 

flux. This result confirms the conclusion that the traps are distributed in depth and the fluxing 

ions may interact in such a way with the lattice as to redistribute the trapping levels. According 

to Chakravarthi et.al the initial increase in flux percentage helps to increase the number of 

luminescence centres, but further increase leads to the formation of centres responsible for 

radiationiess transitions. R.P. Rao [20] recently used NaCI as the flux for preparing BaS:Cu, 

Bi system and found to give good yield for TL output for a flux concentration in the range of 25% 

to 30%. 

The theories of luminescence emission assume that the activator is an important 

part of the luminescence centre. Usually the emission band is attributed to interaction between 

host lattice and the emission centre. By knowing the shift of emission peaks with the activator 

concentration it is possible to estimate whether the activator is incorporated substitutionallyor 

interstitially. The advancement of ligand field theory and the discovery of energy transfer mecha

nisms helped the understanding and interpretation of luminescence. Shulman et. al. [21] showed 

that the resonance energy transfer is possible even when the activators and co-activators are 

separated by nearest neighbour distance. Dexter [22] gave an extensive theoretical treatment 

of energy transfer mechanism extending to forbidden transitions. 

Sensitization of luminescene is another process involved in energy transfer responsible 

for most ofthe luminescence emissions in AES phosphors [2,3]. Impurity sensitization has been 

shown to be due to the radiationless transitions between sensitizer and co-activator [3]. 

As far as the luminescence characteristics of BaS is concerned, only in 1966, the wori< in this 

direction has been started. Stroganova et.al [23-25] reported the prepartion and luminescence 

spectra of BaS:Mn, BaS:Cu and BaS:Bi under excitation with a.c. and d.c. electric fields, UV 

light and x-rays. They suggested that the form of light pulses depends on the activator, not 

on the matrix. The mechanism involved here is the ground state electrons from the traps in the 

opposite edge of the host materials returning to the ionised centres by the electric field. Lenard 

[1] reported two phosphorescence bands of BaS:Cu at 5400 AD and 6200 AD. Lehmann [26] 

in his studies on cathodolminescence of BaS:Cu observed only one band at 5815 AD. Laud 

and Kulkarni suggested a model for the emission spectra of BaS:Cu under 365 nm excitation 

for the two emission bands observed at 5270 AD and 5680 AD. [27]. They obtained the band 

gap of BaS as 3.geV. Laud & Kulkarni observed a shift in the band position towards longer 

A-side (5705 AD) as the Cu+ concentration was increased which indicates substitutional Cu+ 

ions. Kanari, in 1973 [28] reported that copper activated AES are normally efficient phosphors 
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in which a quantum efficiency of photoluminescence of about SO% or more can be obtained. 

An extensive study on BaS phosphors doped with Cu and Bi impurities was made by Rao et.al. 

[29-34] during the past few years. Their studies involved phosphorescence, thermolumines

cence (TL), thermally stimulated conductivity etc. under UV, X-ray, "tray and low energy electron 

excitations. The TL traps with intense TL glow peaks observed in BaS phosphors doped with 

Bi and Cu are associated with native defects, which have a close relationship with impurities. 

From decay and TL analysis it is concluded that the electron and hole traps are located near each 

other. The TSC results indicate that the distribution of the corresponding traps must involve the 

liberation of electrons from the traps to the conduction band, destroying the related trapped hole 

centres in the process of recombination. Most of the conclusions drawn points out that the 

traps responsible for luminescence emission are associated with the host lattice such as 

sulphur ion vacancies. Under UV excitation BaS:Cu system showed a TL peak at 8O"C while 

no such result was obtained for BaS powder. Under x-ray excitation also, BaS:Cu gave a glow 

peak around a tempreature 800C and number of peaks in the tempreature range of 12O"C to 

300°C. This suggests that the traps are related to Cu impurities generating localized levels in the 

forbidden gap. From TL and decay curves they obtained the trap depth 'E' as O.S eV and the 

escape frequency factor S-1 Q6/sec. However, the trapping parameters 'E' and'S' calculated 

from TL glow curves by various authors were not in agreement even for the same material. In 

recent years significant progress has been made in the development of new materials for 

radiation dosimetry. These include alkaline earth sulphide phosphors too. Rao [3S-37) found 

that the mixed system (Ba, Cu, Sr)S when doped with Cu and Bi were efficient due to its peak 

at 278°C and has potentiality for use in dosimetry. 

The decay of phosphorescence of UV excited AES was studied by several other workers 

[38-43). These investigations mostly dealt with the kinetics of decay processes and the related 

distribution of the traps in the system. Effect of flux and the duration of firing on the intensity of 

phosphorescence of BaS:Cu phosphors were studied by Razadan [44] who observed a decrease 

in intensity of decay with the increase of duration of firing and increase of flux content which was 

attributed to the formation of copper-borax complexes during the preperation. Khare and Ranade 

[1S] reported their results on the characteristic decay of phosphorescence of BaS:Bi using 

excitation at 438 nm light. The samples found to exhibit two stage decay processes and analysed 

as the superposition of exponentials. 

Thermoluminescence of BaSO~ phosphors has been the subject of many investiga

tions. TL of natural barite samples has been studied by Prokic [46] and rare -earth doped 

synthetic samples by Krystek, Luthra etc. [47-49]. It was found that rare-earth ions are the best 

co-activators forthe AES phosphors. The glow peaks induced by rare earth ion in BaSO~ lattice 

are found to be determined only by the valence state of the rare-earth ion. Many dopants 

especially Srn, Eu, Tb, Dy and Tm in BaSO~ are reported to give extremely bright TL having 

efficiency comparable to that of other highly sensitive phosphors such as CaSO~:Dy and 

52 



CaSO.:Tm, which are at present being used in radiation dosimetric applications [50]. As the 

effective atomic number of the BaSO. phosphors is relatively high, (- 45.8), the TL sensitivity 

for low photon energies is an order higher than other phosphors and hence has been suggested 

fordosimetry of low energy X-rays [44]. Nagpal [51] studied TL of BaSO. doped with Y, La, Ce, 

Pr, Nd,Sm, Eu, Tb, Oyetcunder'Yand microwaveradiations. TLemission spedral bands ofthese 

phosphors systems are identified as arising due to transitions between different energy levels 

of the dopant ions. They are characteristics of RE" and arise between the known energy levels 

belonging tothe 4fn electron configuration. Ajay et.al [52] studied the effect of rare-earth impurities 

like Ce and Srn on BaS phosphor under UV (320nm) excitation. For BaS:Sm phosphors the 

emission spectra show the broad emission band with peak at 550 nm, while for BaS:Ce at lower 

concentration two peaks at 515 nm and 595 nm. They concluded that the emission of Ba:Ce is 

due to characteristics of Ce" while in the case of BaS:Sm emission it can be attributed to the 

perturbed intrinsic nature, due to the recombination of electrons and holes taking place near the 

vacancy impurity complex (V s..-Sms..). 

Studies on electroluminscence spectra of CaS phosphor doped with specific rare-earth 

impurities like Srn, Oy, Er etc. were found to give well resolved emission purely characteristics 

of rare-earth ion energy levels [53,54]. Analysis of such spectra based on the calculations of 

crystal field splitting was used to identify the probable impurity sites responsible for emission. 

Rare-earth impurities containing some metallic impurities are found to give some significant 

results in sulphide phosphors [55]. With this in view, a number of scientists have studied the 

combined effect of rare-earth impurities along with metallic ones like Cu, Mn, etc. in the CaS 

and SrS [56-61] phosphors, while such studies are found to be very rare in the case of BaS. 

Of all the investigations reported on the studies of luminescence and related 

phenomena in AES phosphor systems till now, it was found that fluorescence studies on BaS 

based phosphor doped with rare-earth systems are rather very limited. In the present 

investigations we have made an attempt in this direction by choosing BaS as the host material, 

and Cu· and RE" impuritieslikeCe, La, Pr, Nd, Srn, Gd, Oy etc. asthedopants. Resuhsobtained 

from the present studies are given in later chapters. 
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CHAPTER III 



PHOSPHOR SYNTHESIS AND EXPERIMENTATION 

3.1 Introduction 

The most important objective of research activities in the field of luminescence 

phenomenon is the development of efficient phosphor materials with good quantum yield. 

This requires (i) pure chemicals for sample preparation (ii) furnace which is capable of attaining 

high temperatures either in reducing or oxidising atmosphere depending on the method of 

preparation (iii) suitable sources of excitation etc. Synthesis of an effICient phosphor 

necessitates a number of optimum conditions due to the fact that the final objectives are quite 

challenging. Hence extensive trials on the preparation and characterization of phosphors of 

different host materials doped with activators and co-activators become unavoidable before any 

worthwhile result is obtained. 

Alkaline earth sulphide (AES) phosphors have been known for quite long time as 

versatile and excellent phosphor materials. They possess simple f .c.c crystal structure and offer 

themselves as good host materials in the preparation of industrial phosphors by incorporating 

different impurities [1-2]. Because of their wide band gap (3.8 eV-S.2eV),the excited states of the 

dopants are not densely distributed between the valence band and the conduction band. These 

sulphides, when doped with impurities such as rare-earths, are found to give good quantum 

efficiency of hJminescence. As compared to other members of the AES group, the work on 

phosphors based on BaS is less. Hence, in the present investigations we have selected BaS as 

the host material. 

In this chapter a detailed account of various sub-systems need for experimental set 

up is given. This involves the deSCriptions of a high temperature vacuum furnace (for phosphor 

preparation) ,the phosphor preparation methods, experimental cell, excitation sources, detection 

and recording set up for studying the fluorescence, phosphorescence and thermoluminescence 

characteristics of the phosphors. The experimental set up to record the emission spectra is 

described with the help of block diagrams followed by descriptions of various subsystems which 

include monochromator, PMT, pre-amplifier, chart recorder etc. 

3.2 Vacuum Furnace 

For the preparation of efficient phosphor samples an important parameter to be 

considered is the temperature of firing. This necessitates the design and fabrication of a high 

temperature muffle furnace. 

The furnace was constructed with a 7cm diameter silica tube having length of about 

90cm. Both ends of the tube were suitably adapted using cylindrical metal(S.s) couplings. 
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A fused thermocouple was attached to one end to read the central zone tempereature. while the 

other end of the coupling was given provisions for evacuating the furnace / tor maintaining a 

suitable atmosphere of the desired gas. A Kanthal wire element of 18 gauge was wound around 

the tube at the central portion about 15cm in length and was mounted within the sillimanite which 

formed the muffle of the furnace. A square block of Aluminium enclosure covering the 

sillimanite gravel provides the external heat insulation. The furnace was given a.c heating 

through a regulated relay power supply. At an input voltage of 230 V it can attain a maximum 

temperature of 11000C within four hours. A temperature control unit was also attached to the 

power supply so that the tel11>erature of the furnace can be set to a any desired constant 

tempereature. The constant temperature zone was about 8 cm in length at the centre part. This 

furnace can be evacuated upto a pressure of 10·3Torr. A photograph of the furnace is given 

in fig.3.1. 

3.3 Sample Preparation 

The starting materials used for the phosphor synthesis in the present case are 

BaSO. (99.99% purity - which was supplied by E. Mereck, Bombay) and spectroscopically pure 

grade carbon powder. All the phosphor samples are prepared using this BaSO. by the 

reduction process 

BaSO. + 2C -------> BaS + 2C02 

A proper reducing atmosphere was maintained throughout the process by keeping sufficient 

quantity of carbon in a separate crucible which minimizes the formation of oxides on the exposed 

surface The firing temperature was selected by making several trials in the range 750-1 OOODC 

and it was observed that the firing at the tempreature range 900 - 9500c produces a good yield 

of BaS [3]. Thus the charge was fired for one hour at 9500c under vacuum (10.3 Torr). 

During the preparation, for proper crystallization of the phosphor, fluxes are very 

essential. In this preparation we used sodium thiosulphate as the flux material. The role of flux 

in phosphor synthesis is to provide a medium which lowers the crystallization temperature for 

the incorporation of the activating il11>urities [4]. But the increase in amount of flux above an 

optimum value leads to deterioration of luminescence emission [5]. With this views in mind we 

prepared a set of BaS phosphors with varying concentrations of flux and determined the value 

of optimum flux concentration which gave a moderate intensity of emission. 

The nature of luminescent centres can be well understood by incorporating suitable 

activators and co-activators which will enhance the emission efficiency. In"this respect copper 

was found to be a good dopant in BaS for creating both interstitial and substitutional vacancies 

and rare - earths were found to be good co-activators due to its characteristic emission in the 

visible region [6]. In its trivalent form. the rare-earth ion in BaS creates donor levels while the 

copper in its monovalent form creates acceptor levels. Hence copper and rare-earth ions in 
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Fig 3.1 The high temperature vacuum furnace used for preparation 
of the phosphor samples 



the form of RE3+ and Cu· were selected as the activators and co-activators for the present 

investigations. RE3+ considered for the present studies are Ce3+, La3+, Pr3+, Nd3+ ,Sm3+, Gd3+ and 

Dy3+. For better sample incorporation, we have taken rare-earths and copper in the form of 

aqueous solutions oftheir respective chlorides (RECI3 and CuCI). RECI3 was precipitated from 

RE oxides of 99.9% purity (supplied by IRE,lndia) by adding excess amount of concentrated HCI 

and the mixture was slowly heated upto 3000c till the complete evaporation of the acid. 

Using the same starting material, BaS04 , the phosphor samples for the present 

investigations were prepared by two methods. In the first one,the method usually followed by 

most of the earlier workers [7], the activators and co-activators were added along with the 

flux in proper concentrations to the starting material. This slurry was well mixed and given 

a slow heating upto 120°C and the dried mass was then crushed and thoroughly mixed using 

a mortar and pestle. This charge was then taken in flat bottom alumina crucibles and introduced 

into the the central zone of the high tempereature furnace at 950°C and fired in carbon 

atmosphere for about one hour. In the second method, to a weighed amount of BaS obtained 

from the initial reduction process, the activators and the flux in the form of aqueous solutions, 

in proper concentrations were added and the slurry was dried giving a slow heating upto 200°C. 

This charge was then thoroughly mixed and the powder thus obtained was taken in alumina 

crucibles and given a second firing by introducing intothehightemperature zone of thefurnace 

at 10500C for about 90 minutes under vacuum (10·31orr). In both the cases, afrer firing, the 

phosphors were suddenly quenched to room temperature. It was then well crushed, thoroughly 

grinded and the powder thus obtained was taken in a pelletiser and given a uniform pressure of 

2.5 tonnes/crTi using an electrically driven hydraulic press. The pelletiser was so designed that 

the final form of the phosphor samples for the measurements are obtained as pellets of 3mm 

thickness and 10mm diameter. Fig.3.2 shows the accessories used for pelletising the phosphor 

samples. 

Different sets of phosphor samples were prepared in different concentrations using 

combinations of R E3+ and Cu· as the dopants. The lists of phosphors prepared are given in tables 

3.1 and 3.2. 

3.4 Experimental Cell 

The experimental cell is essentially a vacuum chamber, suitably designed and fabricated 

using a cylindrical mild steel tube of 20cm diameter and is provided with four windows of 2cm 

diameter on the four sides facing at right angles to each other. The windows are closed with flat 

quartz discs with alien-head screws and proper O-ring seals. The chamber is closed with top 

and bottom discs, which are fitted with alien-head screws and suitable O-ring seals. A hollow 

copper tube of 2cm diameter and 3mm wall thickness bent in U-form is placed into the chamber 

through the top disc,brazed insuchawaythattheopenendsare kept outside. TotheU-shaped 
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Fig 3.2 Accessories used for pelletising the phosphor samples 



Table 3.1 

list of the phosphor samples prepared by 1 st Method [7] 

Type of Phosphor Sample Concentrations of the dopants 

Notation (Mol % by wt. of BaS) 

Cerium Copper 

BaS So 0 0 

SRI 0.009 0 

SR2 0.182 0 

SR3 
0.210 0 

SR4 0.702 0 

BaS:Ce 

SR5 
1.812 0 

SR6 
2.104 0 

SR7 2.905 0 

SRe 3.601 0 

SRg 4.305 0 

SC, 0 0.011 

SC2 0 0.202 

-

SC3 0 0.612 

BaS:Cu 

SC4 0 2.521 

SC5 0 3.303 

SC6 
0 4.812 

J 

Contd ••• 
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Type of Phosphor Sample Concentrations of the dopants 

Notation (Mol % by wt. of BaS) 

Cerium Copper 

SS41 0.702 0.110 

SS42 0.702 0.202 

(BaS:Ce):Cu SS43 0.702 0.811 

SS404 0.702 2.521 

SS45 0.702 3.303 

SSss 0.009 3.303 

(BaS:Cu):Ce SS57 0.401 3.303 

SSsa 2.141 3.303 

bottom portion another copper disc (4x4cm square, 4mm thick) is brazed, which contains the 

sample holder part, exactly facing the quartz windows. The sample holder is specially designed 

using a copper block and is attached to the copper disc by means of suitably adapted screws. 

It has special provisions for holding a copper-constantan thermocouple, which is taken from the 

sample holder part and its leads are taken out to the top disc by means of proper connectors. 

For high temperature studies, a heater coil of suitable size is also kept inside the copper 

sample holder so that by means of a.c voltage the sample can be heated upto 250°C. The 

electrical leads for a.c heating are also taken out through the top disc using B.N. connectors. In 

order to minimize the heat loss due to conduction, a perfect insulation of the sample holder path 

from the top portion is made using a teflon shielding in between. The sample cell can be used for 

low temperature studies too. Low temperatures can be attained by pouring liquid nitrogen into 

the U-shaped oopper tube from the top. Then the teflon sheilding from the sample holder part 

must be removed so that the copper block containing the sample holder is exactly in touch with 

the copper tube. A vacuum of the order of 10-5 Torr can be achieved by connecting the chamber 

to a rotary-diffusion combination through a side tube. The cell can be used for mesurement at 

different temperatue regions viz ,LNT" RT and high temperatures upto 250°C. Ftg.3.3 (a) and 

(b) shows the sample cell with the accessories. 
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Fig 3.3 (a) Schematic digram of the experimental cell 
1. Sample holder. 2. Sample. 3. Heater coil. 4. Leads for 
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Fig 3.3 (b) The experimental cell 



Table 3.2. 

list of phosphor samples prepared by the 2nd method 

Type Of Sample Concentration of the dopants 

Phosphor Notation (Mol % by of BaS) 

Rare - earths (RE 3+) Copper 

(Cu+) 

la Pr Nd Sm Gb Oy 

BaS Ba 0 0 0 0 0 0 0 

B~ 3 0 0 0 0 0 0 

Bl3 1.5 0 0 0 0 0 0 

BaS:la Bl. 1 0 0 0 0 0 0 

Bls 0.01 0 0 0 0 0 0 

B~ 0.00 0 0 0 0 0 0 

BP, 0 5 0 0 0 0 0 

BP2 0 3 0 0 0 0 0 

BP3 0 1.5 0 0 0 0 0 

BaS:Pr BP5 0 0.5 0 0 0 0 0 

BPs 0 0.01 0 0 0 0 0 

-

BP7 0 0.001 0 0 0 0 0 

BPa 0 0.0005 0 0 0 0 0 
t i I ! 

BN2 0 0 i 3 0 
: 

0 0 0 

BaS:Pr 

BN3 0 0 1.5 0 0 0 0 

Conta ••. 

65 



Type Of Sample Concentration of the dopants 

Phosphor Notation (Mol % by of BaS) 

Rare - earths (RE 3+) Copper 

(Cu+) 

La Pr Nd Sm Gb Dy 

BN5 0 0 0.5 0 0 0 0 

BaS:Pr BNs 0 0 0.01 0 0 0 0 

BN7 0 0 0.001 0 0 0 0 

BS, 0 0 0 5 0 0 0 

BS2 0 0 0 3 0 0 0 

BS3 0 0 0 1.5 0 0 0 

BaS:Sm 

BS5 0 0 0 0.5 0 0 0 

BSs 0 0 0 0.01 0 0 0 

BS7 0 0 0 0.001 0 0 0 

BG, 0 0 0 0 5 0 0 

BG2 0 0 0 0 3 0 0 

BaS:Gd BG5 0 0 0 0 0.5 0 0 

BG6 0 0 0 0 0.01 0 0 

BG7 0 0 0 0 0.001 0 0 

BD3 0 0 0 0 0 1.5 0 

BaS:Dy 

BD" 0 0 0 0 0 1 0 

Cont'd ••• 
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Type Of Sample Concentration of the dopants 

Phosphor Notation (Mol % by of BaS) 

Rare - earths (RE 3+) Copper 

(Cu+) 

La Pr Nd Srn Gb Dy 

B05 0 0 0 0 0 0.5 0 

BaS:Dy BOs 0 0 0 0 0 0.01 0 

B07 0 0 0 0 0 0.0001 0 

BC, 0 0 0 I 0 0 0 1 

BaS:Cu BC2 0 0 0 0 0 0 0.5 

BC3 0 0 0 0 0 0 0.05 

BSP, 0 1.5 0 1 0 0 0 

BSP2 0 0.5 0 I 1 0 0 0 

(BaS:Sm);Pr I 
i 

BSP3 0 0.05 0 1 1 0 0 0 
I : 

I j 
I 
I 

BSP 0 1 0 1 I 0 0 0 
i i 

I ! 
! BPS, 0 1 0 i 1.5 0 0 0 i 

i 

, ! ! 
, I ; 

(BaS:Pr):Sm BPS2 0 1 0 
, 

0.5 0 0 0 , 
: 

I 
I I 
i 

I : 
BPS

3 0 1 0 I 0.05, 0 ! o - 0 
, , 

: 

BPG, 0 1 0 , 

! 
0 1.5 i 0 0 

(BaS:Pr):Gd BPG2 0 1 0 0 0.5 : 0 0 

BPG
3 0 1 0 0 

i 
0.05 0 0 

I , 
i 

Corrtd .•. 
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Type Of Sample Concentration of the dopants 

Phosphor Notation (Mol % by of BaS) 

Rare - earths (RE 3+) Copper 

(Cu+) 

La Pr Nd Sm Gb Oy 

I 
(BaS:Pr):Gd BPG 0 1 0 0 1 0 0 

BSG 0 0 0 1 1 0 0 

(BaS:Sm):Gd BSG2 0 0 0 1 0.5 0 0 

BSG3 0 0 0 1 0.05 0 0 

BNP 0 1 1 0 0 0 0 

(BaS:Nd):Pr BNP, 0 1.5 1 0 0 0 0 

BNP2 0 0.5 1 0 0 0 0 

BNS 0 0 1 : 1 0 0 0 
I , 
; 

(BaS:Nd):Sm BNS, 0 0 1 1.5 0 0 0 
: 

BNS2 0 0 1 , 0.5 0 0 0 

BND 0 0 1 0 0 1 0 

I 
(BaS:Nd):Dy BND2 0 0 1 0 0 0.5 0 

BND3 0 0 1 : 0 I 0 0.05 0 -

BSD 0 0 0 1 I 0 1 0 

I 

(BaS:Sm):Dy BSD2 0 0 0 1 I 0 I 0.5 0 
I 

I 
I 

BSD3 0 0 0 1 0 0.05 0 

Corrtd ••• 
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Type Of Sample Concentration of the dopants 

Phosphor Notation (Mol % by of BaS) 

Rare - earths (RE 3+) Copper 
(Cu+) 

La I Pr Nd Srn Gb Dy 

BCS, 0 0 0 1.5 0 0 0.5 

(BaS:Cu):Sm BCS 0 0 0 1 0 0 0.5 

BCS2 0 0 0 0.5 0 0 0.5 

BCP, 0 1.5 0 0 I 0 0 0.5 

(BaS:Cu):Pr BCP 0 1 0 0 0 0 0.5 

BCP2 0 0.5 0 0 0 0 0.5 

BCN, 0 0 1.5 0 0 0 0.5 

I 
(BaS:Cu):Nd BCN 0 0 1 0 0 0 0.5 

BCN2 0 0 0.5 0 0 0 0.5 

BCG, 0 0 0 0 1.5 0 0.5 

(BaS:Cu):Gd BCG 0 0 0 0 1 0 0.5 

BCG2 0 i 0 0 
I 

0 I 0.5 0 0.5 
I 

(BaS:Cu):Pr:Sm BC(Pr,Sm) 0 I 0.5 0 0.5 \ 0 0 0.5 
i 

(BaS:Cu):Sm:Gc BC(Sm,Gd) 0 0 0 0.5 0.5 0 0.5 
j 

! I 
(BaS:Cu): I 

i 

Pr:Sm:Gd BC(Pr,Sm,Gd) 0 ! 0.5 0 0.5 0.5 I 0 0.5 
i I 

! 

I 
I 

BaS:Pr:Sm:Gd B(Pr,Sm, Gd) 0 
I 

0.5 0 0.5 0.5 0 0 I I 
I 

69 



3.5. Excitation Sources 

The emission output of phosphors depends on the exciting wavelength. The exact 

region of excitation wavelength can be selected only on the basis of optical absorption 

spectrum.The absorption spectra of the prepared phosphor samples show intensified absorp

tion in the UV region (details of the absorption spectra measurements are given in the next 

chapter). These phosphors are excited using UV sources such as (i) mercury lamp (with its 

outer glass cover removed) and (ii) a pulsed N2 laser 

3.5.1 Mercury lamp. 

In ordinary commercial mercury lamps,the glass cover of the bulb absorbs most of the 

UV radiations. Hence the glass cover is removed and the filament is covered with a rectangular 

aluminium sheet provided with window in front so as to allow the UV radiations to come out. 

A parabolic reflector made of aluminium is also kept behind the mercury source facing the window 

to enhance the output light intensity. Mercury vapour lamp contains intense emission lines 

in UV and visible regions. Using an appropriate interference filter, 365nm line of Hg is focussed 

on to the phosphor sample by means of proper optics. 

3.5.2 Nitrogen laser system 

A pulsed nitrogen laser system designed and fabricted in our laboratory [8] which is 

capable of giving out intense radiation at the wavelength 337.1 nm was used as another source 

toexcitethe phosphor samples. Main parts of this laser system constitute (a)double parallel 

plate non-Blumlein type transmission line (b) laser cavity (c) power supply (d) triggered spark 

gap (e) trigger circuit (f) Gas line and (g) EMI shielding and cabin 

(a) Parallel plate transmission lines 

Double parallel-plate non-Blumleintransmission lines are used forthe present nitrogen 

laser system. Each parallel-plate transmission line is a double sided copper clad glass epoxy 

sheet with a dielectric thickness of 1.6mm which acts as energy storage capacitors. A channel 

-is etched on one side of the copper clad sheet and the laser cavity is placed in this channel, fixed 

tothe copper clad sheet, through copper strips. The copper clad sheetsoneithersideofthecavity 

serves as energy storage capacitors. These can easily withstand volt ages upto 15 KV. In our 

case the maximum voltage given to the transmission line was 14 KV without any dielectric break 

down. 
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(b) laser cav~y 

It is designed and constructed using aluminium side walls separated by perspex sheets. 

The inner dimensions of the cavity are 90 cm length, 3cm width and S.Scm height. In the 

aluminium wall, channels were cut and aluminium electrodes of length 80 cm were fixed w~h 

an inter-electrode distance at two ends as 10mm and 11 mm. This was used for in~iating the 

discharge always at one end of the tube. The perspex sheet is fixed to the side walls of the cav~y 

by means of machine screws. The cav~y was made air-tight by using teflon tape and Arald~ e@ 

adhesive. The windows of the cav~y are attached by the perspex flanges and neoprene O-rings. 

A front coated mirror was placed at one end of the cavity where the discharge strikes first and to 

the other end ofthecavity from where, the laser emission is obtained, an optically flat quartz glass 

plate was fixed. Gas inlet and outlet were provided in the cavity through which nitrogen gas 

can be filled and maintained at required pressure. The transmission lines were connected to 

the cav~y by copper strips. 

(c) Power supply 

The circu~ diagram of the power supply is given in fig.3.4. The power was fed to the 

energy stroage capac~ors through a half-wave rectifier, by means of which the capacitors on 

either side of the cav~y are charged. A step-up transformer charges the transmission lines to 

a maximum voltage of about 14KV through the rectifier chain. 

(d) Spark gap 

The heart of N2 1aser is the spark gap. The spark gap was specially designed and 

fabricated w~h aluminium electrodes with an inter-electrode distance of 3mm. The whole un~ 

was made as small as possible so that the inductance of the spark gap is minimum (few nano 

Henries). Heavy cooling fins were also provided by the special design of aluminium enclosure. 

Ceramic insulator along w~h central aluminium pin forms the trigger of the spark gap. Gas inlet 

and outlet are provided to maintain the gas pressure in the gap. It is attached to the transmission 

lines through copper strips. 

(e) Trigger circu~ 

It is reported that the energy storage efficiency of N2 laser powered by a half wave 

rectifier, is found to increase when triggered in the negative half ofthe charging cycle [9]. A simple 

circuit which triggers the spark gap in the negative half cycle was employed in this laser system. 

(f) Gas line 

The n~rogen gas line is shown in fig.3.S. The gas lines are made of high pressure rubber 

tubes and the connections to the spark gap and cav~y are given through proper inlets and outlets. 
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(g) EMI shielding 

The heavy electrical discharge in the spark gap and in the cavity produces EMI noise. 

This is due to the discharge of high voltage within a few nanoseconds when peak current is 

extremely high. The transmission lines, cavity and spark gap were enclosed in a metal cabinet 

and the output laser beam alone was taken out. The whole cabinet was given perfect earthing 

which gave extremely low level of EMI noise. 

Operation of the laser system 

First the rotary pump is switched on. The N2 gas pressure inside the cavity is suitably 

adjusted. Then spark gap pressure is adjusted through the valve at gas cyclinder and by the 

needle valve so that the pressure is about 60 Torr. The power supply to N2 1aser is then switched 

on and the output vo~age is adjusted by the auto transformer. The trigger repetition rate is 

selected using the selector switch and the trigger switch is switched on. Laser action starts 

when trigger switch is put to "OW position. 

The special design of the spark gap and the new triggering mechanism gives better 

efficiency and performance to the laser system. It gave a maximum output power of 300 KW 

for337.1nm radiation, when operating with a voltage of about 12KV,at 25pps, and10nspulse 

width. The output beam profile is roughly a rectangular one, which can be focused to the sample 

by using a cylindrical lens. The whole laser system is shown in fig.3.6. 

3.S. Experimental Details 

The studies on fluorescence, phosphorescence and thermoluminescence 

characteristics were carried out on the phosphor samples. Fig.3.7 (a), (b) and (c) show the 

schematic block diagrams of the experimental arrangements for recording fluorescence, 

phosphorescence and thermoluminescence spectra. 

Fluorescence of the samples are collected at 900 with respect to the direction of the 

exciting radiation so as to minimise the interference of the fluorescence signal with the exciting 

radiation. The fluorescence emission collected was focussed excatly to the slit of the monochro

matorwhich was coupled to a highly sensitive PMT followed by pre-amplifier and chart recorder. 

For phosphorescence decay measurements, the samples were mounted on a specilly 

designed sample holder, which can be easily and quickly turned towards the slit of the PMT 

within a minimal time in a very precise way soon after the excitation source is cut off. In the 

case of decay measurements, all this salTl>les were excited to the saturation level (- 3 to 5 

minutes) and afterwards turned towards the slit of a highly sensitive PMT and the decay curves 

are charted by the chart recorder. 

73 



Fig 3.6 Nitrogen Laser System 
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In the case of thermoluminesence studies after exciting the sample to the saturation 

level, the excitation source was cut off and left the sample to decay for about 5 to 10 minutes. 

Then it is turned towards the slit of the PMT. The sample was heated with a uniform rate and 

the emission intensity was recorded with the help of a chart recorder as a function of time - (which 

can be converted into temperature by knowing the heating rate). 

3.7 Data Acquisition Techniques 

The data acquisition was made with utmost precision. This involved highly sensitive 

and very percisely calibrated instruments such as scanning spectrometer, photomultiplier 

tube, pre-amplifier and chart recorder. 

3.7.1. Scanning spectrometer 

For the wavelength scanning of fluorescence emission, a medium resolution scanning 

instrument was needed. This purpose was served by a 0.5m scanning spectrometer 

(Jarrel- Ash rnodeIB2-000). This spectrograph provided a smooth scanning motion in eight 

speeds ranging from 20 Ao/min to 500 AO/min. It gave 16Ao/min. dispersion in the first order 

with maximum resolution of O.2Ao. It covered a spectral range of 4000Ao to 9000Ao using a 

reflection grating with 1BOO groves/mm blazed at 500 AO and is driven by a reversible motor [1 0]. 

The apparatus consists of two slits - an inlet slit S,and exit slit S2-. The light enters 

through S, and passes to a concave mirror having 150mm diameter and 0.5 meter focal length, 

gets collimated and reflected to fall on the grating chip, where it undergoes dispersion and again 

reflects back to the mirror and comes out through the exit slit S2 (fig,3.B). The wavelength of 

the monochromatic light emerging at the exit slit is changed by simply rotating the grating about 

its centre. 

3.7.2. Photomultiplier tube 

The output from the monochromator was detected by an EMI photomultiplier tube 

(model 9683KQB) with S-20 cathode. This tube was directly mounted at the exit slit of the 

monochromator. The PMT used inthe present studies was PR-1400RF model operated at 1.3KV 

d.c. Since the output gain of the PMT highly depends on the voltage, any variation in the applied 

voltage causes a noticeable change in its gain. Hence a highly stablized power supply 

(EMI PM 2BB) was used to operatethe PMT, which maintained a constant output voltage across 

the terminals, inspite of the variation of the input load. The tube was also provided with a good 

RF shielding. This PMT has got a fairly constant quantum efficiency in the spectral region 

350-BOOnm where all the present investigations were carried out. Before recording the spectra 

the PMT was given sufficient cooling so that the dark current of the tube is reduced to a minimum 

value. 
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3.7.3 Pre-ampllfier 

Very low intensity light emission from the low efficient phosphors should be amplified 

using a noise free. high gain amplifier. For this purpose a simple low noise drift free 

d.c.amplifier using an integrated circuit was fabricated [11J. The circuit is shown in fig.3.9. In 

this configuration the FET input operational amplifier NE 536 acts as current to voltage 

converter. Since the integrated circuit has a very large input ir1l)9dence (-1 0'4Q)it does not load 

the large resistance At connected in the feed back circuit. The circuit performance is unaffected 

by the resistance Ab used to compensate for the bias current. since the PMT has an output 

impedance greater than 1 O'20hms. The low leakage,lowvalue condenser Ct supresses possible 

oscillations. The AC filter circuit at the output of the amplifier should have a time constant 

appropriate with the type of signal to be detected. The circuit was perfectly wired on an epoxy 

board taking care to see that input terminals of the IC are well isolated to reduce the effect of 

leakage cu rrent. A 7 .5cm x 5cm x5cm. M.S box with BNC for input and output terminals contained 

the entire assembly along with two 9V batteries used as the power supply. This d.c. supply avoids 

all the possible pick-up noises. 

When used with 10 mV strip chart recorder. the system is capable of measuring clearly 

a change in current as low as 2pico amperes. The PMT dark current could be compensated by 

adjusting the off-set AeI (10 turn pot). By using suitable varible resistors A, and A2 the output 

voltage to the chart recorder can be adjusted. 

3.7.4. Recorder 

The amplified output of the PMT is fed to a strip chart recorder (Omniscribe Fisher 

Aecordall series- 5000 model x-t recorder). The sensitivity of this recorder is 0.5mV/cm and has 

six scanning speeds in the range 2.5 cm'min to 25 cm'min. 

In the case of recording the fluorescence emission spectra, the scanning speeds of 

the rnonochromator and the chart recorder are suitably adjusted so that a good resolution 

is obtained. The output of the recorder gives fluorescence emission intensity as a function 

of wavelength whereas for the phosphorescence decay measurements the recorder charts 

the decay intensiity as a function of time. In TL measurements also. the recorder is calibrated 

in such a manner that it charts TL intensities as a function of time. But in this case as the time 

increases the temperature of the sample also increases at a uniform rate which depends on 

the heating rate applied to the sample holder. 

Fig.3.10 shows a photograph of the experimental set up for recording the spectra and 

fig. 3.11 the flow chart of the experimental scheme employed for the present analysis. 

Observations. results and their interpretations are included in the forth coming chapters. 
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Fig 3.10 The photograph showing the experimental set up used for 
recording the spectra 
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CHAPTER IV 



LASER INDUCED FLUORESCENCE FROM 

BaS:RE PHOSPHORS 

4.1. Introduction 

The phosphors, as indicated earlier, owe their practical importance due to their 

property of absorbing incident energy and converting it into visible radiations. The studies on 

absorption and emission spectra of phosphors are helpful in understanding the energy levels 

involved in the process and deductions can be made on the nature of luminescence centres 

In this chapter the results of investigations carried out on N2 laser induced fluorescence 

emission from Barium sulphide phosphor doped with different rare-earth (RE) impurities and 

copper are presented in detail. The analysis and results are explained under three different 

sections. In section A, the details of absorption spectra taken forthe phosphor samples under 

consideration are given. Section B gives an account of spectral features observed in 

fluorescence emission of undoped BaS, BaS:RE, BaS:RE,:RE2 BaS:Cu, BaS:Cu:RE, 

BaS :Cu :RE, :RE2 phosphor systems and their analysis. Here RE stands for rare-earth ions such 

as La3+, Prl+ ,Ndl+ , Sm3+,Gd3+ and Dy3+. Finally, in section C, the energy level splitting observed 

in the cases of BaS :Sm and BaS :Pr phosphors due to crystal field interactions are discussed at 

length. 

The results presented in this chapter pertains to the phosphor systems prepared by 

method 11 as described in the last chapter. Details of the prepared phosphor sets are listed in 

Table 3.2. In these samples the flux- (N~S203) concentration was kept fixed at 2 Mol% by wt 

of BaS. 

SECTION A 

4.2. The Absorption Spectra 

As an initial step for the analysis, the absorption spectra of the phosphor samples 

were taken using a H itachi 3410 model UV -Vis-N I R spectrophotometer. This spectrophotometer 

is of dual beam type which can record absorptionltransmission spectra in the wavelength region 

2600-200 nm. 

The absorption spectra of the solid phosphors were taken as follows. A small quantity 

of the phosphor sample in powder form was added to one or two drop of liquid paraffin to form 

an emulsion. This paste was then uniformly spread over a filter paper cut to the exact size 

of the sample holder of the spectrophotometer. On the same quality of filter paper, the liquid 
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paraffin alone is spread uniformly and this was used as the reference. The absorption spectra 

of all the phosphor samples show considerably intense absorption in the UV region; while there 

is comparatively very low absorption in visible range. There is no variation in the region of 

absorption in the case of undoped and doped phosphors. However, there is some variation in 

absorption intensity depending upon the concentrations of the dopant as seen in 

fig.4.1 (A) to (D), which show, the absorption spectra charted in UV region for Bo (undoped 

BaS),BaS:RE, BaS:RE, :RE2, BaS:Cu phosphor systems. The region of absorption gives an idea 

about the excitation wavelength which will give fluorescence emission in the visible region. Also 

the variation in intensities of absorption give a measure ofthe intensity of fluorescence output too. 

So these spectra revealed that excitation in UV region starting from 365 nm will give emission 

in the visible range depending upon the levels which are excited. 

SECTION B 

4.3. N2 Laser Induced Fluorescence 

As is well known, IIA -VIA compounds become efficient phosphors when activated 

with rare-earth metal ions. Since the band gap of alkaline earth sulphides (AES) are 

comparatively large, the excited states of the activator are not densely distributed between 

valence and conduction bands. Also these host materials provide different environment around 

the impurity ions. In orderto understand the role of rare-earth impurity ions and their relationship 

with the host lattice, we have studied BaS phosphor doped with different rare-earth ions. 

Moreover, the simultaneous incorporation of specific metallic impurities along with the rare

earth ions in these type of phosphors are gained considerable practical importance 

recently [1]. Sowe studied the effect of Cu· and RE3+ impurities in BaS, in different combinations 

too. 

Using a pulsed nitrogen laser system (output wavelength 337.1 nm), fluorescence 

emission spectra were recoded for a system of phosphors viz., BaS, BaS:RE, BaS:RE, :RE2, 

BaS:Cu, BaS:Cu:RE, BaS:Cu:RE,:RE2 etc. at room temperature (28°C). The details of 

experimental set up are given in chapter Ill. 

4.3.1. Spectral Features and Analysis 

(a) Self activated BaS 

In the preparation of phosphors, even though the fluxes are very essential for proper 

crystallization, the high concentration causes the quenching of host lattice emission [2]. With 

this view in mind, we prepared BaS phosphors with different concentrations of flux-(N~ S2 03)

ranging from 2 Mol% by wt of BaS to 30 Mol% by wt of BaS. The emission spectra of these 
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Fig. 4.1 (8) Absorption spectrum of undoped SaS phosphor 
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Fig. 4.1 Cb) Absorption spectra of BaS:La phosphors 

2~--------------------------------------~ 

(8) 

O~------~--------~------~--------~----J 
200 2SO 350 

Wavelength (nm) 
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Fig. 4.1 (b) Absorption spectra of BaS:Nd phosphors 
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Fig. 4.1 (b) Absorption spectra of BaS:Sm phosphors 
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Fig. 4.1 (b) Absorption spectra of BaS:Gd phosphors 
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Fig. 4.1 (c) Absorption spectra of BaS:Sm:Pr phosphors 
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Fig. 4.1 (c) Absorption spectra of BaS:Sm:Gd phosphors 
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Fig. 4.1 (c) Absorption spectra of BaS:Pr:Gd phosphors 
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Fig. 4.1 (c) Absorption spectra of 8aS:Nd:Pr phosphors 
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Fig. 4.1 (c) Absorption spectra of 8aS:Nd:Sm phosphors 
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Fig. 4.1 (d) Absorption spectra of BaS:Cu phosphor 
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samples are in general found to be broad in nature w~h two bands in the 450-540 nm and 

560-650 nm regions (fig.4.2) Depending on the concentration of flux, the intensites of these 

bands are found to vary. As the flux concentration increases,the band in blue-green region 

becomes more and more intensified with peak pos~ion at -450 nm, while the other band has 

no such dependence on the concentration of flux. For the flux concentration at 2 Mol% by wt of 

BaS, both bands show a moderate intens~y of emission. So we used this concentration of the 

flux, when the phosphors were doped w~h copper and different rare-earth impur~ies. 

Exc~ation w~h N21aseroutput of 337.1 nm is effective in causing band to band transitions 

in BaS. Electrons and holes which are generated in this process will migrate through the lattice 

and will get trapped by the host lattice vacancies from where the fluorescence emission by 

radiative transitions resu Its. The broad natu re ofthe emission bands is due to the lattice vibrations 

which assist rapid depopulation of the energy states in subsequent radiative trans~ions. The 

increase in emission intensity of the band in blue green region w~h increase in flux concentration 

suggests that this band is due to the host lattice vacancies created due to the add~ion of flux. 

The flux in the form of sodium thiosu Iphate in BaS is effective in creating more and more V s.2+ 

levels. -So the blu e band peaking at 450 nm region can be attributed to recombination of the holes 

trapped at V s.2+ levels w~h electrons from the conduction band. The other possible vacancy s~es 

in the band gap region of BaS are due to sulphur vacancy pos~ions (V 52.) or the complex levels 

like V s.2+ + V.2. arising due to S2. in the vicin~y of a cation vacancies and Ba2+ in the vicin~y 

of anion vacancies. Electrons and holes trapped in these levels and their recombination 

can be attributed to the emission observed in 560-650 nm region. 

(b) Rare-earth doped BaS phosphors. 

When rare-earth (RE) dopants are added individually, i.e .• in the case of BaS:RE 

phosphor systems. the fluorescence emission characteristics of BaS was found to be modified. 

Fig. 4.3(A) to (F) show the fluorescence emission spectra of BaS:R E phosphor systems studied. 

All the RE doped phosphors show an overall increase in emission intens~y. The characteristic 

emissions of REl+ ions were found to be superposed over the broad emission bands of BaS. 

In the cases of BaS:Sm and BaS:Pr phosphors the well resolved emission lines characteristic of 

Srn3+ and Prl+ are seen unlike in the other cases of BaS:RE systems. The emission intens~y of 

450-540 nm band gets more enhanced in BaS:La. BaS:Nd. BaS:Gd. and BaS:Dy phosphor 

systems in comparison w~h BaS:Pr and BaS:Sm phosphors. Fig.4.4 shows the variation in peak 

intensity ratio of 560-650nm band to 450-540 nm band for various R El+ concentrations of BaS: R E 

systems. In the case of BaS:Dy phosphor. at high conentrations of the dopant. there is a 

pronounced increase in the intens~ for 560-650 nm band with complete suppression of the 

450-540 nm band. 

It is seen that the concentration of the dopants has a considerable effect on the emission 
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intensity as well as on the nature of emission bands. The concentration of dopants in each type 

of BaS:RE was varied in the range of 0.0005 Mol% to 5 Mol% by wt of BaS. In each type of the 

phosphor systems studied, the total intensity of emission becomes maximum for an optimum 

concentration of the dopant and then decreases with further increase in concentration. This 

is due to the well established phenomenon of concentration quenching [3]. Fig.4.5 gives a clear 

picture of the variations in total intensities of emission in each type of the BaS:RE phosphor 

systems with respect to the concentration of the dopants. In the figure the base (X-axis) 

represents the rare-earth dopants in the order of increase of ionic radii, Y-axis represents total 

intensity of emission (in arbitrary units are given at the top of each bar diagram) while the 

Z-axis represents the sample number denoting dopant concentration in Mol% by wt of 

BaS. In all cases, the fluorescence emission intensity was found to decrease drastically 

when concentration of the dopant reaches above 3 Mol% by wt of BaS. Also no perceptible 

change in peak positions of the bands with change in concentration was detected in the spectra. 

The optimum concentration of the dopant which gives the maxirrum intensity of 

emission varies in each type of the phosphor. At very low concentrations of the dopant, the 

overall efficiency of luminescence is less due to the less number of active centres. As the 

concentration goes on increasing the efficiency of luminescence also increases due to the fact 

that RE3- acts as a sensitizer which aids the formation of defects in the lattice. Again the 

decrease in luminescence yield beyond a certain concentration is attributed to the cluster 

formation of doped impurities and increase in non-radiative processes. As mentioned before, 

BaS with 3.8 eV band gap undergoes a direct band-to-band transition under N21aser excitation. 

Electrons and holes generated in this process will migrate through BaS lattice and will be trapped 

by RE3- ions followed by radiative recombination between electrons and holes giving rise 

to fluorescence emission. The band in the 450-540 nm region was found to increase in intensity 

irrespective of the type of RE3+ dopant. Hence it can be attributed to some host lattice vacancy 

created during the incorporation of the activator in accordance with the charge compensation 

theory of Kroger and Hellingman [4]. When RE3+ enter into BaS lattice by replacing Ba2+, the 

necessary charge cor1l>ensation is attained by cation vacancies (Vaa2+). The vacancies formed 

due to the preparation of the phosphor may remain either isolated or randomly distributed or 

form complexes depending upon the concentration of R E3+ incorporated in the material. Hence 

the R E3+ impurities and the associated defects create localized levels in the forbidden gap of the 

host lattice which act as electron / hole centres as well as recombination centres. The 

concentration of such trapped electron/hole centres depend on the concentration of the RE3+ 

incorporated. Moreover, in the case of BaS:RE phosphors the open d-orbitals of rare-earth metal 

impurity will approximately get mixed up with the conduction band, since for BaS, the conduction 

band has got a dominant character of d-orbital [5]. Similarly 4f orbitals of RE3+ will get hybridized 

with valence band. Hence one can anticipate an efficient energy transfer taking place between 

RE3+ ions and host lattice. This mechanism is responsible for the increased effICiency of 

fluorescence emission in BaS:RE phosphors. Again another feature noticed is that, of all the 
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dopants studied, in the case of Gd3+ the blue-green emission intensity is enhanced to the 

maximum extent as seen in fig. 4.6. This means that Gd3+ incorporates more VBi+ sites in BaS 

lattice as compared to other dopants. 

S2. in the vicinity of the cation vacancy and Ba2+ in the vicinity of an anion vacancy site 

may form complexes like V Ba2+ + V.2., giving rise to additional localized levels in the forbidden 

gapof BaS lattice. The recombination of the holes trapped in these levels with electrons trapped 

in V 8 2-vacancy levels causes the emission of 560-650 nm band in the case of undoped BaS, as 

reported earlier. 

Depending on the ionic radius of RE3+, incorporation of RE3+ in BaS lattice favours the 

creation of S2. vacancies, when goes into an interstitial site. Ionic radii of RE3+ varies from 

1.061 AD to 0.908 AD[6). For example Oy3+ has ionic radius of 0.908 AD which is less compared 

to interstitial radius (0.93 AD) of BaS lattice [7). Hence Oy3+ can go into an interstitial site, 

thereby, creating more of V.2- levels. This is the reason that. at high concentrations of Oy3+ there 

is a prominent increase in emission intensity for 560-650 nm band in BaS:Oy phosphor 

(fig. 4.3 (F)-B04 and BOs)' It is also reported that Oy3+ ion in AES has got characteristic emissions 

in the regions 470-500 nm and 550-590 nm, with more intensity of emission for 550-590 nm band 

duet0 4GW2 ----> 6H'312 transitions [8). So the enhanced intensity of yellow-red emission in BaS:Oy 

phosphor at high concentrations can be attributed to the overlapping of 550-590 nm emission too. 

The cation and anion radii in BaS have got values as 1_35 Ao and 1 .82 Ao 

respectively [9). So an RE3+ ion which has an ionic radius much less compared to this, (ie. for 

doped RE3+, the ionic radii values lie in between 1.061 Ao and 0.908 Ao ) when it enters a BaS 

lattice, occupies substitutional site of Ba2+. This causes the creation of more V 8&2+ levels 

causing the increased emission intensity of 450-540 nm band as observed in BaS:RE 

phosphors irrespective of the type of RE3+. But the chances of an RE3+ ion occupying an S2-

vacancy site cannot be completely ruled out, even though it is not a stable position for a positive 

ion. This assumption iS,however, supported by the observation of an analogous defect centre 

formation in alkali halide crystals where the interstitial halogen atoms have been found to be 

trapped by cation vacancies [10). Moreover,the high ionicity and the observed violation of 

charge compensation principles in AES are the factors that give further support to this 

assumption [11). 

In the case of BaS:Sm and BaS:Pr phosphor systems, well resolved characteristic 

emission lines are found to superpose over the self-activated emission bands of BaS 

(fig. 4.3. (B)&(O)). Here the emission lines are explained as purely due to 4f<->5d transitions 

of RE3+ ion. However, the energy level positions of these ions get modified due to crystal field 

interaction, which causes stark splitting as well as shifting of ion energy level positions. 
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The three groups of lines obtained in BaS:Sm phosphor are attributed to the transitions 

from 4G~ to various lower levels viz., 8H~, 8H
7I2

, 8Ha'2. The emission lines observed in BaS:Pr 

phosphor are attributed to the transitions 3p ,-->3ti5, 3p o-->3H4 and ' D2--> 3H4 of Pr3+ 

ion [12]. Details of the spectral analysis based on the crystal field splitting of the energy levels 

are discussed in ~Section C~ of this chapter. 

To get a clear picture about the energy transfer mechanisms and the dependence 

of emission on the concentrations of the dopant, the spectra of doubly doped phosphors were 

also taken. Fig. 4.7(A) to (G) showthe emission characteristics of BaS:RE,:RE2 systems studied. 

In all the cases of doubly doped phosphors, when doped heavily and equally (1 Mol% by wt of 

BaS) the overall intensity of emission is less with complete suppression of 450-540 nm band 

while the second band at 560-650 nm region has got certain amount of intensity. This shows 

the effective energy transfer between host lattice centres and RE3+ luminescence centres. In 

the case of BaS:Pr:Sm phosphor, depending on the concentrations of the dopant, the 

characteristic emission becomes prominent. When Pr3+ concentration goes below Sm3+ concen

tration, the characteristic emission of Srn3+ appear with increased intensity. When Sm3+ 

concentration goes below Pr3+ concentration, the emission lines of Pr3+ are seen with increased 

intensity. Since the characteristic emission lines of Pr3+ and Sm3+ are found to be more or less 

in the same region,depending upon the concentrations of the dopant, there is an overlapping of 

both the emission lines as seen in fig. 4.7 (A) & (B). It is evident that the characteristic emission 

of RE3+ has got a sensitive dependence on the concentration of the dopant. In BaS:Sm:Gd 

and BaS:Pr:Gd samples, where the concentration of Sm3+ and Pr3+ were fixed at 1 Mol% by wt, 

and that of GcP+ varied,it was observed that at a particular concentration of Gd3+ the band in 

450-540 nm also appear (eventhough with less intensity) along with the characteristic 

Pr3+ISm3+ emission (fig. 4.7 (c) & (D)). Similarly in BaS:Pr:Nd and BaS:Sm:Nd phosphors, 

where the concentrations of Nd3+ was varied, depending on the concentration of NcP+ along 

with Pr3+ISrn3+ characteristic emissions. 450-540 nm band was also seen (fig. 4.7 (E) & (F). 

A comparison between the intensities of band in doubly doped phosphor systems shows that 

only Dy3+ combination (ie. BaS:Sm:Dy, Bas:Nd: Dy) have marked intensity of emission in 

560-650 nm region (fig. 4.7 (G) ). This again confirms the fact that Dy3+ easily occupies the 

interstitial sites in BaS and hence increases the V 2_levels. In short the relative intensities of 
5 ~ 

emission of the two bands are influenced markedly by energy transfer between RE3+ 

luminescence centres. 

(C) Copper doped BaS phosphors. 

Copper activated AES are normally efficient phosphors in which quantum efficiencies of 

luminescence of 50% or more can be achieved [13]. In order to incorporate copper in the 

monovalent form (Cu+) in BaS lattice, CuCI was added in the preparation of BaS:Cu phosphors. 

Due to the high instability of Cu+. there are chances of Cu2+ ions too, entering the lattice. 
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But the high temperature employed for the preparation of the phosphor completely rules out 

the formation of Cu2• centres in BaS, since above 900°C the thermal decomposition of cupric 

compounds to cuprous is more appreciable [14]. Also since copper is added in CuCI form, the 

presence of Cl" centres in BaS causes the conversion of Cu2• if any, to Cu· form. Fig.4.8 

show the fluorescence emission spectra of BaS:Cu phosphors. In these spectra the emission 

efficiency of 560-650 nm region was found to get enhanced with complete suppression of 

450-540 nm band. 

Cu· (ionic radius less than 0.93AO) in BaS goes into the la"ice either substitution

ally or interstitially. The effect of Cu· in substitutional site is to create more and more S2. 

vacancies (V 52.). The enhanced intensity of emission in yellow region can be accounted due 

to this fact. As Cu· enters in BaS la"ice, there is considerable reduction in cation vacancy 

levels (Vs.l.) which led to the complete suppression of the 450-540 nm band in the emission 

spectra of BaS:Cu phosphors. A close examination of BaS:Cu fluorescence spectrum shows 

certain emission peaks at 560.8nm, 610.4 nm and 640.9 nm. etc. superposed over 

550-650 nm region. Introduction of Cu· in cubic crystal field of BaS causes the perturbation of 

Oh symmetry of BaS and hence the free electronic states of Cu· get modified due to strak splitting. 

This gives rise to certain localized levels within the forbidden gap of BaS. The emission lines 

seen in BaS:Cu phosphor can be assigned due to the transitions within Cu· energy levels itself 

or from V 52. levels to these Cu+ energy levels. The probable energy level scheme suggested 

to explain these emission lines is given in fig.4.9. The highly intense peak at 575 nm region 

can be either from 3T 2g (3D) of Cu· to V Ba2. + V 52. complex level or from V s2- levels to 1A1lS) 

ground state of Cu·, with more probability for the la"er. The emission line at 640.9 nm may 

be due to the recombination of the holes trapped at Cu· ground state CA1;) and the electrons 

trapped at the localized Cl' centres in BaS. In explaining the electroluminescence spectra of 

ZnS:Cu, Pillai and Vallabhan [15] also reported an emission at 640nm as due to recombination 

of CI- and Cu· centres. 

d) Rare- earth and Copper doped 8aS Phosphors 

In BaS, when Cu· is incorpoated as the activator, charge compensation criteria require 

the simultaneous incorporation of a donor impurity- a trivalent ion- a co-activator [16]. In 

order to find the nature of luminescence centres responsible for emission, the fluorescence 

spectra of BaS:Cu:RE and BaS:Cu:RE1 :RE2 phosphor systems were also taken (where RE 

stands for rare-earth such as PF, Nd3+, Sm3+, Gd3+ etc). In these phosphor systems the Cu 

concentration was kept constant at 0.5 Mol%by wt of BaS, while the concentrations of RE3+ 

impurities were varied in the range of 1 Mol% by wt to 0.05 Mol% by wt of BaS. These studies 

revealed two main interesting features viz., sensitized luminescence and energy transfer from 

RE3+ to Cu· centres. The influence of Cu· on the emission spectra of BaS:RE system is in 

fig.4.10. There is an enhanced emission intensity in the yellow region peaking at 575 nm with 
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complete disapperance of REl. characteristic lines. This is due to the resonant energy transfer 

from REl. centres to Cu· centres because of the close matching of energy levels of both the 

centres in BaS. Along with REl. co-activators, Cu· in BaS, yield high value of quantum 

efficiency. In the case of mixed RE doped BaS phosphors (ie. in BaS:RE, :RE2 systems) which 

show very broad emission bands with less intensity, the incorporation of Cu· (ie in 

BaS:Cu:RE, :RE2) enhances the fluorescence efficiency as shown in fig.4.11. This is due to the 

sensitization effect of Cu· centres in BaS. When corll'ared to BaS:Cu:RE, BaS:Cu:RE,:RE2 

show a broadening of emission band in the red region with more predominance to 640 nm 

emission. This again confirms that the emission at 640 nm arises due to Cl· and Cu· centres 

recombination. In BaS:Cu:RE, :RE2, the more is the formation of Cl· centres in BaS lattice, since 

we are adding REl. also in the form of RECI
3

. 

In short Cu· along with R El. in BaS acts as an efficient phosphor giving intense emission 

in yellow red region due to the sensitization effect of Cu· centres by R El.. 

SECTION C 

4.4. F\uorescence 0' BaS:Sm And BaS:Pr Phosphors - F\ne structure ana\ys\s 

As stated in the last section the lIuorescence emission spectra 01 BaS;Pr and BaS:Sm 

show well resolved emission lines purely characteristic of Sml./Prl+ ion energy levels. The 

observed proportionate increase in intensities of these emission lines with increase in dopant 

concentration also clearly indicates that these emission originate essentially from the 

transitions occuring in Sml./Prl+ ions. 

{a) BaS:Sm phosphor 

The lIuorescence emission 01 BaS:Sm phosphors revealed there groups (A, Band 

C in fig. 4.12) of well separated bands superposed over the broad emission band 560-650 nm 

of BaS phosphor. The four lines seen in group A at 560nm, six lines in group B at 600 nm and 

another six lines in group C at 650 nm regions can be attributed to Sml. transition from 4G512 

to various lower levels viz, 6H!.'2' 6H712 and 6H~ (fig. 4.13). Fine structure revealed in these bands 

are due to the crystal field interaction on free-ion energy levels of Sml.. Since BaS has got simple 

f.c.c. structure Ba2• site will experience a cubic crystal field with an octahedral co-ordination. The 

free-ion energy levels of Sml. ions in Ba2• site will split into sub-levels due to crystal field effect. 

Analysis of crystal field spllitting can be made by the method used 

by Zhong and Bryant [17] and Pillai and Vallabhan [8]. Within a manifold of angular momenta 

J of 4fn electron configuration, the general operator equivalent potential with cubic symmetry can 

be written as [18] 
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H = 4.(1 ) 

where ami are the usual spherical harmonic functions, using the modified notation, 

H = W 

0 4 

1 t 

Os 

x ------------ + (1 - x -----------

F(4) F(6) 

4.(2) 

Where ° - 00 - 21 Q4 6 - 6 6 4.(3a) 

and F(4) and F(6) are defined through 

B4 F(4) = Wx B6 F(6) = 1 -I x 1 4.(3b) 

with -1 < x < 1 and W the scale factor. 

The pattern of crystal field splitting is determined by B4 and B6 which are given by 

4.(4) 

where <r4> and <re> are the mean fourth and sixth powers of radii of 4f electrons of Sm3+ ion 

and ~ and 'Y are the Stevens multiplicative constants [19]. A4 and A6 the geometrical 

co-ordination factors and are given by point charge crystal field model (given in chapter 1, 

Table 1.1). Freeman and Watson [20] gave the values of < r4 > and < re> for Sm3+ ion as 

1.897aH
4 and 8.n5aH

6 respectively ( chapter 1, Table 1.2) 

Free-ion terms with J= 512 will split into two sub-levels viz. f8 and f7 in octahedral 

crystal field. The four lines observed in group A is due t04G~ --> 6H~transitions of Sm3+ ion can 

therefore be explained by taking into consideration the doublet structure of upper and lower 

levels with separation as 114 cm " and 274 cm" respectively, The six lines observed in group 

B are the tmnsitions due to radiative de-excitation of 4G~ --> sH712 between the two sub-levels 

of 4G~ ( f8 and f, ) and the three sub-levels of sH712 ( fs. f8 and f7 ) having multiplet 

seperation 74 cm" and 177 cm", Similarly the six lines observed in group C can be attributed to 

the transition 4G~ --> 6HQ'2 where 6HQ'2 split into three sub-levels viz, f6' f 8(8) , f/) with 

multiplet separation as 75 cm" and 231 cm". The multiplet structures of observed energy levels 

assigned for Sm3+ in BaS are shown in fig. 4,13. These lines are then compared with the 

splitting pattern for J = 7/2 and J = 9/2 terms, best fitted for the values of x = 0.955 and the scale 

factor W = 8.447 cm', for 4G~ --> 6H712 transitions and W = 11.84 cm" for 4G~ --> 6HQ'2 

124 



transitions. In fig. 4.14 (a) and (b) the broken lines corresponds to this position. The term 

values and observed and calculated values of the assigned transitions are given in Table 4.1. 

Table 4.1 

Transitions Involved corresponding to the fine structure spectrum of Sm3+ 

In BaS lattice. 

Group Transitions Wave length Wave number 

Upper Lower ( nm) ju cm·') 

State State Observed Calculated 

A re -----7 r7 554.9 18021 18021 

re -----7 re 563.3 17752 17747 

4G!w"2 ----> 6H!w"2 r7 -----7 r7 558.3 17911 17907 

r7 -----7 re 567.1 17633 17633 

re -----7 r7 592.7 16866 16866 

re -----7 re 599.2 16888 16869 

4G!w"2 ----> 6H712 re -----7 r6 601.9 16614 16615 

r7 -----7 r7 597.0 16750 16752 

r7 -----7 re 603.0 16583 16575 

r7 -----7 r6 606.0 16501 16501 

re -----7 re(1) 641.8 15581 15581 

r -----7 r (2) e e 651.5 15349 15350 
4G ____ > 6H 

!w"2 ~ re -----7 r6 654.7 15274 15275 

r -----7 r (1) 7 8 646.8 15469 15467 

r -----7 r (2) 656.2 15239 15236 7 e 
i 

r7 -----7 r6 659.5 I 15163 15161 
I 

I i 
I 

Calculations using the measured values of x and W gave the relevant crystal field parameters as: 

B4 =0.1346 B6 =3.016 x 10-4; 

and 

A4 < r' > = 53.74 cm- 1 for J = 7/2 term 

and 

B4 = 0.188453 

and 

A4 < r' > = 75.345 cm1 for J = 9/2 term, respectively 
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Fig. 4.14 
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60 

Splitting patterns of (a) 6H 712 and (b) 6H 912 manifold of Sm3+ ion 
in 8aS lattice. E is in cm-'; x is a dimensionless parameter 
defined in text, the broken lines indicate the values of x used 
to evaluate scale factor W (in Cm-') required for experimental 
determination of crystal field parameters. 

126 



In conclusion..we have analysed the fine structure of Sm3+ in SaS lattice by laser induced 

fluorescence. The splitting patterns obtained for Sm3+ energy levels in SaS lattice show the 

activator ions (Sm3+) occupies Sa2
+ substitutional sites. Calculated values of the crystal 

field parameters using the experimental data support this fact. 

(b) BaS:Pr phosphor 

The SaS:Pr fluorescence emission spectrum also shows some well resolved lines 

superposed over the broad emission band of SaS(fig.4.15). In order to identify the lattice site 

of luminescence centre and the crystal field splitting pattem of energy levels involved in the 

emission, a detailed analysis ofthe spectrum was carried out, as in the case of SaS :Sm phosphor. 

The observed emission lines can be attributed to 3p, ---> 3Hs ' 3p 6 ---> 3H. and ' P 2 ---> 3H. 

transitions of Pr 3+ ion. The energy level scheme which explains the observed transitions assigned 

to various sub-levels of Pr3+ ion in SaS lattice are given in fig.4.16 and in table 4.2. The occu rrence 

of sub-levels is due to the splitting of free-ion terms of Prl+ ion under the influence of the crystal 

field. 

Table 4.2 

Transitions Involved corresponding to various sub-levels of 

Pr3+ ions in BaS lattice. 

Group Transitions Wave length Wave number 

Upper Lower ( nm) (u cm-') 

State State Observed Calculated 

t 

3p, ____ > 3H. 3p, ----7 3H. (r,) 473.9 21101 21100 

3p ----7 3H 
o • (r,) 485.6 20593 21600 

3p ____ > 3H 
o • 

I 3p ----73H (r3) I 515.1 19410 19409 o • 
I 

I 
3p ____ > 3H 3p ----7 3H 536.4 18642 I 18600 o s o s I 

'0 ---7 3H 2 • (r,) 595.9 16781 16780 

'0 ---7 3H 
2 • (rs) 609.1 16415 16415 

3p, ____ > 3H. 

'0 ---7 3H 
2 • (r.) 622.0 16076 16076 

'0 ---7 3H 
2 • (r3) 641.1 15590 15589 
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Analysis was carried out by taking the ground state splitting alone into the consideration; 

the sub-levels being designated as r, . r5 • r. and r3. The exact f~ of the energy level separation 

for the observed trans~ions occur at the values of x '" 0.224 and the scale factor W = 12.80 

cm' for the spl~ting pattern of J '" 4 term. In the fig.4.17. the broken line corresponds to this 

position. The value of the crystal field parameters calculated using the above measured values 

of x and W obtained. are as follows: 

= 4.78 X 10.2 

A. < ~ > = -65.06 cm' 

and 

As < ~> = 9.345 cm' 

Bs = 5.7 x 10" 

In short. the present studies reveal an energy transfer between host lattice and Sm3+/ 

Pr3+ centres. Sm3+/Pr3+ easily occupies the subst~utional s~e of Ba2
+ giving ~s characteristic 

emission lines superposed over the host-lattice emission. 
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CHAPTER V 



FLUORESCENCE AND THERMOLUMINESCENCE STUDIES USING 
ULTRA-VIOLET LAMP EXCITATION 

In this chapter fluorescence and thermoluminescence studies made on copper and 

cerium doped Barium sulphide phosphor by exciting with 365 nm line from a UV lamp. are 

presented. 

5.1. Fluorescence Emission Studies 

Different sets of BaS:Ce. BaS:Cu. BaS:Ce:Cu phosphor samples were prepared 

following the methocl1 [1] described in chapter Ill. Details of the samples are given in table 3.1. 

In all the phosphor samples prepared in this method the flux (N~SP3) concentrations was 

kept at 25% by wf of BaSO, which was found to give a maximum fluorescence efficiency. The 

fluorescence spectra of the phosphor samples were charted at room temperature (28°C) using 

the experimental set up described in chapter Ill. All the emission spectra were scanned in the 

visible region from 400 nm to 700 nm. 

5.1.1. Spectral Features 

The self-activated spectrum of BaS shows emission bands in blue and yellow-red 

regions with maxima at 450 nm, 585 nm and 613.4 nm respectively (fig. 5.1). In the emission 

spectra 01 BaS:Cu phospoors. the band \n the b\ue reg\on ~as 10und to be comp\ete\~ 

suppressed while the other bands became more intense. It can be seen that as the copper 

concentration increases the bands at 585 nm and 613.4 nm regions merge together to give a 

single band starting from 550 nm to 660 nm with peak position at - 600nm (fig. 5.2). Another 

important 1eature to be noticed \n the spectra \s that,at higher concentrations 01 the dopant,a ~e\\ 

defined shoulder appears at 560nm region. When the copper concentration reaches above 

3.303% by wt., the intensity of emission was found to decrease as due to usual concentration 

quenching phenomena [2). 

Cerium doped BaS phosphors do not show any characteristic emission lines 

of cerium in the fluorescence spectra. As the concentration of cerium increases.bands in 

both the regions gain in intensity along with a broadening ofthe band in the red region (fig. 5.3). 

In this case also,tne concentration quenching effect is observed. For doubly doped phosphor 

systems (BaS:Cu:Ce). the quantum efficiencies of fluorescence emission was found to be 

comparatively high. Here the blue band as well as red band show considerable increase in 

intensity with more predominance to red band. peaking at 600 nm (fig. 5.4). 
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5.1.2. Emission Model 

The band gap of BaS was found to be - 3.8 eV [3], and UV radiation of 365 nm does 

not have sufficient energy to cause a band to band transition in BaS. So we expect a vacancy 

level near the valence band (level A, in fig.5.5(a) } causing the excitation of electrons to the 

conduction band. The flux in the form of sodium thiosulphate will create more cation vacancies 

in the lattice. The recombination of localized holes inthese cation vacancy levels with electrons 

in the conduction band causes the emission of 450 nm band. The increase in intensity of this 

emission in the case of BaS:Ce phosphors also support this assumption. The addition of 

cerium which goes as a trivalent cation in BaS lattice increase V Ba2. levels so as to have charge 

compensation. Hence the effect of Ce3+ is to sensitize the blue emission. Eventhough no 

characteristic emission lines of cerium are seen, the overall efficiency of fluorescence emission 

increases and a broadening of the band in yellow-red region is also observed in BaS:Ce emission 

spectra. This is because of an energy transfer between luminescence centres in the host lattice 

due to presence of Ce3+ sites. The band observed at 613.4 nm in self activated BaS, can be 

attributed to the annihilation of localized electrons in the vicinity of anion vacancy and holes trapped 

at the level A. The difference between these two band energies give the location of anion and 

cation vacancy levels in the forbidden gap. S2. in the vicinity of cation vacancy, and Ba2• in the 

vicinity of anion vacancy, will form a complex VBa2. + VS2' giving rise to an additional level in the 

forbidden gap, the position of which is very neartothe valence band. The recombination of holes 
trapped in this level with electrons trapped in V.2.level will give the band at 585 nm (fig. 5.5). 

Cu· in BaS can occupy as substitution ally or interstitially. Effect of Cu· in the 

lattice reduce the population of cation vacancy sites. This causes the disappeare nce ot the blue 

band as Cu· is introduced in BaS lattice. The intensified emission seen in BaS:Cu spectra 

are explained by taking into consideration, the splitting of Cu· energy levels due to BaS crystal 

field [4]. The intense red emission peaked at 600 nm is due to the transition 

3Eg (3P) > 'A,g CS) and the shoulder band seen at 560 nm can be attributed to 

3T 2g (30}-->' A,g CS) of Cu· energy levels in the forbidden gap of BaS (fig.5.5(b). Actually 

the effect of Cu· in BaS is to activate the red emission. Also it is found that the spectral intensity 

depends very much on the concentration of dopants. 

In short)he spectra obtained show a clear evidence for the effect of Cu· and Ce3+ on BaS 

lattice. Cu· is found to be a more effective sensitizer of host lattice centre as compared to Ce3+. 

The spectra show that the effect of doping increases the fluorescence efficiency of the 

phosphor. The high quantum yield of fluorescence emission observed in the case of doubly 

doped phosphor system give the conclusion that Cu· in BaS acts as a good activator, whereas 

Ce3+ as a good co-activator. 
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(a) 3.37eV 

V Ba 2+ ~---.I

A-~----;...L 

2.11~ 

Fig 5.5 Emission models for (a) self-activated emission of 8aS 

(b) copper emission centres in 8aS 
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5.2. Thennolumlnescence(TL) Studies 

To have a clear understanding about the mechanism involved in lu minescence process, 

the thermolu minescence (TL) spectra ofthe samples were also studied. For TL measurements, 

sample pellets were placed in a specially designed sample holder having provisions for heating 

the sample at a uniform rate. This purpose is served by keeping a small heater coil inside the 

copper sample holder which is in aood contact with the sample. Temperature of the sample can 

be readily read by means of a copper-constantan thermocouple which is kept in contact with 

the sample holder. In TL study, after excitation to a saturation level, samples were left to decay 

for about 5 min, and then were heated at a uniform rate. During this time the TL emission intensity 

was recorded with the help of PMT and chart recorder (details of experimental arrangement 

are already given chapter Ill). TL spectra of the phosphor samples were recorded above room 

temperature at two different linear heating rates 0.15° K/sec and 0.1 oK/sec. Fig 5.6 and fig 5.7 

show the TL spectra recorded for some of the phosphor samples studied. 

No considerable TL emission was seen in the case of pure BaS phosphor; while singly 

doped phosphors showed a weak TL output. In case of BaS:Ce:Cu phosphors, appreciable TL 

emission was obtained. The glow curves show only one peak with maximum intensity of 

emission around 350° K (fig.5.7). It is seen that the presence of Cu enhances the TL output of 

BaS:Ce phosphors. The intensity of glow was found to be maximum for the dopant 

concentrations 0.702% by wt. of BaS for cerium and 0.11% by wt. of BaS for copper. At high 

concentrations of Cu in BaS:Ce the TL efficiency was tound to decrease. This is due to the 

fact that characteristic emission of Cu+ reduces the role of vacancies in luminescence emission, 

while cerium enhances vacancy population. The intense TL emission observed for BaS:Ce:Cu 

phosphors suggest that the emission is controlled by these impurities. The lattice 

imperfections associated with the two kinds of impurities viz., Cu+ and Cel. are basically 

different in nature. The possible centres/sites for trapping the electrons liberated during 

irradiation are [CesJ + and anion vacancies [Vsf+ and complexes like [V S - CUBa]+ and for holes, 

[CuBa- V sJ2. and [V Ba - CesJ' responsible forthe TL glow peak. So the simultaneous incorporation 

of Cu and Ce will populate deeper traps more efficiently. The enhancement of the glow peak 

intensity in the beginning is due to the increase in the number of luminescent centres and traps 

with increase in activator concentration. The decrease in intensity of glow with increase of 

activator concentration was due to large number of levels produced which might give radiationless 

transitions. The decrease in glow peak intensity on further increase of concentrations of the 

activator may be due to concentration quenching [5,6]. It was also observed that the area under 

the TL curve first increases and then decreases with increase in activator concentration. This 

indicates the increase in number of traps with concentration in the beginning as the area under 

TL curve is proportional to the number of traps [7]. The decrease in area at higher concentration 

may be due to the concentration quenching rather than the decrease in number of traps. The 

single peak observed in cases of all the samples studied indicates that the probability for only 
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120 

0~~~-7~~~~~~~~S=~~ o 120 240 360 480 600 720 840 

Time (seconds) 

Fig 5.6 TL glow curves of BaS:Ce:Cu phosphors for heating rate (~) 
O.15°/sec. 
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120 

O~O--~~--~~--~----~--~----~--~===J 
120 240 360 480 600 720 840 

Time (seconds) 

Fig 5.7 TL glow curve of BaS:Ce: Cu phosphors for heating rate (P) 

O.1°/sec 
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one trapping level under the present experimental conditions. The traps get emptied as the 

temperature rises; the shallow ones first and at each temperature T those with life times of 

a fraction of a second or so are responsible for the observed increase in intensity of the glow 

curve. The thermoluminescence intensity increases and reaches a maximum for the tempera

ture T m and then decreases to zero at higher temperature as the traps are emptied. The 

activation energy 'E' for the electron to escape from the trap and the escape frequency factor 

'S' are calculated from the TL glow rurves using different methods viz., 

1) Urbach method [8] given by 

E K T m/500 which give the right order of values for E. 

2) Curie method [9] as 

E = T m (OK) • To(~/S) 

K (~/S) 

where To and K, the Curie parameters (give in Table 1.4) 

3) Grosswiener's method [10]. the equation for 1 st order kinetics is 

E = 1.51 KT m T, 

Tm· T, 

where T,· the half intensity bandwidth temperature towards the rise in temperature of the 

glow peak. 

4) Louchtchik's [11] method 

E = K T m21 (T 2· T m) for first order kinetcis 

5) Chen's method [121 

E = 2.29 KT m2 1 Cl) where Cl). band width (T2 • T,) 

6) Randall and Wilkins method [131 

E=KTmIogS 

7) Booth, Bohun, and l=looganstraafen's method [14] 

KT m' T m2 

T m' . T m2 

where ~, and ~1 are the two heating rates and T ml and T m2 the corresponding 

tempereature maxima. 
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And for escape frequency factor, '8' 

a) Chen's method [12] 

8 = 2.67 (Ww) 10T
""-

b) Randall and Wilkins method [13] 

8 = ~ ( ElKT m2 
) exp ( ElKT m) 

The trapping parameters calculated are compiled in Table 5.1. It is seen that the values 

of trap depth ( - 0.5 e V) and escape frequency factor ( - 1 ()8/sec) agree well with the earlier 

reports on similar systems. [15] 
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CHAPTER VI 



ANALYSIS OF PHOSPHORESCENCE DECAY CHARACTERISTICS 

6.1 Introduction 

The characteristics of phosphorescence emission have been widely used as a means 

of investigating the mechanism of luminescence.lt offers significant information regarding the 

kinetics involved in the process and provides a direct means of studying electron traps in 

luminescent materials. Decay properties of alkaline earth sulphide (AES) phosphors have been 

studied in recent years [1-2]. Studies on this group of phosphors doped with one or more impurity 

elements have been reported by several workers[3-5]. After the discovery of sensitization effect 

[6], AES with double activators have acquired much importance. 

This chapter reports the phosphorescence decay studies of BaS:RE and BaS:Cu:RE 

phosphor systems carried out at room temperature. All the phosphor samples were excited 

for about 5 minutes and then decrease in intensity of emission with time was recorded. Details 

of the experimental arrangement are given in chapter Ill. 

6.2 Nature Of Phosphorescence Decay 

The self-activated BaSshows phosphorescence emission (afterglow) only for about 50 

seconds (fig. 6.1 a). But the emissions from doped samples are found to decay for longer time 

of the order of minutes. In the case of BaS:RE phosphor systems studied the Pr doped BaS 

phosphors show comparatively intense afterglow and the decay lasts upto 250 seconds. For 

copper doped samples even though the decay lasts only for about 40-50 sec; the after glow has 

high intensity. But, when combined with rare-earth dopants (BaS:Cu:RE), enhancement in the 

decay time to the order of minutes were observed. BaS:Cu (Pr:Sm) phosphors show very intense 

phosphorescence emission which last uptO 350 sec or more. It is found that the intensity of 

afterglow are very much dependent on the activator concentration. 

The analysis of decay curves are made, based on the theory developed by Randall 

and Wilkins [7]. The emptying of traps assumes the probability of electron escaping from a 

trap given by 

P = S exp - (ElKT) 6.(1 ) 

where'S' is the frequency factor (the attempt- to-escape frequency) and the exponential 

term is the Boltzmann factor involving the trap depth 'E' and temperature T. The attempt to

escape frequency may be interpreted as the number of times per second that the thermal quanta 

from crystal vibrations attempt to eject the electron from the trap,rTlJttiplied by the probability of 
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transition from the trap to conduction band. The Boltzmann factor is the probability of the 

electron having an energy sufficient to escape on anyone of these atter1l>ts. The above 

equation assumes that (i) retrapping is negligible (ii) 'S' and 'E'are independent of temperature 

and (iii) radiative transition predominate once the electrons are freed. If there is a distribution 

of trap depths, the decay pattern will be due to the super position of intensities, each of which 

is varying exponentially with time. This gives rise to a decay law of the from, 

where 'b' is the decay constant . This scheme representing superposition of exponentials 

has been adopted by several workers [1-2,8-10] 

In order to investigate the nature of decay, intensity(l) vs time, log I vs t, 

log I vs log t and I vs 11t graphs were plotted. Figures 6.1, 6.2,6.3 & 6.4 show these graphs for 

some representive samples. In all the phosphor samples studied the semi-log plots show non

linear behaviour excluding the possibility of simple exponential decay (fig.6.2 ((a) to (k))). 

However log I-log t plots show a linear behaviour with certain discontinuties (fig.6.3 ((a) to (h)).lt 

is found that the nu mber of discontinuties in log I-log t graphs corresponds to the number of straight 

lines into whiich the semi-log curve can be splitted. lnorderto estimate the degree of linearity, 

the correlation coefficient 'r' has been evaluated using the relation [11]. 

nr. xi yi -nr. xi r. yi 

r = 6.(3) 

[ n r. xi 2_ (r. Xi)2] 1/2 [n r. yi 2_ (r. Yi)2] 1/2 

where x=1og tf y=log I and n-the number of observations. 

The values of 'r' for the phosphors studied in thq three regions of log I-log t plot comes out to 

be close to unity corresponding to the three exponentials of semi-log plot. This help us to suggest 

that the decay is hyperbolic in nature in accordance with eq.6.(2). Again,in the case of the most 

ofthe phosphor samples, the plots I vs 11t (fig.6.4 ((a) to (h)) show almost a linear relationship 

suggesting the kinetics of the decay process to be a monomolecular one [12]. The observed 

hyperbolic decay is due to the superposition of intensities of emission from traps of different 

depths. So on this basis, the decay curves can be analysed in terms of different exponentials 

following Bube's [13] 'peeling off' method (fig.6.2 ((a) to (k)). 
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Fig 6.1 (b) Phosphorescence Intensity (I) vs time (t) plot for BaS:Cu 

phosphor 
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Fig 6.1 (c) Phosphorescence Intensity (I) vs time (t) plot for BaS:Ce 

phosphor 
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Fig 6.1 (d) Phosphorescence Intensity (I) vs time (t) plot for BaS:Ce:Cu 

phosphor 
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Fig 6.1 (e) Phosphorescence Intensity (I) vs time (t) plot for BaS:La 

phosphor 
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Fig 6.1 (t) Phosphorescence Intensity (I) vs time (t) plot for BaS:Pr 
phosphor 
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Fig 6.1 (g) Phosphorescence Intensity (I) vs time (t) plot for BaS:Nd 
phosphor 
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Fig 6.1 (h) Phosphorescence Intensity (I) vs time (t) plot for BaS:Sm 
phosphor 
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Fig 6.1 (j) Phosphorescence Intensity (I) vs time (t) plot for BaS:Dy 
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Fig 6.4 (c) I vs 1ft plot for BaS:Gd Phosphor 
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6.3. Evaluation of Trap Depth • E (eV) 

It has been found that the phosphorescence emission from phosphors under 

consideration can be described in terms of three exponentials. The trap depths corresponding 

to the three exponentials were calculated using the relation 

E = KT log (S/a) 6.(4) 

where 'a' is slope of the each linear portion of the semi-log plot.Here the escape frequency 

factor'S' is taken as 1 0 ~ sec as obtained from TL analysis [given in the last chapter]. The 

calculated values of trap depths for there regions of the semi-log plots are given in 

Table 6.1 (a) and 6.1 (b). 

Table. 6.1(a) 

Trapdepth values and Electron population ratios of phosphor samples prepared 

by method I 

Sample Trapth depth values Nn(t)\.o/ Nn(t)\. 5 for three 

Notation 'E' (eV) 'peeled off' components 

Fastest Middle Slowest Fastest Middle Slowest 
exponential exponential exponential exponential exponential exponential 

E, E2 E3 

SR, 0.46 0.49 0.53 1.15 1.04 1.01 

SR2 0.46 0.50 0.54 1.17 1.03 1.01 

SR5 0.44 0.5 0.55 1.25 1.04 1.02 

SR6 0.44 0.51 0.56 1.18 1.03 1.01 

SR7 0.50 0.54 0.54 1.17 1.07 1.01 

SRs 0.47 0.51 0.52 1.15 1.08 1.02 

SC2 0.43 0.49 0.51 1.18 1.03 1.01 

SC3 0.42 0.48 0.51 1.25 1.18 1.07 

SC~ 0.42 0.46 0.5 1.9 1.16 1.09 

SC5 0.41 0.45 0.51 1.73 1.12 1.02 

contd ... 
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Sample Trapth depth values Nn(t)t.o I Nn(t)t. 5 for three 

Notation 'E' (eV) 'peeled off' components 

Fastest Middle Slowest Fastest Middle Slowest 
exponential exponential exponential exponential exponential exponential 

El E2 E3 

SS41 0.41 0.49 0.51 1.95 1.11 1.02 

SS42 0.44 0.47 0.55 2.13 1.07 1.03 

SS43 0.45 0.47 0.53 3.21 1.03 1.07 

SS45 0.43 0.46 0.54 2.41 1.46 1.09 

SS56 0.40 0.44 0.57 2.5 1.33 1.07 

SS57 0.42 0.43 0.51 1.98 1.11 1.07 

SS56 0.43 0.44 0.55 2.11 1.33 1.09 

Table. 6.1(b) 

Trapdepth values and Electron population ratios of phosphor samples prepared 

by method 11 

Sample Trapth depth values Nn(t)t.o I Nn(t)t. 5 for three 
Notation 'E' (eV) 'peeled off' components 

Fastest Middle Slowest Fastest Middle Slowest 
exponential exponential exponential exponential exponential exponential 

I El E2 
1 

E3 
, 

BL6 0.37 0.41 0.44 2.27 1.10 1.01 

BP3 0.35 0.41 0.44 2.09 1.25 1.07 

BPs 0.36 0.39 0.44 2.25 1.20 1.03 

BP6 0.35 0.39 0.43 2.06 1.10 1.03 

BP7 0.35 0.39 
I 

0.44 3.27 1.23 1.03 

cont'd ••. 
174 



Sample Trapth depth values Nn(t)t.o/ Nn(t)t. 5 for three 
Notation 'E' (eV) 'peeled off' components 

Fastest Middle Slowest Fastest Middle Slowest 
exponential exponential exponential exponential exponential exponential 

Et E2 E3 

BN2 0.36 0.40 0.44 2.68 1.24 1.07 

BN3 0.37 0.41 0!44 2.29 1.25 1.05 

BN5 0.35 0.41 0.43 2.29 1.13 1.03 

BN6 0.35 0.40 0.43 2.33 1.22 1.03 

BD3 0.38 0.41 0.44 2.09 1.28 1.10 

BD4 0.36 0.40 0.48 2.97 1.24 1.06 

I 
BD5 0.37 0.40 0.43 I 2.42 1.36 1.08 

BS, 0.37 0.40 0.42 2.92 7.20 1.10 
I 

BS6 I 
0.35 0.40 0.43 2.40 1.18 1.04 

BS7 0.36 0.41 0.42 2.28 1.36 1.08 

BG6 0.34 0.39 0.43 3.50 1.18 1.03 

BG5 0.34 0.38 0.42 3.04 1.16 1.04 
! I 

, 
i 

BC, 0.37 0.40 0.44 i 1.78 1.36 1.05 

BC2 0.37 0.40 0.43 2.56 1.32 1.07 

BC3 0.37 0.40 0.44 
! 

3.50 1.43 1.05 
! 

I 

I ! 
I I I 

I 
BSG2 

I 
0.36 

I 

0.39 0.43 1.9 1.9 i 1.04 
I 

, i 
l 

cont'd .•• 

175 



Sample Trapth depth values Nn(t)t.o I Nn(t)t. 5 for three 

Notation 'E' (eV) 'peeled off' components 

Fastest Middle Slowest Fastest Middle Slowest 
exponential exponential exponential exponential exponential exponential 

E, E2 E3 

BNP 0.35 0.39 - 1.74 1.18 -

BNP2 0.35 0.39 0.42 2.62 1.19 1.06 

BNS2 0.36 0.37 0.42 2.63 1.30 1.06 

BND 0.39 0.41 0.44 2.24 1.19 1.03 

BPG2 0.38 0.40 0.44 3.08 1.22 1.02 

BPG, 0.38 0.40 0.43 1.85 1.50 1.06 

BPS2 0.38 0.39 0.44 2.45 1.39 1.04 

BPS 0.38 0.41 0.43 2.02 1.26 1.05 

BPS3 0.36 0.40 0.43 2.20 1.21 1.06 

BSP2 0.37 0.40 0.43 3.16 1.45 1.12 

I 

BSP3 0.36 0.40 0.44 5.52 I 1.56 1.06 

BCP2 0.37 0.40 0.43 2.88 1.32 1.09 

BCS2 0.35 0.40 0.44 2.48 1.23 1.07 

-
BCG2 0.37 0.41 0.44 3.43 1.35 1.05 

BC(Sm, ! ! 

Gd) I 0.36 0.40 0.43 2.64 
I 

1.27 1.06 
I BC(Pr, i 

I Sm) I 0.35 l 0.40 0.44 I 2.31 1.14 1.03 i 

B(Pr,Sm, ! : , ! i ! 

I 
Gd) 0.36 0.38 

I 
0.44 

I 
2.13 1.14 1.04 
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It is seen that the effective trap levels are distributed in three groups in all these phosphor 

systems. Each of the exponentials is attributable to a certian trap depth. There is only a slight 

variation in the values of trap depths (in each group of levels) with change in activator or change 

of the activator concentration. Also these variations are fou nd to be not of systematic character. 

This suggests that the addition of activators are not effective in introducing new trapping levels 

in the host lattice. It only modifies the relative distribution of the traps. The trap distribution can 

thought of as consisting of various group at different depths. The slight variation observed 

in trap depths in the case of different phosphor systems could be due to the influence of 

activators on the distribution of trap densities. Thus the trapping levels in the present system 

of phosphors could be attributed to host lattice defects. The traps are due to the defects 

incorporated during preparation. As the concentrations of the rare-earth dopant increases 

the centre of gravity of the traps in these phosphors shifts towards the shallower side. The electro

negativity and the ionic radii of these rare-earth ions are likely to occupy the substitutional sites 

in BaS.The trap depth values obtained and the presence of monomolecular process in the 

emission indicate that the involved electron and hole traps are located near each other. The 

intense initial afterglow in these phosphors is due to the increase in number of luminescent 

centres and traps. 

When compared with TL glow curve analYSis (given in last chapter) it was found that 

the trap depths obtained for the slowest exponential of the decay cu rve agree well with the trap 

depth values obtained from TL analysis. Also the trap depth value above O.SgeV is not obtained 

in decay analysis. This show the smaller escape probability for the deeper trapes at room 

temperature. 

6.4. Population Distribution Of Trapping Levels. 

When more than one trap depths are involved, the decay rate depends on the population 

distribution of electrons in traps of various levels. The relative population of trapping levels 

Nn at t = 0 can be obtained by the extrapolation of plots log I vs time (fig 6.2 (a) to (k)) using 

the relation 

6.(5) 

where 'tn = 1/P n is the life time of the electrons trapped in the trap having depth En' The ratio 

Nn(t)t_ 01 Nn(t)t_S will give the relative population at t=o with respect to that at a later time t=5 

seconds and can be calculated from the three 'peeled off' components of the semi-log graph. 

Results are given in table 6.1 (a) and 6.1 (b). The variations in these values indicate that the 

deepest traps are more densely filled than the shallow ones. The high values of 'tn for the 

slowest exponentials are due to the fact as time goes on the shallow traps become 

empty faster than the deeper ones. The calculated values of 'tn also support this result 

(Table 6.2(a)and 6.2(b) ). 
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Table 6.2(a) 

Decay constant values and life time ( 't ) for each group of traps corresponding 

to the three exponential regions. (for samples prepared by method I) 

Sample Decay Constant - tb' Life time - 't (sec) 

Notation b, b2 b3 't, 't2 't3 

SR, 0.3 0.3 0.3 .08 .32 8.3 

SR3 0.3 0.25 0.2 .08 .36 11.2 

SRs 0.13 0.14 00.2 .03 .34 18.0 

SR6 1.1 0.8 0.1 .02 .32 20.0 

SR7 0.5 0.7 0.3 .06 .36 22.1 

SRs 0.26 0.3 0.28 .09 .38 26 

SC2 0.7 0.3 0.2 .16 .21 12.4 

SC3 0.8 0.38 0.4 .08 .25 .8 

SC .. 0.57 0.38 0.55 02 .17 11.4 

SCs .55 0.5 i 0.4 I .04 .08 9.4 
i I 

I 

SS .. , 1 1.1 0.3 .02 0.22 5.15 

SS"2 0.6 0.61 0.3 .04 0.1 9.2 

SS<43 0.8 0.7 0.4 .06 0.12 2.5 

SS..s 0.9 0.5 0.3 .01 .3 1.6 

: 

conid ... 
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Sample Decay Constant - 'b' Life time - 1 (sec) 

Notation b1 b2 b3 11 12 13 

SS56 0.5 0.51 0.42 .01 .33 1.3 

SS57 0.6 0.71 0.32 .04 .35 1.7 

SSss 0.61 0.65 0.35 .06 .22 1.6 

Table 6.2(b) 

Decay constant values and life time ( 1 ) for each group of traps corresponding 
to the three exponential regions. (for samples prepared by method I) 

Sample Decay Constant - 'b' Life time - 1 (sec) 

Notation b1 b2 I b3 11 12 13 
I 

BL6 0.48 0.78 ! 0.27 0.84 3.28 16.2 
i 
; 

BP3 0.38 0.77 I 0.47 0.04 7.46 24.2 ! 
I 

BP5 0.78 0.58 0.25 0.07 3.46 24.93 

BP6 0.88 0.4 0.23 0.69 3.78 15.3 
i 

i 

BP7 0.1 0.58 0.35 0.65 3.73 18.45 
I 
i 

BN2 0.51 0.73 0.38 1.15 5.10 26.3 

BN3 0.53 0.56 0.33 1.25 5.76 19.6 

BNs 0.57 0.53 0.2 0.95 5.74 16.12 
, 
i 

BN6 0.53 0.75 i 0.34 0.98 3.98 17.5 

contd ... 
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Sample Decay Constant - 'b' Life time - t (sec) 

Notation b, b2 b3 t, t2 t3 

BD3 0.62 0.6 0.51 2.62 7.51 18.86 

BD. 0.57 0.72 0.23 1.24 6.13 18.45 

BDs 0.79 0.71 0.26 1.83 4.6 17.24 

BS, 0.53 0.63 0.3 1.79 4.95 13.69 

BSs 0.48 0.74 0.17 0.9 3.41 23.0 

BS6 0.6 0.54 0.2 0.84 5.58 19.6 

BS7 0.88 0.6 0.2 1.94 9.8 28.81 

BG6 0.88 0.53 0.21 0.84 3.54 15.67 

BGs 0.75 0.57 .34 1.94 2.11 12.5 

BC, 0.44 0.42 0.27 0.57 4.6 11.9 

BC2 0.54 0.57 0.2 1.53 4.46 14.9 

BC3 0.68 0.75 0.26 1.53 5.07 23.8 

BSG2 0.64 0.58 0.54 1.08 3.8 13.8 

BNP 0.40 1.01 -- 1.79 9.48 -

I 

BNP
2 

I 0.96 0.66 0.27 0.82 3.5 13.8 I 
! 
i 

BNS2 
t . 

0.67 0.86 0.45 I 0.97 3.58 i 12.8 
I 

[ 

BND 

I 
0.53 0.76 0.31 3.64 6.75 19.6 

contd .•. 
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Sample Decay Constant - 'b' Life time - 't (sec) 

Notation b1 b2 b3 't1 't2 't3 

BPG1 0.55 0.15 0.33 1.86 5.23 16.12 

BPS2 0.75 0.75 0.35 1.08 3.46 18.21 

BPS3 0.78 0.68 0.29 1.03 4.42 12.3 

BPS2 0.71 0.58 0.3 1.34 4.14 13.47 

BPS3 0.9 0.55 0.15 1.15 4.96 23.8 

BCP2 0.32 1 0.46 1.48 5.07 15.3 

BCS2 0.87 0.62 0.3 1.40 5.7 25.8 

BCG2 0.84 0.62 0.3 1.40 5.7 25.8 

BC (Srn, I 

Gd) 0.54 0.84 0.44 1.0 I 4.4 20.4 

BC (Pr, I 
i 

Srn) 1 0.57 0.33 0.61 5.37 26.31 

B (Pr, 

Sm,Gd) 0.52 0.7 0.32 1.06 1.83 22.7 

6.5 Evaluation of Decay Constant· b 
The values of decay constants calculated from the slopes of log I - log t plots 

fig6.3 ((a) to (h)) and are tabulated in Table 6.2(a) and 6.2 (b) given above. The values of 'b' are 

found to fluctuate between 1.1 to 0.2 and the variation of 'b' with respect to dopants is not 

systematic. The values of 'b' are also calculated by using the method of least squares using the 

relation [8] 

b Dd l:yi - n Diyi 

(Di)2 - nDi2 
6.(6) 

and found to be in the range 0.5 to 0.98. These values suggest that the distribution of traps 

according to this model is neither uniform nor exponential. So the trap distribution may, therefore 

be taken as quasi-uniform. The variation of decay constants points towards a variation in trap 

distribution. 
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Another feature noticed from analysis is that, the method of preparation of the phosphor 

considerably influence the formation of defects in the host-lattice. h is seen that the trap depth 

values, electron population ratios and decay constants vary considerably for the phosphor 

systems prepared by method I and method 11 (Tables 6.1 and 6.2). The phosphor samples 

prepared by method I have got higher trap depth values show the formation of deeper traps in 

these systems. But the low values of electron population ratio in this case is due tothe lower de

activation rate(as seen by low values of decay constants) as compared to the phosphor systems 

prepared by method 11. This may be due to the variation in the preparation conditions. This 

suggests that the preparation condition affect the formation of defects in the host lattice. Also, 

eventhough the afterglow intensities are low, the decay is found to be more in the case of phosphor 

samples prepared by method I. 

A comparative study of the phosphor systems prepared in these two methods are given 

in the next chapter. 
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CHAPTER VII 



GENERAL CONCLUSIONS 

Luminescence characteristics of Barium Sulphide phosphor doped with RE3+ and 

Cu· have already been described in previous chapters. Discussions and important findings from 

the present investigations were also included in these chapters. This chapter gives the general 

conclusions derived from the present studies. 

The work presented in the previous chapters can be divided broadly as follows: 

(i) synthesis of phosphors 

ii) fluorescence emission under 

(a) nitrogen laser (337.1 nm) excitation 

(b) UV (365 nm) excitation 

iii) phosphorescence decay characteristics 

iv) therrnoluminescence emission 

The properties of phosphors are fou nd to depend on preparative conditions and nature 

of dopants. For example as described in chapter VI, phosphorescence decay of BaS depends 

on the type of impurities incorporated in the lattice. BaS:Cu phosphors have afterglow for 

short durations (40-SOsec), while most of the BaS:RE systems exhibit intense afterglow 

emission which lasts for longer durations. However it is observed that Cu· in presence of 

RE, (Le. BaS:Cu:RE systems) enhances the overall emission which lasts upto 350 seconds or 

more. Colour of the fluoresence emission depends on the nature of dopants as described in 

chapters IV and V. Also, the overall fluorescence emission efficiency is found to be high for the 

samples prepared by method 11 and for excitation under N2 laser. In addition, the samples 

prepared by method 11 are found to be more stable as compared to those prepared by method I 

The method of synthesisofphosphors found to modify lattice vacancies considerably. 

Samples prepared in method 11 (i.e. refired ones) are found to be more effective in creating the 

lattice defects. The present studies show that the traps are responsible for the luminescence 

processes in sulphide phosphors and are associated primarily with the host lattice vacancies 

such as sulphur ion and barium ion vacancies. Emissions, which are characteristic to the 

dopants are also observed in certain cases. N2 laser excitation is more effective in causing band

to-band transitions in BaS and hence helps to obtain characteristic emission of the dopants. 

From the emission models it is suggested that the possible sites of RE3+ dopants in BaS lattice 

are mainly due to substitutional Ba2•. However the possibility of RE2+ ion occuping a S2- site is 

also cannot be completely ruled out even though it is not a stable position for a positive ion. Of 
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all the RE dopants studied (Le. BaS:RE phosphor systems),there is clear evidence that the 

chances of Dy3+ goes into BaS lattice as interstitial substitution too. Copper in its monovalent form 

(Cu+) enters into BaS lattice as inderstitial as well as substitutional sites 

As indicated elsewhere, during the preparation of II-Vlcompounds like BaS, no stable 

interstitial type of defects (similar to Frenkeltype) acting like donors or acceptors are observed 

in significant concentrations. Results could be explained mainly on the basis of substitutional 

incorporation of impurities. These impurities and related lattice vacancies (due to charge 

compensation) formed during the preparation of phosphors create localized levels in the 

forbidden energy region ofthe host lattice. These localized levels will act (depending upon their 

nature) as electron and hole centres which depends both on the type of impurities and nature of 

excitation source and accordingly thermoluminescence yield and related energy storage 

phenomena are also get modified. 

Fig. 7.1 indicates the various types of lattice defects possible on incorporating BaS with 

Cu+ and RE3+ impurities due to charge compensation. Note that simultaneous inclusion of Cu+ and 

RE3+ impurities can reduce the number of cation vacancies. 

The fact that the absorption spectra (fig.4.1) do not show any characteristic feature of 

dopants implies that electrons are excited directly from the valence band tothe conduction band, 

thereby creating holes in the valence band. Electrons in the conduction band can then be 

captured by excited levels of dopants so as to exhibit characteristic emission as in the case of 

Sm3+ (fig. 4.12). From the absorption spectra, it is clear that, the influence of dopants is only to 

enhance lattice defects and to create trapping and luminescence centres. 

One of the important points dealt with in these investigations is the evaluation of 

stark splitting patterns of Sm3+ and Pr3+ levels in BaS (fig 4.13 and ftg 4.16). Crystal field 

parameters were evaluated and it has been shown that cubic crystal field approximations of BaS 

lattice agrees well with the experimental observations. 
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[ Future Scope of the work] 

The work described in this thesis is based on experiments conducted at room 

temperature. Various phonon assisted mechanisms will become clear when one carries out 

the observations at low temperature. Samples in the form of thin films will have applications 

in various types of devices. Properties of thin film samples may be different from those of bulk 

samples and hence detailed investigations on thin film samples are necessary. Studies on 

electroluminescence properties will suppliment the observations described in the present 

thesis. 
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APPENDIX 

PHOTOLUMINESCENCE STUDY OF Y Baz CU,07 SUPERCONDUCTING SAMPLES. 

A.1 Introduction 

Since the discovery of the new class of ceramic oxide high temperature superconduc

tors (HTSC) by Bednorz and Muller[1] large number of papers dealing with the use of different 

techniques to characterise the HTSC materials have been appeared in the literature. Such 

investigations have provided some insight into acoustical [2], thermal [3], electrical [4] and 

optical [S] properties of materials. Due to the variations in the method of synthesis followed by 

various workers. results reported in the literature are sometimes confusing. Theoretical models 

which explain all the observed properties of the HTSC materials have not yet been envolved. 

Most of the investigations on the optical properties of HTSC materials are centred 

around Raman spectroscopy and optical reflectivity studies. The present section of the thesis 

contains the results obtained from photoluminescence studies of Y Ba2Cup7 (1-2-3 compounds) 

using Xenon arc lamp as the source of excitation. 

The ceramic oxide superconductors which are oxygen deficient perovskites have 

mixed valence Cu states and experiments indicate the presence of an anisotropic structure 

with copper atoms lying in planes, separated by trivalent rare-earth ions or divalent ions like 

Ba2+, Sr2+ and 0 2. [6]. For example YB~CUP7.' is a semiconductor for x=O.S with normally 

bivalent Cu ions. The transition from semiconductor to mettalic phase is observed for X < O.S 

and transition temperature (Te) increases with x in the region 0 < x < O.S [7]. Different 

spectroscopic techniques have been used to understand the nature of the electronic states and 

valency states of Cu ions. Studies like XANES, XPS and Auger spectroscopy of YB~CuP7 

reveal the absence of Cu2
+ ions [8-9]. This information is very important when one constructs 

a theoretical model for HTSC phenomenon. Moreover, experimental evidence support the 

description of HTSC as pairing of holes in the oxygen valence band interacting with localized 

electrons at the copper sites [10]. It should be possible to excite localized levels and to observe 

the resulting fluorescence emission. 

A.2 Experimental 

YB~CuP7 used in the present studies were provided by Dr. Choudhari et. ai, ICAS, 

Calcutta. Samples were prepared following the technique reported in the literature [11]. 

Yittriu m-Barium-Copper oxide was synthesized in air by the high temperature (9S0DC) solid state 

reaction of stoichiometric quantities of the Yittrium oxide, Copper oxide and Barium carbonate. 

The heating schedules of the mixed powder as follows: 9S0DC; 24 hours in air, two repeat 
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grindings and heatings; pelletization, heating at 950°C, 24 hours in air and final heating at 

900°C for 24 hours in flowing 02; followed by slow cooling to room temperature. Samples 

were grouped (from conductivity studies) into two; one, containing superconducting (SC) 

samples and, the other containing non superconducting (NSC) samples. We have selected 

samples from each group for photoluminescence studies. 

Fluorescence spectra were recorded using a 0.25m grating monochromator coupled 

with PMT and chart recorder. Xenon arc source (450 W) along with a source monochromator 

was used as the excitation source. Schematic experimental set up is as shown in fig.A.1. The 

excitation spectra show a prominent band centered at 420nm for both superconducting (SC) and 

non superconducting (NSC) samples (fig.A.2). Fig.A.3 show the phptoluminescence spectra 

recorded at room temperature (RT) and liquid N2 tefT1)erature (LNT). The low temperature cell 

used in the experiment is shown in fig.3.3 of chapter Ill. 

A.3 Results and Discussion 

The spectra at RT show remarkable difference for SC and NSC samples, while emission 

is completely suppressed at LNT in both the cases. At RT, SC samples show emission peaks at 

540 nm and sao nm while NSC safT1)les have emission only at 640 nm. It may be noted that 

excitation energy is same (3 eV, above the oxygen derived valence band corresponding to 420 

nm excitation) for both SC and NSC samples and can be attributed to 3d9-->3d10 1. (1. is a hole 

in oxygen derived valence band). For NSC, 640 nm emission is due to radiative de-excitation from 

the lower edge of 3d10 1. to 3d9 state. For SC samples in addition to 3d9, 3d91. state is also formed 

[8]. Thus saOnm and 540 nm bands arises for SC samples due to transitions 3d10 l--> 3d91. 

and 3d1°l--> 3cf9 with 3d91.level at 0.2 eV abovethe3d9 level. The quenching of fluorescence 

emission at LNT suggests that the observed fluorescence emission is probably phonon 

assisted. 
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