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Abstract

Analytical, numerical and experimental results of thermoluminescence (TL) from

nanomaterials are studied and correlated. In particular, theoretical investigation of

TL from silicon quantum dots in the presence of multiple trap states is compared

to the TL properties of Ca3Y2(Si309)2 : x Ce3+ nanophosphor of average crystallite

size 28 nm synthesized by solution combustion technique. The TL properties of the

silicon quantum dots of diameters in the range of 2-8 nm are investigated in the

model of two active electron traps and one recombination center. The rate equations

corresponding to the active electron traps which are, in general, located at different

trap depths below the edge of the conduction band are written. The assumption

of negligible retrapping results in the analytically solvable rate equations, whereas,

the consideration of the retrapping terms complicates the rate equations requiring

numerical solutions. The TL measurements of Ca3Y2(Si309)2 : x Ce3+ nanophosphor

are measured and analyzed. Samples are heated from 0 to 400 oC for different UV

doses. Measurements of TL fading are done after keeping the sample for different

storage times before heating. Peak shape and initial rise methods are employed

to evaluate the different TL kinetic parameters such as activation energy (E), the

frequency factor (s) and the order of kinetics (b). Moreover, the experimental data is

fitted in the analytical solution of TL glow curves obeying general order kinetics using

Kitis et al equation. The optical band gap of the synthesized sample (not doped) is

estimated from Kubelka-Munk (K-M) function for both direct and indirect allowed

transitions.

The TL intensity of the silicon quantum dots increases with a decrease in the dot

xiv



xv

size, indicating that quantum confinement effect enhances the radiative recombination

rate. For the TL kinetic parameters used in the theoretical approach, the number of

peak maxima of the glow curve corresponding to a given quantum dot is the same as

the number of active electron traps taken in to account. For first order kinetics, the

simulated variation in the concentration of electrons in all the traps decreases with

temperature, whereas, it considerably increases with temperature in the deeper traps

for general order kinetics due to retrapping. This result bridges the experimental

gap where the TL glow curves are generated and the variation of concentration of

electrons in traps remain unknown.

Analysis of the glow curve deconvolution shows that the TL glow curves of Ca3Y2−
(Si309)2 host material (x = 0) can be well fitted by three constituent peaks which

obey general order kinetics; indicating the presence of three active electron trap levels.

The TL intensity of the synthesized phosphor (not doped) increases for all the UV

doses applied up to 50 minutes. Simulation of the TL glow curve of this material is

performed by using the rate equations corresponding to the determined active electron

trap levels and employing the evaluated TL kinetic parameters. This glow curve is

broad and much similar to the experimentally obtained glow curve. The isothermal

decay analysis of this host material shows that it suffers from fast phosphorescence

decay. Moreover, the incorporation of Ce3+ into the host material resulted in a broad

TL glow curves over a wide temperature range.

The photoluminescence (PL) emission spectra of the doped samples (x = 0, 0.01,

0.02, 0.04, 0.08 and 0.16) monitored at excitation wavelength of 365 nm show a broad

band extending from about 350 to 600 nm and this band can be ascribed to the

allowed [Xe]5d1-[Xe]4f 1 transition of Ce3+. Moreover, the PL intensity increases up

to critical concentration of x = 0.08 and then decreases. The reflectance spectra of

the doped samples show a red shift in their optical band gap compared to the host.
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Chapter 1

Introduction

1.1 Background

The connection between phosphorescence and radiation was the subject of extensive

examination in the late nineteenth century and the study of radiation-induced ther-

moluminescence (TL) received a boost in early 20th century [1]. The phenomenon

of TL has been extensively studied by many investigators [2, 3, 4, 5, 6, 7]. The

understanding of the mechanism of occurrence of thermally stimulated emission is

the important field of fundamental research. Many researchers have suggested their

views for TL mechanism for pure and impurity activated materials. With expanding

knowledge of solid state physics, it is a topic of research to know the latest plausible

mechanism of TL. However, the present research on TL has explored vast applica-

tion potential of it in various fields [1, 7]. The advances and development in the

instrumentation; and better understanding of TL have helped researchers solve their

problems in many fields.

Fields like dosimetry for radiation protection and dating of ancient potteries,

ceramics, bricks, and geological sediments involves the wide application of TL and
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contributed a lot to the present day progress on research of this field [1, 7]. TL has

grown basically as an applied branch of science. It was routinely used to measure UV

component of sunlight from the early stage of rocket flights [8, 9, 10]. With the use

of different filters including some opaque ones with phosphor packets on board, the

rocket produced the direct evidence of the existence of high energy UV components

and x-rays in the solar spectrum at high altitudes.

The post-world war II period saw a sudden increase in the source of ionizing

radiations due to the various applications of nuclear energy in military and civil

applications. Therefore, a simple, reliable, and cheap method for measuring these

radiations is necessary. In late 1940s, scientists began a search for a better device

for use in radiation monitoring in military as well as civilian activities. A radiopho-

toluminescence glass dosimeter was first to be developed and it is known that more

than a million units of this device were made and used in military [11, 12]. This was

soon followed by the development of TL phosphors for dosimetry. The TL phosphors

used in the present day dosimetry such as LiF and CaF2 : Mn were discovered and

extensively studied in early 1950s [13, 14]. Varieties of TL phosphors are now being

produced in large scale commercially and are being used throughout the world in ra-

diation protection and medical radiation dosimetry. Apart from radiation dosimetry,

in which luminescence technique has become indispensible, it has been established as

an important technique in archeological and geological dating [15, 16].

The search for better and more efficient phosphors for such practical applications is

still underway and requires more effort from researchers in the field. Studying the TL

properties of a given phosphor powder for related practical applications requires the

understanding of the dependence of the TL on host structure, presence of impurities
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(defects) and their position in the host structure, synthesis method and on various

other experimental parameters such as heating rate and exposure time to ionizing

radiation (radiation dose). These factors or parameters control the TL characteristics

of a phosphor.

Selection of a suitable host material is very important and can lead to improved

luminescence properties of a material in general and enhanced TL characteristics in

particular. A chemically stable and durable host material having thermal stabil-

ity for high temperature processes is required and it has been reported that oxide

based phosphors satisfy these properties [17]. Moreover, doping induced controlling

or chemical modification of the host matrix composition influences the host chemical

environment and hence the luminescence properties of a given phosphor.

Defects or surface states generated by introduction of dopants into the host ma-

terial influence the band gap and induces oxygen vacancies that form electron-trap

centers. These trap centers have the advantage of delaying the decay of charge carri-

ers, enhancing the visible light absorption property and decreasing the electron hole

recombination rate [18]. Careful control of dopant concentration can also modify the

luminescence properties of the rare earth elements. Moreover, the luminescence prop-

erties of materials are also strongly associated with geometrical factors such as shape,

dimensionality, size, etc. Crystalline, spherical shaped, uniform size particles with

narrow size distribution with well defined morphologies can reduce light scattering

and produce fine luminescence properties [19].

The luminescence properties of materials are in general improved following minia-

turization to nanoscale [20]. The development of nanoscience and nanotechnology
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so far has been possible by the success in the production of nanomaterials which in-

volve control of size, shape and structure of the materials. During the last few years,

nanoparticles of insulator materials have been produced in large quantities by the use

of physical and chemical techniques. The significant improvements in the preparation

of nanomaterials such as long after glow phosphors has been due to the discovery of

new synthesis techniques such as sol-gel and combustion.

Heating rate β is an important parameter for the determination of the various

kinetic parameters of TL glow curves. In literature it has been reported that the

glow peak height decreases [21] or increases [22, 23, 24] with increasing heating rate.

In addition, it plays a critical role in deciding the time required to record the TL glow

curves because thousands of dosimeters have to be processed in a short time when

personnel monitoring is carried out using TL dosimeters. This is also important

because higher heating rate records the glow curves faster, which forms the basis of

TL dosimetry in large scale personnel monitoring. Moreover, the fact that a good

dosimeter should not exhibit thermal quenching can be verified by investigating the

TL response with increase in heating rates.

Radiation dose plays a crucial role in the filling of the traps constituting a TL

material and the TL response of a given sample to a known dose depends on the

number of the traps filled by the given dose. A simple way to estimate the number

of the filled traps is to assume the filling rate to be directly proportional to the dose

and also directly proportional to the vacancies in the traps [25]. The dose at which

all of the traps get filled up depends solely on the fraction of vacant traps which are

filled up per unit dose. The TL intensity of most phosphor materials increases with

increasing radiation dose up to a certain level and then decreases. This decrease of the
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TL signal can be attributed to the stronger competition with non-radiative centers

at higher doses [26].

Various theoretical approaches have also been made in analysis of TL glow curves

[6, 27, 28]. The continuous advancement in numerical methods has greatly helped

various researchers in solving the complex TL kinetic equations (rate equations) which

can not be solved analytically. The complexity of the rate equations increase with the

number of traps considered. Accordingly, there are different models of TL depending

on the number of traps involved and whether these traps are active or not.

In this thesis theoretical investigation of TL properties of silicon quantum dots and

experimental study of TL phenomena in Ca3Y2(Si3O9)2 nanophosphor powder is car-

ried out. In particular, the TL properties of silicon quantum dots are investigated in

the model of two active electron traps and one recombination center. In order to check

that experimentally investigated TL from nanomaterials show similar results to the

theoretical ones, the TL properties of Ca3Y2(Si3O9)2 : x Ce3+ nanophosphor synthe-

sized using solution combustion technique are investigated for x = 0, 0.01, 0.02, 0.04

and 0.08. The structure and phase purity of the synthesized phosphor are studied

by x-ray diffraction (XRD) using Bruker D8 advance x-ray diffractometer. The TL

measurements of Ca3Y2(Si309)2 : x Ce3+ nanophosphor are taken using TL reader

type TL1009I offered by Nucleonix systems Pvt. Ltd., India, interfaced to computer.

Moreover, its reflectance spectra are measured using ultra-violet visible (UV-VIS)

spectrometer and the PL properties are investigated using Cary Eclipse fluorescence

spectrometer. Finally, for possible applications in the white light emission, the val-

ues of the chromaticity coordinates of the phosphor are estimated from the 1931

Commission Internationale de l’Eclairage (CIE) system.
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1.2 Statement of the Problem

The absorption of radiation increases the level of TL observed from a specimen by

filling the localized energy levels with trapped electrons. The absorption of heat from

the environment, on the other hand, tends to reduce the numbers of trapped electrons

by detrapping process. Thus, the intensity of the TL is a competition between trap

filling by radiation and trap emptying by thermal excitation. At a given temperature

of irradiation, many materials display an intensity of TL which is proportional to the

amount of radiation absorbed, and this leads to the fact that TL may be used as a

means of radiation dosimetry. Moreover, TL has various important applications in

different fields as discussed above. In addition, more should be done on how the TL

characteristics of a material is directly related to the materials solid state properties

and how these properties are being utilized in the diverse fields mentioned above.

Developing inorganic phosphor materials that can be effectively and efficiently

used in various applications is highly important at present time. Investigating the

TL properties of a material is crucial in the development of more efficient materials

though many challenges are being faced during manufacturing and processing of these

materials. Therefore, there should be a mechanism to overcome these challenges and

enhance the TL properties of a phosphor. This includes selection of a suitable host

material with high chemical durability and thermal and chemical stability.

Making TL more efficient for practical use without deviating from reality should

also be given more attention in theoretical approaches. For this matter, three cases

are taken in to consideration. Firstly, nanostructures, where there is more efficient

TL behavior because of quantum confinement effect, are taken in to account. Sec-

ondly, multiple active electron trap levels are considered because of the fact that real
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semiconductors involve several number of impurities or defect levels beneath the edge

of the conduction band which act as localized energy levels. These localized energy

levels are therefore a potential electron or hole traps. Thirdly, the free electron in the

conduction band may be trapped several times before recombination with trapped

hole. Thus, the rate equations governing the TL kinetics which takes into account

the aforementioned three cases are then written. In general, these rate equations can

not be solved analytically. Therefore, consideration of numerical approaches is impor-

tant in this case. In this work, the numerical solutions and the simulated results of

TL in the existence of multiple active electron trap levels are generated using Math-

ematica 8. Moreover, the TL properties of Ca3Y2(Si3O9)2 : x Ce3+ nanophosphor is

investigated for possible applications in dosimetry.

1.3 Objectives of the Study

The following are the objectives of the study.

• To study the TL properties of silicon quantum dots in the model of two active

electron traps and one recombination center using analytical and numerical so-

lutions of the electron rate equations governing the TL phenomena. Analytical

solution of the rate equations are achieved by assuming negligible retrapping,

whereas, the consideration of retrapping complicates the rate equations and

hence numerical approaches are employed.

• To investigate that, for a given TL kinetic parameters, experimentally investi-

gated TL from nanomaterials show results which are similar to the theoretical
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ones . For this purpose, Ca3Y2(Si3O9)2 nanophosphor is synthesized using so-

lution combustion technique and its TL properties are studied. The estimated

number of active electron traps (defects) as well as the TL kinetic parameters

such as the trap depth (E), the frequency factor (s) and the order of kinetics

(b) of this host material are then determined from TL glow curves. Using the

determined number of active electron trap levels and the evaluated TL kinetic

parameters, the rate equations governing the TL process in the synthesized

nanophosphor are written by considering the effect of retrapping.

• To study the effect of incorporation of Ce3+ impurity on the TL properties of

Ca3Y2(Si3O9)2 host material. In order to investigate this effect, the TL glow

curves of Ca3Y2(Si3O9)2 : x Ce3+ are generated for various values of the molar

concentration x. The results are then discussed in detail.

• To study the possibility of using Ca3Y2(Si3O9)2 host material for dosimetric

applications. For this purpose, the TL response of this material is analyzed for

different UV doses.

1.4 Thesis Layout

Chapter 2 deals with the theoretical background on luminescence in general and

thermoluminescence in particular. The concepts, applications, and different models

of thermoluminescence are discussed in this chapter. The various methods of analy-

sis of thermoluminescence glow curves and the different characterization techniques

used in this work are explained in Chapter 3. The main results of the study are

discussed in Chapters 4, 5, and 6. Theoretical study of TL from silicon quantum dots
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in two traps-one recombination center model is studied in Chapter 4. In addition, TL

properties of UV-irradiated Ca3Y2(Si3O9)2 nanophosphor are discussed in Chapter

5. Chapter 6 explains synthesis of Ca3Y2(Si3O9)2 : x Ce3+ nanophosphor for various

molar concentration x as well as its TL and PL properties. Finally, summary, lim-

itation of the study and recommendation for future work are presented in Chapter

7.



Chapter 2

Theoretical Background on
Thermoluminescence

2.1 The Concept of Luminescence

Luminescence is the emission of light by a material as a consequence of absorption

of energy [1, 28, 29]. A material that emits light is called luminescent material.

More precisely, luminescence is produced by the selective excitation of the atomic

or molecular energy levels. The atom or the molecule is taken to a higher energy

state because of excitation and its fall to ground state results in the emission of light,

which is called luminescence. There are different sources of excitation, namely, ultra-

violet (UV) light, x-rays, γ-rays, etc. For instance, some minerals show some kind of

luminescence under ultra-violet light exposure and some need x-ray bombardment.

The presence of atomic centers whose energy levels are protected from the thermal

vibrations of the atoms of the bulk medium, for example, the transitions of inner

4f electrons in lanthanide rare-earth ions [30], is the specific characteristic which

provides an inorganic solid the luminescent property. Luminescence phenomena can

also be observed in organic solids. While the luminescence of inorganic solids is mostly

10
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due to impurity atoms or other lattice defects, the luminescence in organic solids is

attributed to molecular complexes [31].

After the absorption of radiation, the emission of light takes place in a character-

istic time t and this parameter allows us to sub-classify the process of luminescence.

Conventionally emissions with decay time shorter than 10−8 s are referred as fluores-

cence and those with decay time greater than that are known as phosphorescence [29]

and this phenomenon is shown in Fig. 2.1. While fluorescence takes place simulta-

neously with the absorption of radiation and stops immediately when the radiation

ceases, phosphorescence continues to be observed after the excitation has been re-

moved. In other words, phosphorescence takes place under the involvement of some

Figure 2.1: The types of luminescence based on the characteristic time t for the
emission of light to take place [1].

metastable state M, which is an energy level from which transitions to any lower

energy levels are forbidden [1]. Thus, the luminescence that occurs after an electron
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Figure 2.2: Energy level diagram illustrating (1) excitation, (2) emission, (3) falling
to metastable state, and (4) depopulation of the metastable state.

is brought to a metastable state as a result of the excitation of the system is called

phosphorescence. If a system brought to its metastable state is completely unper-

turbed, then it would remain in such a state for a relatively long period. Absorption

transition from the ground state (G) to M is also forbidden, though it can be reached

indirectly as shown in Fig. 2.2.

For example, after an electron has attained the state E as a result of excitation

shown by transition 1, it can fall to M (transition 2). Consider the conditions that M

is separated from E by a small energy gap and the system is in thermal equilibrium

with its surrounding medium. Under such cases, the electron can return to state E

following depopulation of the state M upon the application of some thermal energy.

From there, transitions can take place as described in the case of fluorescence (tran-

sition 2). Therefore, phosphorescence spectrum contains emissions which are also
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present in fluorescence. Since the emission intensity changes with even small change

in temperature, phosphorescence is sensitive to changes in temperature in contrast to

fluorescence.

To describe light emitting or luminescent material the Greek word ‘phosphor’ is

usually used and it means ‘light bearer’ [1]. A phosphor emits energy from an ex-

cited electron as light and the excitation of the electron is triggered by absorption of

energy from one of the external excitation sources discussed above. An excited elec-

tron occupies a quantum state whose energy is above the minimum energy ground

state. In semiconductors and insulators, the electronic ground state is commonly

referred to electrons in the valence band, which is completely filled with these elec-

trons. The excited quantum state often lies in the conduction band, which is empty

and separated from the valence band by gap, Eg. Therefore unlike metallic materials,

small continuous change in electron energy within the band is not possible. Instead

a minimum energy equal to the band gap energy is necessary to excite an electron

in semiconductors and insulators, and the energy released by de-excitation is often

nearly equal to the band gap. The band gap of semiconductor material is such that

at room temperature, very few electrons are promoted from the valance band to the

conduction band leaving holes in the valence band. In general, luminescence emission

is explained by the transfer of energy from radiation to the electrons of the solid,

thus exciting the electrons from a ground state to an excited state. The emission of

a luminescent photon takes place when an excited electron returns to a lower energy

state.

An electron excited to an upper energy level can return to the ground state by

re-emitting a photon of the same energy as was absorbed. This phenomenon is called
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resonance fluorescence. Depending on the presence of other metastable states relative

to the excited state energy level, emission of photon of lower energy (Stoke’s shift) or

higher energy (anti-Stoke’s shift) as compared to the absorbed energy can be observed

when an excited electron relaxes to the ground state [32]. The wavelength of the

emitted light is characteristic of the luminescent substance and not of the incident

radiation. Usually, most studies of luminescence phenomena are concerned with the

emission of visible light, but other wavelengths can be emitted, such as ultra-violet

or infra-red.

2.2 Types of Luminescence

According to the type of radiation used to excite the emission, luminescence can be

classified in to different types. These are photoluminescence, electroluminescence,

thermoluminescence, cathodoluminescence, chemiluminescence, bioluminescence, tri-

boluminescence, radioluminescence (scintillation), ionoluminescence, etc.

2.2.1 Photoluminescence

Photoluminescence occurs after excitation with light (i.e., radiation within the optical

range). This excitation with electromagnetic radiation imparts external energy on an

electron in a semiconductor or insulator and makes it excited to a higher energy

quantum state. If the electron returns (relaxes) to a lower energy quantum state

by radiating a photon, the process is called photoluminescence (PL) [33, 34]. This

can be described as an excitation to a higher energy state and then a return to a

lower energy state accompanied by the emission of photon. In PL phenomena, the
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period between absorption and emission is of the order of 10 nanoseconds, which is

extremely short. The PL intensity depends on the measurement temperature and the

energy of the exciting light. The PL emission can be divided in to fluorescence and

phosphorescence as discussed above.

2.2.2 Electroluminescence

When a material emits electromagnetic radiation as a result of the application of

an electric field, the process is called electroluminescence (EL) [35, 36]. The pho-

ton emitted results from radiative recombination of electrons and holes created in

the phosphor by the voltage between the two electrodes. One of the electrodes is

transparent to the wavelength of the light emitted by the device. In other words,

electroluminescence is the efficient generation of light in a non-metallic solid or gas

by an applied electric field or plasma. Another type of electroluminescence is that

produced by some crystals when an electric current passes through them. In this

case the current or electrons excites electrons that occupy energy levels involved with

chemical bonds inside the crystal. When the excited electrons decay back to their

ground state, they emit visible light. Both organic and inorganic light emitting diodes

(LEDs), operating on a different principle, has now become a widely used application

of electroluminescence [36, 37].

2.2.3 Thermoluminescence

Thermoluminescence (TL), which is also called radiation induced thermally stimu-

lated luminescence or simply thermally stimulated luminescence (TSL), is the ther-

mally stimulated emission of light following the previous absorption of energy from
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radiation[1, 28, 38]. The primary causes for the induction of TL in a given mate-

rial are the ionization radiations such as x-rays, γ- rays, UV light, etc, to which the

sample is pre-exposed. However, the application of heat stimulates the release of the

stored energy in the sample due to pre-exposure to the ionizing radiations which in

turn produces luminescence. Therefore, heat has only a secondary role in the process

of TL.

The three essential conditions necessary for the production of TL are:

• The material must be an insulator or semiconductor.

• The material must have at some time absorbed energy during exposure to ra-

diation.

• Heat should be applied to the material to trigger luminescence.

Moreover, the particular characteristic of a TL material is that, once heated to excite

the light emission, the material can not be made to emit TL again by simply cooling

the specimen and re-heating. For the luminescence emission to occur again, the

material should be re-exposed to one of the ionizing radiations, where upon heating

the sample once again produces light emission [1].

2.2.4 Cathodoluminescence

Cathodoluminescence (CL) is the characteristic visible radiation (color) occurring

due to bombardment by electrons (cathode rays) [39, 40, 41]. Luminescence in CL

is typically more intense than that produced by ultraviolet light and is also observed

in minerals that do not luminesce under ultraviolet light. It is a very useful form of

luminescence since beams of electrons are used for many purposes. For example, the
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electron microscope employs beams of electrons to produce high resolution images of

small specimens and in some cases, the beam produces CL from the specimen. This

is important for the study of minerals in rocks where the presence of transition metal

trace elements can cause the mineral to give off a distinctive color light. The CL

of a sample reveals geochemical, rather than optical, variations in a sample, which

provides important compositional, textural, and structural information not readily

obtained by other methods. However, CL is most useful when used in conjunction

with other studies such as optical microscopy, x-ray diffraction, electron microprobe,

scanning electron microscopy, and geochemistry.

2.2.5 Chemiluminescence

Chemiluminescence is produced as a result of a chemical reaction usually involving

an oxidation reduction process [42, 43]. The most common mechanism for such an

emission is the conservation of chemical energy, released in a highly exothermic reac-

tion, into light energy in the visible region. In some chemical reactions energy can be

transferred to electrons in the chemical bonds. As these electrons decay down to lower

excited states, they emit light. Some of these reactions proceed slowly, so the light

can be emitted for a considerable time. This is known as chemiluminescence. This is

distinct from more vigorous chemical reactions where so much heat is released that

the chemicals actually catch fire or otherwise glow red hot (incandescence). However

the process of chemiluminescence remains to be not fully understood. Lyolumines-

cence, which is the phenomenon of light emission during the dissolution of previously

irradiated solids in suitable solvents is a type of chemiluminescence [44].
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2.2.6 Bioluminescence

Electronic excited states of the biomolecules can be produced due to biochemical re-

actions inside the cells of the living organisms such as fire flies, glow-worms, some

bacteria, fungi and many sea creatures (such as planktons) both near surface and

at great depths and interesting luminescence phenomena can be observed from these

living beings [45, 46]. The chemical reactions are the enzymic oxidations. For exam-

ple, the oxidation of luciferin in the presence of enzyme luciferase is responsible for

occurrence of bioluminescence [46].

2.2.7 Triboluminescence

Triboluminescence is the emission of light on applying an external mechanical energy

inducing stress. It could be excited by cutting, cleaving, grinding, rubbing, and

compressing or by impulsive deformation of solids. Because of this it can also be

called mechanoluminescence. B. V. Bukvetskii et al, described the phenomenon of

triboluminescence as the glow resulting from crystal destruction or friction [47, 48]

and stated its importance in the process of converting mechanical energy into light

energy. It has been observed that all piezoelectric crystals exhibit triboluminescence

and it is sometimes called piezoluminescence.

2.2.8 Radioluminescence (Scintillation)

Radioluminescence is produced by ionizing radiation [49, 50]. Some polymers contain

organic molecules which emit visible light when exposed to such radiations as x-rays,

γ-rays, or cosmic rays. It is also called scintillation because it is used as a technique to

detect individual light pulses generated by the incidence of each x- or (γ-ray) photon
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or a nuclear particle [49]. Such light pulses are called scintillations, since like a spark

they are very short-lived. The intensity of the scintillation (light pulse) is directly

proportional to the incident gamma ray photon energy when it is totally absorbed.

The measurement of the pulse intensity, therefore, provides the means for knowing

the gamma ray energy. The mechanism of light emission in radioluminescence and

cathodoluminscence is same because in both the cases it is the electrons, incident

primarily from cathode rays or the secondary electrons produced after the first inter-

action of the incident x-ray photon or nuclear particle, which cause the excitation of

the luminescent species in the bulk sample.

2.2.9 Ionoluminescence

Another interesting method of producing luminescence is the visible light produced

when fast ions collide with organic and inorganic compounds. This is called ionolu-

minescence and it can also be defined as a phenomenon of non-thermal light emission

induced by high energy accelerated particles or ion beams [51, 52]. An early appli-

cation of ionoluminescence was to luminous clock dials. These relied upon a rather

hazardous method of making light that involved radioactivity. A radioactive material,

such as radium, was mixed with a material that displays luminescence, such as zinc

sulphide. As the radium decays, it emits alpha particles and other radiation. This

excites electrons in the luminescent material to give off light. This is very handy,

since the light persists indefinitely, limited only by the half-life of the radium isotope

used, 226Ra, which is 1600 years.
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2.3 Characteristic Luminescence

Characteristic luminescence occurs by doping the host lattice with either transition

(3d) or rare-earth (4f) metal ions (impurities) that substitute for host lattice cations.

An electron gets excited to a higher energy level in the atom itself. Rare earth ions

from Ce3+ (atomic number of 58) to Y b3+ (70) have partially filled 4f orbitals with

energy levels characteristic to each ion and show a variety of luminescent properties

around the visible region. Many of these ions can be used as luminescent ions in

phosphors. There are 15 rare earth materials and the lanthanides are those rare earths

with the atomic numbers between 57 (La) and 71 (Lu). The 4f electronic energy

levels of lanthanide ions are characteristic of each ion. The levels are not affected

much by the environment because 4f electrons are shielded from external electric

fields by the outer 5s2 and 5p6 electrons. This is in strong contrast with transition

metal ions, whose 3d electrons, located in an outer orbit, are heavily affected by the

environmental or crystal electric field [53]. Typical phosphors used in cathode ray

tube (CRTs) and Field emission displays (FEDs) consist of a host matrix doped with

activators such as the rare earths (4f) and the transition metals (3d) [54].

Among the various types of luminescence discussed above, attention is given to TL

phenomenon in this study. This is owing to its wide applications in various disciplines

of science. However, before discussing some of its wide applications, it is useful to

discuss mechanism of TL and the role of defect centers in a given specimen.
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2.4 Defect Centers and Mechanism of Thermolu-

minescence

As discussed above, TL is a two step process involving excitation by exposure to

ionizing radiations and thermal stimulation. Irradiation of a sample causes transitions

of electrons between the valence band and the conduction and creating free electrons

in the conduction band and free holes in the valence band. Though some electrons

and holes undergo recombination almost instantaneously during irradiation, some still

diffuse in the lattice and remain trapped in the defect centers. These imperfections in

the crystal, associated with impurities and/or lattice defects may create new localized

energy levels in the forbidden band gap whose positions depend on the nature of the

imperfections/defects and the host lattice [1]. Some of these defects are capable to

trap an electron or a hole. Therefore the centers are referred to as electron or hole

traps and after trapping an electron or hole the new defects are called trapped electron

or trapped hole centers, respectively.

In other words, the presence of certain types of defects in the regular structure of a

TL material which should be capable of capturing electrons or holes during exposure

to ionizing radiations is very important for the induction of TL in the concerned

material. This means that TL is very sensitive to the presence of defects or impurities

in a given sample. Furthermore, the captured electrons/holes should be retained in

the defect centers (also called TL centers) until the sample is heated to an appropriate

temperature to read the TL. The term ‘center’ is used to designate these structures

since they are present as an isolated entities and are not part of the regular lattice,

which is a continuous repetition of the unit cell of a crystalline material.
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There is also another type of defect which is associated with impurities, for ex-

ample, ions of transition elements. This is usually the main cause of a characteristic

color from certain minerals (as discussed in section 2.3) and the color is due to ab-

sorption bands caused by electronic transitions between energy levels in the band gap.

The wave functions of the transition ions (in particular 4f ions) are highly localized.

As mentioned above, the energy levels in the band gap depend on the nature of the

imperfection, lattice defect or impurity and can in principle be located at any energy

position varying from just below the bottom of the conduction band to just above

the top of the valence band.

A variety of defects which are associated with energy levels in the forbidden band

gap are also produced during exposure to ionizing radiation. As long as the concen-

tration of radiation-induced defects is small, the number of defects usually increases

with increasing radiation dose. Ultimately, for very high doses, one might expect

that the concentration of the radiation-induced defects saturates. i.e., with increas-

ing dose the concentration of radiation-induced defects reaches a maximum value.

Due to their long-term exposure to ionizing radiation extremely old minerals are of-

ten metamict, which means that the long-range order is absent and the structural

properties of these minerals are similar to those of amorphous materials like glasses.

These heavily damaged minerals are not suited for TL dating purposes. As a result

of the structural changes during the long-term exposure, the physical properties, in

particular the TL controlling properties have changed drastically.

Due to their high mobility, free electrons and holes produced by ionizing radiation

can migrate in the crystal until they are trapped by different trap centers such as

impurities, luminescent centers and other imperfections in the crystal. A trap is
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characterized by the energy E that a trapped electron (or hole) must acquire from

lattice vibrations to escape to the conduction band (or valence band). A necessary

condition for a mineral to be a suitable luminescent material for TL dating is that the

relevant traps are deep, i.e., not easily emptied [1]. This implies that the energy of the

trapped electron should be located sufficiently far from the bottom of the conduction

band. Similarly, the energy of the trapped hole should be located sufficiently far

from the top of the valence band. In TL, during the heating stage, different kinds

of transitions of electrons and holes can take place during the detrapping process

from their respective trap centers so that luminescence can occur. These transition

options, which may or may not involve the delocalized bands, are discussed below.

2.4.1 Transitions involving delocalized bands

The alteration in occupancy of the various localized energy states, which can be im-

plemented by electronic transitions from one energy state to another, is an essential

feature of all luminescence processes [1, 28]. For both electrons and holes, several

kinds of transitions are possible and some are shown in the Fig. 2.3. Because of

irradiation, a valence electron from a host atom is excited into the conduction band

in which state it has enough energy to move freely through the lattice (transition

(a)). Thus, this transition corresponds to the process of ionization and is a result of

the absorption of energy from an external source. Since for every free electron in the

conduction band a free hole is left behind in the valence band, the process of ion-

ization results in the creation of free electron-hole pairs which may wonder through

the crystal until they become localized at defect (trap) centers. This is shown as the

trapping of electrons (transitions (b)) and holes (transition (e)). However, through
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Figure 2.3: Common electronic transitions in crystalline semiconductors and insu-
lators: (a) ionization; (b) and (e) electron and hole trapping respectively; (c) and
(f) electron and hole release; (d) and (g) indirect recombination; (h) direct recom-
bination. Electrons are represented by solid circles and electron transitions by solid
arrows. Holes are represented by open circles and hole transitions by open arrows [1].

thermal excitation, the localized electrons and holes may be released from their traps

(transitions (c) and (f)) to become free and move through the crystal. The free elec-

trons and holes have also an option to undergo recombination with a charge carrier of

opposite sign at recombination centers. This can take place either directly (transition

(h)), or indirectly by recombining with a previously trapped carrier (transitions (d)

and (g)). If either of these recombination mechanisms is accompanied by the emission

of light (i.e., it is radiative) then luminescence results.
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2.4.2 Transitions not involving delocalized bands

Unlike the above discussion, which is strictly valid for transitions involving the de-

localized bands, electron and hole transitions can occur directly between centres in

many materials without the carriers being raised into the conduction and valence

bands [1]. Transitions of this type are important in luminescence processes (includ-

Figure 2.4: Electron transitions in a semiconductors or insulators not involving the
delocalized bands [1].

ing TL) of many luminescent materials (phosphors).

Fig. 2.4 depicts a typical center-to-center transition of electrons that can take

place. In this Figure, though only electron transitions are represented for simplicity,

similar transitions also occur for holes. Transition (i) shows recombination of an

electron trapped at level A with the hole trapped at level B.
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This type of recombination commonly happens if energy levels A and B are within

the same atom. Good examples of substances which exhibit this kind of recombination

are rare earth elements. For example, due to this type of transition, luminescence

from thallium in potassium chloride occurs when an electron from the 3P1 state in

thallium decays to its ground state 1So with the emission of light of wavelength 305

nm [1]. This is one of the earliest classical examples of this kind of recombination.

Moreover, luminescence can also be induced when dopants are incorporated into the

lattice of different host materials and this luminescence is primarily a characteristic

of the particular rare earth used, and not of the host material [55].

Rare-earth-doped materials are becoming popular as luminescent phosphors be-

cause of the fact that the transitions within the dopants are normally radiative. If

levels A and B in Fig. 2.4 are not within the same atom, a transition of type (i) can

still take place by tunneling. This is commonly true if the defects responsible for the

levels are situated close to each other few lattice constants apart in the host lattice.

This type of recombination is reported in a variety of organic and inorganic materials

[56, 57, 58]. An alternative possibility is that an electron has to be elevated to a higher

energy level before recombination with a trapped hole can take place. Thus, in Fig.

2.4, an electron at level C has to be raised to A (transition (2)) before recombination

(transition (3)) can take place. The fact that electron transitions of this sort do not

involve excitation into the conduction band has a consequence that there will not be

any accompanying conductivity phenomena, while transitions involving delocalized

bands (Fig. 2.3) will be associated with changes in conductivity.
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2.5 Applications of Thermoluminescence

The modernization and development in the instrumentation and better understanding

of TL have helped the professionals to solve their problems in many fields. The

present research on TL has explored its very high application potential in various

fields such as archaeology, analysis of defects in solids, radiation dosimetry, geology,

forensic sciences, quality control in industry for controlling the quality of many glass,

ceramics, and semiconductor products; biology and biochemistry for studying the

properties (involving different chemical reactions) or contents of proteins and leaves.

Moreover, TL has also interesting applications in space science, thermostimulated

luminescence (TSL) photography, radiation physics, petroleum exploration, etc. In

this section, the applications of TL for defect analysis in solids and dosimetry are

discussed briefly.

2.5.1 Defect analysis in solids

TL is very sensitive to traces of impurities or defects within the host material of a

given sample and experiments on TL yields useful information on the properties of the

various types of defect present within an insulator or semiconductor [1, 62, 63]. This

includes the position of the defect within the energy gap and sometimes the type of

defect itself. There are early reports on the effect of impurities on the TL properties

of various materials [64, 65, 66]. In general the impurities give rise to the localized

energy levels within the forbidden energy gap and that these are crucial to the TL

process. For the purpose of detecting the presence properties of these defect levels,

the analysis of TL glow curves is important. In addition to defect levels produced by

external means such as irradiation or doping, there are also those due to defects, such
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as lattice vacancies and interstitials inherently present in the material. The presence

of this type of imperfection is also crucial to the TL process in many materials.

Recent research on defect analysis in various materials focusses on the determina-

tion of the position of the defect (trap) level just beneath the edge of the conduction

band [4, 7, 38]. This can be achieved through analysis of TL glow curves by em-

ploying various methods such as heuristic method, initial rise method, the whole TL

glow curve method, heating rate method, peak shape method and isothermal decay

method. These techniques for analysis of TL glow curves to locate the trap depth

within the band gap are discussed in detail in chapter 3.

2.5.2 Radiation dosimetry

TL has an interesting application in the field of radiation dosimetry [65, 66, 67]. It

is clear that the absorption of radiation increases the level of TL observed from a

given sample by filling the localized energy levels with trapped electrons while the

absorption of heat from the environment tends to reduce the numbers of trapped

electrons by detrapping them. Therefore, the intensity of TL from the sample is the

result of a competition between trap filling by radiation and trap emptying by thermal

excitation. Since many materials display an intensity of TL which is proportional to

the amount of radiation absorbed [62], TL may be used as a means of radiation

dosimetry. The first proper application of TL to dosimetry was in 1953 when LiF

was used to measure radiation following an atomic weapon test [1]. The eligibility

of LiF for radiation dosimetry is mainly because of its high sensitivity and it was

used as small pellets to measure internal radiation doses received by cancer patients

treated with radioactive isotopes [68]. The procedure was that the patients were
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made to swallow small LiF pellets which were recovered after passage through the

digestive system. Then, the accumulated dose received by the patients was obtained

by measuring the TL from the pellets and comparing it with that produced in similar

crystals which had been irradiated with a known dose of radiation. Other well known

TL dosimetry (TLD) phosphors in use today include Al2O3, Li2Ba4O7, and Mg2SiO4

[69].

In order to check whether a given material is appropriate for dosimetric appli-

cation, investigation of its TL properties with increase in external radiation dose

(ultra-violet, x-rays, γ-rays, etc) is quite important. In some TLD phosphors, the

TL intensity grows linearly with dose [69]. However, in most other materials used in

radiation dosimetry, different degrees of deviation from linearity are observed [70, 71].

Therefore, the phenomena of superlinearity (where the intensity growth is more than

linear) and sublinearity (where the intensity growth is less than linear) can be ob-

served from the TL response of a given TLD phosphor with dose.

2.6 Models of Thermoluminescence

There are different models of thermoluminescence. A simple energy level scheme con-

sisting of two localized levels (one act as trap (TR) and the other act as recombination

center (R)) is shown in Fig. 2.5. It is also called one trap and one recombination

center (OTOR) model. The traps are assumed to be electron traps and the recom-

bination centers are hole traps. The traps and the recombination centers get filled

up by the respective type of charge carriers following irradiation of the specimen.

The electrons are ejected out of the traps (detrapped) and become free to move in

the conduction band during the heating stage after absorption of enough energy E
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corresponding to the trap depth.

Figure 2.5: Two level model for thermoluminescence. Allowed transitions: (1) ioniza-
tion; (2), (5), trapping; (3) thermal release (detrapping); (4) radiative recombination
and emission of light.

During the random motion of the electrons in the conduction band following

ionization (irradiation) and thermal release, the electrons may recombine with holes

trapped at recombination center (R) emitting light. Alternatively the electrons may

also fall back into an empty trap. This is called retrapping. Thus the transport of

electrons from the traps to the recombination centers to emit luminescence may be

described in terms of rate of excitation, retrapping and recombination. These three

rates for the OTOR model are given by [28, 29]

Rex = n s exp

(
− E

kT

)
, (2.6.1)
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Rret = nc A (N − n), (2.6.2)

Rrec = nc Ar nh, (2.6.3)

where Rex, Rret, Rrec, respectively are the excitation, retrapping and recombination

rates, N and n, respectively are the total and the filled concentration of the thermally

active traps, nc is the concentration of the charge carriers in the conduction band, nh

is the concentration of holes in the recombination center, E is the activation energy

of the trap, which is also called the trap depth, T is the sample temperature, k is

the Boltzmann constant, A and Ar, respectively, are the retrapping and the radia-

tive recombination probability coefficients. The values of these coefficients depend

on the capture cross sections σ and σr of the traps and the recombination centers,

respectively: (A = σv and Ar = σrv where v is the velocity electron in the conduc-

tion band). The physical scheme used in formulating any particular model of TL

determines the value of nh. Since the overall charge neutrality condition should be

ensured, the value of nh is the sum of all the filled traps in the sample, which means

the filled active traps n and any deeper level traps which are thermally not affected,

at the given temperature T . It is assumed that all the excited charge carriers relax

from conduction band instantly either into the recombination center or alternatively

into the empty traps, with no significant number of these being left behind in the

conduction band. This is called the quasi-equilibrium condition. The fraction η of

the excited carriers which produces luminescence during heating stage is given by the

following equation [1],

η =
Rrec

Rret + Rrec

. (2.6.4)
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Here, η is also called the luminescence efficiency and its value strongly depends on

the values of the parameters in Eq. 2.6.1 to Eq. 2.6.3. However, the expression of η

would change according to the applicable physical model since the denominator in Eq.

2.6.4 may increase depending on the existence of other possible routes of relaxation

such as non-radiative recapture in deeper level traps.

There are two early models of TL proposed by Randall and Wilkins, and Garlick

and Gibson. These models are discussed below.

2.6.1 Randall and Wilkins model

This is the first theoretical model of TL suggested by Randall and Wilkins (RW) [60].

Their suggestion was under the assumption that the retrapping may be negligible

(Rret = 0) and hence according to Eq. 2.6.4, η = 1. Therefore, the TL intensity I is

directly proportional to Rex.

I = c Rex = c n s exp

(
− E

kT

)
. (2.6.5)

The temperature T can be expressed in terms of the linear heating rate β as T =

T0 +βt and c is a constant representing the optical efficiency factor relating the lumi-

nescence output to the electron release rate and the measuring instrument’s efficiency

to collect the light. The value of the constant c can be taken to be unity since it in-

fluences only the intensity of the glow curve and it has no effect on the characteristics

like the shape of the glow curve and its decay pattern. Rearranging Eq. 2.6.5, yields

[28],

dn

n
= −s exp

(
− E

kT

)
dt. (2.6.6)
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Using the assumption of linear heating rate i.e., dT/dt = β, Eq. 2.6.6 may be written

as,

dn

n
= −

(
s

β

)
exp

(
− E

kT

)
dT. (2.6.7)

The expression of n at any temperature T during the heating process can be obtained

by integrating Eq. 2.6.7 and is expressed as,

n = n0 exp

[
−

∫ (
s

β

)
exp

(
− E

kT ′

)
dT ′

]
, (2.6.8)

where T ′ in the integral runs from initial temperature T0 to final temperature T , n0

is the initial concentration of trapped electrons. Plugging this expression for n in Eq.

2.6.5, one obtains the expression for TL intensity I(T ) as a function of temperature

T as,

I(T ) = n0 s exp

(
− E

kT

)
exp

[
−

∫ (
s

β

)
exp

(
− E

kT ′

)
dT ′

]
. (2.6.9)

Eq. 2.6.9 gives the TL intensity the glow curve. The integral in this equation is

expressed in terms of special function as,∫
exp

(
− E

kT

)
dT = exp

(
− E

kT

)
T +

E × ExpIntegralEi
(
− E

kT

)
k

, (2.6.10)

where ExpIntegralEi
(
− E

kT

)
gives the exponential integral function Ei

(
− E

kT

)
.

The profiles of change in the filled trap population n, the thermal excitation

probability p and the TL intensity I as a function of temperature T during the

heating stage are shown in Figs. 2.6, 2.7, and 2.8 respectively. As shown in Fig.

2.7, the initial part of the glow curve rises exponentially. Moreover, the probability

of thermal excitation p given by s exp
(
− E

kT

)
also rises exponentially as shown in

Fig. 2.8. In the initial rise part of the glow curve, the value of n may be considered

constant at n0 which is the initial concentration of electrons in traps. This property
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Figure 2.6: Profile of trapped electron population n. Calculations are carried out
using the Randall- Wilkins model. Input parameters used are E = 0.4 eV , s =
1012 s−1, β = 1 0C s−1. The initial value of n is 1015 cm−3.

is useful to determine the values of the thermoluminescence kinetic parameters such

as the trap depth E and the frequency factor s by a method called initial rise method.

The methods of analysis of TL glow curves will be discussed in detail in chapter 3.

When the number of trapped charges n, is appreciably diminished, the TL intensity

curve ceases to rise in the exponential fashion. It attains a maximum value before

falling and ultimately falls to zero when all the traps are emptied.

The following are the characteristics of the glow curves of this model:

• The glow curve has an asymmetric nature. This means that it rises compara-

tively slowly and falls relatively sharply (see Fig. 2.7).

• As E increases, the glow peak shifts to higher temperature. Higher value of

E means stronger binding of the trapped charge and higher thermal energy is

needed to release it. The glow peaks for different values of E are shown in Fig.
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Figure 2.7: TL intensity versus temperature in Randall- Wilkins model with the same
input paramaters as in Fig. 2.6.

2.9 for constant values of s and b. It can be observed that with increase in the

value of E the peak height is reduced.

• For given values of E and b, the glow peak shifts to lower temperature as s is

increased. Thus, it is clear that E and s have opposite effects on TM . This is

simple to understand since higher s means faster escape of the trapped change

from the excited state of the trap. Higher s leads also to increase in peak height.

• For given values of E and s, the peak temperature TM increases as heating rate

β is increased.

• The glow peak characteristics, namely the peak temperature TM and the peak

shape remain unchanged when the initial filled concentration n0 of the traps is

changed. This means that the peak characteristics are independent of radiation

dose given to the sample. However, the intensity (the area as well as the height
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Figure 2.8: Profile of probability p of excitation as a function of T during heating
Randall- Wilkins model. The same input parameters as in Fig. 2.6 are used. This
increment in p for all T is, however, ideal.

of the peak) increases in direct proportion to n0 for given E, s and β. In other

words, the intensity is directly proportional to dose given to a sample, assuming

that the trap filling is directly proportional to the dose. These characteristics

are unique to RW model and are of prime importance in the application of TL

in radiation dosimetry as well as in kinetics analysis of the glow curves.

2.6.2 Garlick and Gibson model

Using the same OTOR model, Garlick and Gibson (GG) modified the model of TL

intensity proposed by RW [61]. According to GG model, an electron which is de-

trapped into the conduction band from the trap centers after absorption of thermal
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Figure 2.9: Change in temperature TM of glow peak maximum with change in E.
The values of other parameters are the same as in Fig. 2.6.

energy has two options, i.e., it may either recombine with a hole trapped at recom-

bination center to produce luminescence or may be retrapped by any of the vacant

traps. However, in RW model, retrapping is assumed to be negligible and the de-

trapped electrons are assumed to recombine directly with the trapped holes giving

luminescence. Let A and Ar, respectively, be the probability coefficients for retrap-

ping and recombination. The recombination and retrapping terms, respectively, are

proportional to Ar n and A (N − n), where N is the total number of the traps and n
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is the instantaneous number of available recombination centers. In the OTOR model

n is also equal to the number of filled traps, so that the charge neutrality condition

is maintained. The recombining fraction η of this combined probability of transitions

for any excited carrier, then is,

Figure 2.10: First order (1) and second order (2) peaks with E = 0.5 eV , s =
1012 s−1, n0 = N = 1015 cm−3.

η =
Ar n

Ar n + A (N − n)
. (2.6.11)

According to Garlick and Gibson (GG), the probability of rerapping is equal to the

probability of recombination, i.e., Ar = A. Therefore, the value of η in GG model

becomes η = n/N and the TL intensity I(T ) previously given by Eq. 2.6.5 would be

modified by a factor equal to n/N . Thus, in GG model,

I(T ) = −dn

dt
=

( n

N

)
n s exp

(
− E

kT

)
=

(
n2

N

)
s exp

(
− E

kT

)
. (2.6.12)

It can be seen that the TL intensity I(T ) is proportional to n2 in GG model, and is

called second order kinetics which is discussed in detail in the next section. Again
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Figure 2.11: First order (1) and second order (2) peaks with E = 0.5 eV , s =
1012 s−1, n0 = 1015 cm−3, N = 2× 1015 cm−3, β = 1 0C s−1.

assuming linear heating rate dt = dT/β and integrating Eq. 2.6.12 one obtains the

value of n at any temperature T as,

n(T ) =
n0

1 + 1
N

(
s
β

)
n0

∫
exp

(
− E

kT ′

)
dT ′

, (2.6.13)

Substituting Eq. 2.6.13 in to Eq. 2.6.12, the following equation for the glow curve

can be obtained [28],

I(T ) = n2
0

( s

N

)
exp

(
− E

kT

) [
1 +

n0 s

β N

∫
exp

(
− E

kT ′

)
dT ′

]−2

. (2.6.14)

It is worth noting that, if n � N (low dose sample) so that A N becomes much

greater than Ar n, second order kinetics can be obtained in OTOR model even if

Ar 6= A. In this case, η = Ar n/A N and in Eq. 2.6.12, n/N gets replaced by

Ar n/A N and in Eq. 2.6.14, s/N gets replaced by sAr/A N . Therefore,

I(T ) = n2
0

(
s Ar

N A

)
exp

(
− E

kT

) [
1 +

n0 s Ar

β N A

∫
exp

(
− E

kT ′

)
dT ′

]−2

. (2.6.15)
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Figure 2.12: Second order peaks with (1) n0/N = 1, (2) n0/N = 0.5, and (3) n0/N =
0.1. In addition, E = 0.5 eV , s = 1012 s−1 and β = 1 0C s−1 for all the peaks.

Thus, it should be noted that in the case of Ar 6= A, the second order kinetics is

obeyed only in low dose samples (n � N), whereas it is valid at all doses for the case

when Ar = A. The characteristics of the glow curves computed from GG model (Eq.

2.6.12) may be described as follows.

• The fall of the glow curve is slightly slower than its rise (see Figs. 2.10 and

2.11). This is in contrast to the first order kinetics case in which the fall is

faster than the rise.

• For a given set of parameters E, s, β and n0/N the temperature of maximum

intensity (TM) is on the higher side as compared to that of the first order, except

when n0 = N (traps filled to saturation) (see Figs. 2.10 and 2.11) in which case

the TM for the first order and the second order kinetics is nearly same.

• The glow peaks shift to higher temperature and become progressively wider in

shape as the value of n0/N is reduced, i.e. smaller is the dose, higher the TM
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and wider are the peaks (see Fig. 2.12). This is in contrast to the first order

kinetics case in which TM is independent of n0/N .

The other properties, namely the dependence of TM on E, s and β as expected are

similar to that of the first order kinetics case.

2.7 Order of Kinetics

2.7.1 First and second order kinetics

In TL theory, the term order of kinetics has been taken from chemistry. It is related

to the rate of chemical reaction and the change in the concentration of reactants.

When the rate of a chemical reaction is directly proportional to the change in the

concentration of only one of the reactant, it is called mono molecular kinetics or first

order kinetics. However, if the rate of chemical reaction is directly proportional to the

change in the concentration of both the reactants, it is called bi-molecular kinetics or

second order kinetics. The reaction following second order kinetics may be written

as [72],

−dn

dt
= C n(t) m(t). (2.7.1)

In other words, in first order kinetics, the electron retrapping probability is assumed

to be zero and the TL intensity I at any temperature T during heating stage depends

only on the concentration n of electrons in the active traps at that temperature [72].

Randall and Wilkins demonstrated that a TL glow curve corresponding to a single

electron trapping state and a single kind of recombination center results in first-order

kinetics if there no retrapping of the detrapped electrons. The equation governing

this process was shown in Eq. 2.6.6. RW model is called a ‘classical’ first order case
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among researchers dealing with TL due to the assumption of no retrapping. However,

in some cases the physical situation of ‘negligible retrapping’ has been termed first

order kinetics.

A case of non-first order kinetics is obtained if the values of the TL intensity are

dependent also on the concentration h of the recombination centers in addition to

the concentration of electrons n in traps. According to some early investigators of

TL phenomena, second-order kinetics is obtained if the probability of retrapping is

non-zero. For OTOR case in GG model, when Ar = A and the concentration h of

recombination center is equal to the concentration n of electrons in traps, it becomes

a case of second order kinetics. If Ar = A, the ‘reaction’ rate between the released

charges from the traps and the recombination center becomes equal to n2 (as shown

in Eq. 2.6.12 which means we have kinetic order equal to 2. For the condition when

Ar 6= A, a value of kinetic order between 1 and 2 is obtained instead of being exactly

equal to 2. Thus, though a chemical reaction can be described in terms of first order

or second order kinetics in chemical kinetics, all values of the kinetic order between

1 and 2 are also possible in TL phenomena. Such cases do not fit in to first order or

second order kinetics and are called general order kinetics. This is discussed in detail

in the following section.

2.7.2 General order kinetics

May and Partridge (MP) suggested a more general expression for TL emission which

would satisfy not only the first order and second order kinetics expressions when b = 1

and b = 2 respectively, but would also include all other possible values of b including

its non-integral values between 1 and 2 or even outside this range. Accordingly, they
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proposed the following expression for TL intensity [28, 73]

I(T ) = −dn

dt
= nbs′ exp

(
− E

kT

)
, (2.7.2)

where s′ and b are the empirical constants called frequency factor and the order of

kinetics, respectively. Therefore, this expression for TL intensity is called general

order kinetics. There is a general practice of applying Eq. 2.7.2 to any experimental

glow peak to do kinetic analysis though it is based on OTOR model. This is under

the assumption that it includes all plausible physical schemes that may be applicable

to the glow peaks. The solution of this equation gives the following temperature

dependent expression for the TL glow peak,

I(T ) = nb
0 s′ exp

(
− E

kT

) [
1 +

(b− 1) nb−1
0 s′

β

∫
exp

(
− E

kT ′

)
dT ′

]− b
b−1

, (2.7.3)

where b ≥ 2. Eq. 2.7.3 was simplified by Chen [74] under the assumption that

nb−1
0 s′ = s. The role of nb−1

0 s′ was assumed to be similar to that of the frequency

factor in the first order kinetics mainly because of the fact that it has the dimen-

sion s−1 like the frequency factor. However, to avoid confusion, later workers have

designated it as s′′ instead of s. Therefore, equation Eq. 2.7.3 becomes,

I(T ) = n0 s′′ exp

(
− E

kT

) [
1 +

(b− 1) s′′

β

∫
exp

(
− E

kT ′

)
dT ′

]− b
b−1

. (2.7.4)

It is important to note that greater degree of retrapping (indicated by greater value of

b) is found to raise the value of the temperature TM corresponding to the maximum

intensity.

2.7.3 Mixed order kinetics

Since the expression of the general order kinetics discussed above is only empirical

a better alternative (expression) which fit neither in first order nor second order is
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required in dealing with TL glow peaks. To fill this gap, the mixed order kinetics was

originally proposed by Visocekas [75]. Chen et al. [76] have further elaborated on the

model proposed by Visocekas and suggested that mixed order kinetics has merit over

general order kinetics since it is derived from a physically meaningful model whereas

the general order kinetics is only empirical. The equation for the mixed order glow

curve when the linear heating rate of dT/dt = β is used is given by [77, 78],

I(T ) =
s′ C2 α exp

[
s′ C

β

∫
exp

(
− E

kT ′

)
dT ′

]
exp

(
− E

kT

)
{

exp
[

s′ C
β

∫
exp

(
− E

kT ′

)
dT ′

]
− α

}2 , (2.7.5)

where α is the kinetic order parameter in mixed order kinetics and is defined as

α = n0/(n0 + C) and C is the population of the thermally disconnected deep traps

(TDDTs) [77]. The TDDTs may be assumed to be totally filled, so that they do not

capture the carriers liberated from the active traps during heating.



Chapter 3

Analysis of Thermoluminescence
Glow Curves and Characterization
Techniques

3.1 Introduction

The models and factors affecting TL have been discussed in detail in chapter 2. How-

ever, it is important to analyze the TL emission characteristics to get the mechanisms

involved in the process. Also the knowledge of TL kinetic parameters, which can be

analyzed using different methods, is crucial to determine TL applications of studied

samples. In general, research activities in the area of TL over the past years led

scientists in three different directions. The first approach is concentrated on the de-

termination of TL kinetic parameters such as activation energy (E), frequency factor

(s) and order of kinetics (b) relevant to the TL glow curves. The second approach is

related to studies on defect centers. The third approach makes use of the capability

of deep traps in insulating materials to store charge carriers above room temperature

for a long time for applications in the field of dosimetry and dating.

In fact, the main objective of studying TL is to extract data from the TL glow

45



46

curves and use these data to determine the various TL kinetic parameters associated

with the sample under investigation. Though arriving at the correct values of these

parameters is not an easy task, their calculation is an important step in arriving

at an acceptable level of understanding of the underlying processes in TL emission.

Moreover, a great deal of efforts has been directed towards the development of a re-

liable method of analysis. The methods used for the analysis of the TL glow curves

are, heuristic method (first approximation of E), initial rise method, the whole glow

curve method, the variable heating rate method, peak shape method, isothermal de-

cay method, and computer glow curve deconvolution method. These methods begin

by selecting the TL kinetic equations appropriate to a particular model and continue

by introducing a simplifying assumption into these equations in order to arrive at an

analytical expression which describes the variation in TL intensity with temperature,

in terms of the desired parameters [59]. From these equations, even reaching at sim-

pler expressions which relate the parameters directly to the data is possible. Therefore

in this chapter, the simplified methods of analysis used to evaluate the TL kinetic pa-

rameters will be briefly discussed. Moreover, some useful characterization techniques

employed during the study are also briefly discussed. The synthesized nanophos-

phor is characterized using x-ray diffraction (XRD), photoluminescence (PL) spec-

troscopy, ultra-violet Visible (UV-VIS) spectroscopy, and thermoluminescence (TL)

spectroscopy. The basic working principle of each technique (device) is explained.
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3.2 Methods of Analysis

3.2.1 Heuristic method (First approximation of E)

These are the first approximations for the evaluation of activation energies. However,

the accuracy expected in these methods is, in general, poor. From TL experiments,

D. Curie [79] deduced the following empirical relation between the activation energy

(E) and the maximum temperature of the glow peak TM for a given value of β/s.

E =
TM − T0

K
. (3.2.1)

Here, E is in eV , TM is in Kelvin, and T0 and K are constants varying with the

value of β/s as given in Table 3.1.

β/s (oK) K (oK/eV ) T0 (oK)
10−4 833 35
10−5 725 28
10−6 642 22
10−7 577 17
10−8 524 13
10−9 480 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

Table 3.1: The values of the parameters T0 and K for different input values of β/s
[79].

Therefore, for a given value of TM , E can easily be evaluated.



48

3.2.2 Initial rise method

This method of analysis was first suggested by Garlcik and Gibson [80]. It is com-

monly used to determine the activation energy when only one glow peak is presented

and analyzed. However, when the glow peak is more complex, a wide peak and some

holders appear in the structure, the application of the initial rise method is not valid

since multiple trapping levels are considered and then the thermoluminescence anal-

ysis becomes difficult to perform [81]. The underlying principle in this method is

that the dependence of the amount of trapped electrons n(T ) is negligible in the low

temperature tail of TL glow peak and it can be assumed to be approximately con-

stant. In other words, very little detrapping will take place at this low temperature

region indicating that this method is independent of the order of kinetics. With rise

in temperature, the first exponential in Eq. 2.6.9 increases, whereas the value of the

second term remains close to unity and this remains valid when the TL intensity I

has risen by no more than 15 percent of the maximum intensity of the glow peak IM .

The second term in equation Eq. 2.6.9 decrease with further increase in temperature

T > TC and the competition between the two terms in this equation results in the

peak shape of the TL glow curve.

Applying the assumption of constant n(T ), the intensity in the initial part of the

glow curve may be expressed as,

I(T ) ∝ exp

(
− E

kT

)
. (3.2.2)

Fig. 3.1 depicts the initial rise part of a single TL glow peak. In using this method, a

graph of ln(I) versus 1/kT is made and a straight line of slope −E is obtained. The

activation energy E is evaluated from the slope of this line without any knowledge

of the frequency factor s. Ilich [82] proposed a graphical approach as alternative
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method and is shown in Fig. 3.2. By using a point IC on the isolated TL glow

peak and drawing the tangent at the point N = (TC , IC), the slope can be calculated

assuming that I(T ) is given by:

I(T ) = C exp

(
− E

kT

)
. (3.2.3)

Taking the derivative of Eq. 3.2.3, one obtains

Figure 3.1: The initial rise part of TL glow curve.

dI

dT
= C

E

kT 2
exp

(
− E

kT

)
= I

E

k T 2
. (3.2.4)

The slope of the tangent at point N is obtained by setting T = TC . Eq. 3.2.4 then

becomes,

dI

dT
= IC

E

k T 2
C

. (3.2.5)
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Figure 3.2: The graphical method proposed by Ilich.

In order to determine the point M = (T0, 0) where the graph intersects the X-axis,

the following equation of the tangent line is used,

I − IC =
IC E

k T 2
C

(T − TC). (3.2.6)

Using I = 0, Eq. 3.2.6 becomes

E = k
T 2

C

TC − T0

. (3.2.7)

Therefore, Eq. 3.2.7 gives the estimated value of the activation energy. In recent years,

the initial rise method was extended to multiple trapping levels in thermoluminescent

materials [83]. The quantity Eeff corresponding to an average value over the Ei values

of each single sub-level is taken into consideration as a consequence, the trapping
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parameter s, which is of course considered as an effective value, is calculated once

Eeff is obtained. The following precautions should be made while using this method.

• The initial rise part of the glow peak under study should be free from any

contribution from any nearby glow peaks, and

• There should be no lag in temperature between the heater plate and the sample

and no temperature gradient across the sample thickness. This means that the

sample layer should be very thin and it should be firmly deposited on the heater

pan. Use of slow heating rate is desirable to avoid temperature lag between the

heater pan and the sample.

Therefore, though this method can be applicable to any order of kinetics, it is not

applicable if the resolution of the TL glow peak is poor due to the presence of nearby

overlapping peaks.

3.2.3 The whole TL glow curve method

The methods described in the initial rise method utilize only the initial rising portion

of a glow peak, thus the number of data points which may be used to calculate E is

severely limited. This may be overcome by using not just one small section of the

curve but the whole peak (the whole or ‘total’ glow peak method) and this enables E,

s and the kinetic order b, to be calculated. Thus, this method is also known as ‘area

method’ or ‘whole glow peak’ method of analysis, and is based on the measurement

of the integral under a glow peak. It can be applied when a well isolated and clean

peak is available. It is possible to estimate the value of the integral n(T ) of the

TL intensity over a certain temperature region using the area under the glow curve
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between a given temperature T0 in the initial rise region, up to the final temperature

TF at the end of the glow peak, as shown in Fig. 3.3.

Figure 3.3: Calculation of the area n(T ) in the whole glow peak measurement method.

n =

∫
I dt =

1

β

∫
I dT. (3.2.8)

Assuming first order kinetics and substituting the Randall-Wilkins relation given in

Eq. 2.6.7, the following relation can be obtained.

ln

(
I∫
IdT

)
= ln

(
s

β

)
− E

kT
. (3.2.9)

From Eq. 3.2.9, one can see that in the case of first order kinetics, the term ln [I/n(T )]

is a linear function of E/kT with a slope −E and an intercept equal to ln (s/β).
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Different authors proposed the same method in the case of general order kinetics

[84, 85]. However, in this case the equation is,

ln

(
I

nb

)
= ln

(
s′

β

)
− E

kT
, (3.2.10)

which is graphically processed by plotting ln
(
I/nb

)
versus 1/kT . For the case when

the order of kinetics b is known, one can obtain a broad range of temperatures in

which the curve is a straight line. However, when the order of kinetics is unknown,

several lines are drawn with various values of b and the best straight line is chosen.

3.2.4 Methods of analysis based on the various heating rates

Variable heating rate (VHR) is one of the most widely used technique for the analysis

of TL glow curves. It considers the evolution of the TL maxima at different heating

rates while all other parameters are held constant. When the heating rate increases,

the position of the TL maximum TM shifts toward higher temperatures (see Fig. 3.4)

and the heating rate β can be related to the TM of its corresponding peak using an

equation of the following form [86, 87]:

β E

kT 2
M

= s exp

(
− E

kTM

)
, (3.2.11)

where k is the Boltzmann constant (in units of eV/K) and E is the activation energy

(in units of eV ). This method requires several measurements of the glow peak with

different β and first suggested by Hoogenstraaten [88]. Higher values of β or faster

heating rates produce a shift in temperature relatively towards higher values of TM

as shown in Fig. 3.4. By means of the VHR method, E and s can be derived from

the variation of ln (T 2
M/β) as a function of 1/kTM . When ln (T 2

M/β) is versus 1/kTM

is plotted, the resulting graph consists of a straight line of slope E and intercept
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Figure 3.4: The change in temperature TM of maximum intensity with heating rate.

ln (E/sk). Therefore, the values of the kinetic parameters E and s can be determined

from the slope and intercept.

3.2.5 Method of analysis based on the shape of the glow

curve

A popular method of analyzing glow curve in order to evaluate the TL kinetic pa-

rameters E, s and b is by considering the shape of the peak. This method essentially

uses only three temperature points, namely TM , T1 and T2; where TM is the peak

maximum temperature, T1 and T2, respectively, are the temperatures on the rising
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and falling side of TM corresponding to half intensity as shown in Fig. 3.5. This

Figure 3.5: The geometrical shape parameters ω, τ and δ.

method was developed on the approximation that the glow peak may be described as

consisting of two right angled triangles of same height. Order of kinetics depends on

the shape factor of the glow peak µ which is in turn related to the temperatures TM ,

T1 and T2 as follows [89]:

µ =
δ

ω
=

T2 − TM

T2 − T1

, (3.2.12)

where ω = T2− T1 is the half width of the full glow peak and δ = T2− TM is the half

width towards the fall off side of the glow peak and τ = TM − T1 (see Fig. 3.5).

First order peak is characterized by µ = 0.42 and a second-order peak by µ = 0.52.

For the general case in which kinetic order is not necessarily equal to 1 or 2, Chen [90]
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investigated the correlation between µ and the three parameters, namely the activa-

tion energy, the pre-exponential factor and the kinetics order. Chen used the glow

curve of general order kinetics for this study and found that µ is strongly dependent

on the order of kinetics and practically independent of the activation energy and the

frequency factor. The computations covered values of the kinetic order between 0.7

and 2.5, the activation energy between 0.1 and 1.6 eV, and the frequency factor be-

tween 105 and 1019 s−1. The result is shown in Fig. 3.6 and it is used to find the value

of the order of kinetics from the measured value of µ in an experimentally measured

glow peak.

In Fig. 3.5, τ = TM −T1 is the half width at the low temperature side of the peak.

In other words, δ and τ are the widths of the two right angled triangles. Another

geometrical factor γ is defined as δ/τ . The activation energy is evaluated from Chen’s

equations for general order kinetics [90, 91]. That is,

Eα = cα

(
kT 2

M

α

)
− bα (2kTM), (3.2.13)

where α represents ω, τ or δ.

cτ = 1.510 + 3.0 (µ− 0.42), (3.2.14)

cδ = 0.976 + 7.3 (µ− 0.42), (3.2.15)

cω = 2.52 + 10.2 (µ− 0.42), (3.2.16)

bτ = 1.58 + 4.2 (µ− 0.42), (3.2.17)
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bδ = 0, bω = 1. (3.2.18)

Figure 3.6: The relation between kinetic order b and geometrical shape factors µ and
γ [28].

The possible source of error in this method is that it is an approximate method

in the sense that the value of the peak shape factor µ is not totally independent of

the E and s values. The purity of the glow peak is an essential requirement for the

accuracy of the results. In addition, correct measurement of TM , T1 and T2 is essential

to get the values ω, τ and δ. Moreover, it is important to note that before applying

the peak shape method, one should test the glow peak for shift in TM with change

in dose. In case there is no consistent shift, as stated earlier, one should assume the

glow peaks to belong to the first order kinetics.
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3.2.6 Isothermal decay method

The methods of TL analysis discussed above deals with determination of the TL ki-

netic parameters from the form, or shape, or position of the glow peak which itself is

produced during a non-isothermal rise in sample temperature. However, in isother-

mal decay analysis, the sample temperature is kept constant and the luminescence

intensity is followed as a function of time. In other words, this is a method of analysis

that does not employ any particular heating cycle. This method of analysis, there-

fore, deals with phosphorescence rather than TL, but by raising the temperature, at

which the phosphorescence decay is being monitored, the deep traps which take part

in TL can be sampled and their trap depths determined. The common experimental

procedure in an isothermal decay experiment consists of quickly heating the sample

after irradiation to a specific temperature, and keeping the sample at this tempera-

ture for a given time interval. The light output known as phosphorescence decay is

measured as a function of time. Therefore, it is possible to evaluate the decay rate of

trapped electrons. Graphs of the TL intensity versus time t at constant temperature

are called isothermal decay curves.

Garlick and Gibson [92] illustrated the method of isothermal decay analysis for

first order kinetics. The isothermal decay curves at a temperature Ti for TL peaks

following first-order kinetics are exponential graphs as a function of time, and is given

by

I = I0 exp

[
−s exp

(
− E

kTi

)
t

]
. (3.2.19)

Eq. 3.2.19 shows that a graph of ln(I) versus time is linear for first order kinetics



59

peaks, and that the slope of the line is expressed as,

mi = −s exp

(
− E

kTi

)
. (3.2.20)

Taking the natural logarithm of Eq. 3.2.20, the following relation is obtain,

ln (|slope|) = ln(s)− E

kTi

. (3.2.21)

The plot of the ln (|slope|) versus 1/kT should be a straight line with slope = −E

and a Y-intercept equal to ln(s). If two different constant temperatures, T1 and T2,

are used during the experiment, two different slopes m1 and m2 are obtained and Eq.

3.2.21 gives

ln

(
m1

m2

)
=

E

k

(
1

T2

− 1

T1

)
. (3.2.22)

The activation energy E can be calculated using Eq. 3.2.22. Moreover, the application

of isothermal decay analysis for general order kinetics has been suggested in [93, 94]

and the order of kinetics b can possibly be evaluated. Using the assumption of constant

temperature and integrating the general-order expression given in Eq. 2.6.14 with

respect to time t, one obtains,

I(t) = I0

[
1 + s′ nb−1

0 (b− 1) t exp

(
− E

kT

)] b
1−b

, (3.2.23)

where I0 = s′ nb
0 exp

(
− E

kT

)
. I0 and n0, respectively, the initial TL intensity and the

initial concentration of trapped charges, I(t) is the TL intensity at time t, T is the

temperature of the isothermal decay and s′ = s/N is the effective frequency factor.

Eq. 3.2.23 can also be expressed as,(
I(t)

I0

) 1−b
b

=

[
1 + s′ nb−1

0 (b− 1) t exp

(
− E

kT

)]
. (3.2.24)

From Eq. 3.2.24, it can be seen that a plot of the quantity (I(t)/I0)
1−b

b versus time

should be a straight line when a suitable value of b is found. Further use of different
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isothermal decay temperatures results in the determination of a set of straight lines

with slopes given by,

m = s′ nb−1
0 (b− 1) t exp

(
− E

kT

)
. (3.2.25)

Determination of the activation energy E and the effective frequency factor s′′ =

s′nb−1
0 then follows from the slope and intercept of the plot of ln(m) versus 1/kT .

The limitation of using isothermal decay data is that it may be difficult to obtain an

exact estimate of the best linear fit, since small differences may occur between the

graphs for various values of b.

3.2.7 Curve fitting method

The curve fitting technique is also capable of analyzing the glow peaks of a real sample.

The popularity of the curve fitting technique has stemmed from the advancements in

computational techniques, in which large number of numerical data points may be

handled. The basic approach for glow curve fitting involves choosing the appropriate

equation to fit the data. For example, one may choose the Randall-Wilkins (RW)

equation of the glow peaks (Eq. 2.6.9). This would implicitly mean that all the glow

peaks in the multi-peak glow curve belong to first order kinetics (b = 1). One may

then carry out a three parameter fit namely using E, s, and n0 as fitting parameters.

However, in most cases, the glow curve fitting is carried out using the general order

kinetics equation of the glow peak (see Eq. 2.6.15).
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3.3 General Precautions in Glow Curve Analysis

One of the most important procedures in glow curve recording is accurate measure-

ment of temperature. If the sample is in the form of fine powder it should be firmly

deposited on the heater plate for uniform heating. The sample may be in the form

of thin polished plate of approximately 0.5 mm or less thickness. If the sample is

in the form of fine powder one may use small amount of the powder which may be

uniformly spread on the heater plate over about 1 cm2 area uniformly. In addition,

the glow peaks to be analyzed should be free from any satellites associated with the

glow peak under study. For this purpose, satellites on the lower temperature side may

be removed by preheating the sample to a selected temperature. This phenomenon

is called thermal cleaning.

3.4 Characterization Techniques

3.4.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an efficient analytical nondestructive technique which is

used for many purposes such as investigation of structural properties of crystalline

materials, phase identification, determination of crystallite size, evaluation of lattice

constants, and determination of degree of crystallinity in a mixture of amorphous and

crystalline substances [95]. The basic components of x-ray diffractometer are x-ray

tube, a sample holder and an x-ray detector [96]. X-rays are produced in the x-ray

tube and it consists of an evacuated chamber with a tungsten filament at one end of

the tube, called the cathode, and a metal target at the other end, called an anode.

The electrons are driven to the anode (target) due to the large voltage difference
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maintained across these electrons (usually tens of thousands of volts). Thus, x-rays

are produced at the point of impact and radiate in all directions. Fluorescent screens

are widely used today in x-ray diffraction work for detection of x-rays. A fluorescing

crystal may also be used in conjunction with a phototube; the combination, called a

scintillation counter, is a very sensitive detector of x-rays [96]. A schematic diagram

of x-ray diffraction is shown in Fig. 3.7. The x-ray tube acts as the source of x-rays

and the detector counts the number of x-rays scattered by the sample. Moreover, the

incident angle θ is always 1/2 of the detector angle 2θ.

Figure 3.7: Schematic diagram of x-ray diffraction. The incident angle, θ, is defined
between the x-ray source and the sample. The diffracted angle, 2θ, is defined between
the incident beam and the detector angle.

Bragg’s law

Bragg’s law is the basis of XRD analysis. Consider a beam of monochromatic x-rays

entering a crystal with one of its planes oriented at an angle θ to the incoming beam

as shown in Fig. 3.8. When ray 1 reflects off the upper atomic plane at an angle θ,

ray 2 is still in the crystal. At the time of exit of ray 2 from the crystal, it travels

a distance of 2 d sinθ further than ray 1. If this distance is equal to an integral
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Figure 3.8: Two incident x-rays entering a crystal with interplanar spacing d.

number of wavelengths (nλ), then rays 1 and 2 will be in phase on their exit from the

crystal and constructive interference will occur. However, if the distance 2 d sinθ is

not an integral multiple of wavelengths, then destructive interference will occur and

the waves will not be as strong as when they entered the crystal. Thus, the condition

for the constructive interference to occur is

n λ = 2 d sin θ. (3.4.1)

This is known as Bragg’s law for x-ray diffraction [97]. Thus, if we know the wave-

length λ of the x-rays going in to the crystal and we can measure the angle θ of the

diffracted x-rays coming out of the crystal, the d-spacing between the atomic planes

is given by;

d =
n λ

2 sin θ
. (3.4.2)

In this study, Bruker D8 x-ray advance diffractometer operating at 40 kV and 40

mA using Cu Kα = 0.15406 nm is used for structural analysis of the samples.
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3.4.2 Photoluminescence spectroscopy (PL)

As discussed in detail in chapter 2, photoluminescence is luminescence by which

electromagnetic radiation i.e., photons are used to excite a material. When light is

directed onto the sample and gets absorbed, it imparts excess energy into the material

causing excitation or creation of electron-hole pairs. This excess energy can be re-

leased by the sample through the emissions of light as the system relaxes to its ground

state [98], a process called photoluminescence. Photoluminescence spectroscopy is a

contactless, nondestructive method of probing the electronic structure of materials.

In PL, the emission properties of materials are measured by using photons to induce

Figure 3.9: A schematic diagram showing the main elements for measuring PL spectra
[99].

excited electronic states in the material system and analyzing the optical emission

as these states relax. A typical experimental arrangement to measure PL spectra is

shown in Fig. 3.9. The sample is excited by light, which is followed by a monochro-

mator (the excitation monochromator) or a laser beam. A focusing lens is used to
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collect the emitted light while a second monochromator (the emission monochroma-

tor) analyzes it. A suitable detector is also connected to a computer for displaying the

PL excitation or emission spectra. Therefore, two kinds of spectra (the excitation and

emission spectra) can be registered. In excitation spectra, the emission wavelength

is fixed at any emission wavelength while the excitation wavelength is scanned in a

certain spectral range. In emission spectra, the excitation wavelength is fixed and the

emitted light intensity is measured at different wavelengths by scanning the emission

wavelength [99]. Sensitivity is one of the strengths of PL technique, allowing very

small quantities or low concentrations of material to be analyzed [99].

In this study, the excitation and emission spectra were measured at room tem-

perature using a Cary Eclipse fluorescence spectrophotometer model: LS-55 with a

built-in 150 W Xenon flash lamp.

3.4.3 Ultra-violet visible (UV-VIS) spectroscopy

Ultraviolet-visible (UV-VIS) spectroscopy or ultraviolet-visible spectrophotometry

refers to absorption spectroscopy (A) or reflectance spectroscopy (R) in the ultraviolet-

visible spectral region. It can also measure the amount of light transmitted (T)

through the sample. In the UV-VIS spectrum, an absorbance versus wavelength

graph measures transitions from the ground state to excited state, while photolu-

minescence deals with transitions from the excited state to the ground state. An

excitation spectrum is a graph of emission intensity versus excitation wavelength.

An excitation spectrum looks very much like an absorption spectrum. The greater

the absorbance is at the excitation wavelength, the more molecules are promoted to

the excited state and the more emission will be observed. By running a UV-VIS
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absorption spectrum, the wavelength at which the molecule absorbs energy most and

is excited to a large extent can be obtained.

Figure 3.10: (a) An experimental arrangement used to measure direct reflectance
spectra, (b) A schematic drawing of an integrating sphere for measuring diffuse re-
flectance spectra. As indicated in (a), I0 is the incident intensity minus the reflection
losses IR at the surface [99].

Absorption and reflectance measurements both give complimentary information.

Reflectance can be registered in two different modes: (i) direct or (ii) indirect. Direct

reflectance measurements are made with well polished samples at normal incidence

while diffuse reflectance is generally used for unpolished or powdered samples. For

direct refelectance measurements (Fig. 3.10a), monochromatic light is passed through
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a semitransparent lamina (the beam splitter in the Figure). This lamina deviates the

light reflected in the sample toward a detector. For diffuse refelectance measurements

(Fig. 3.10b), an integrating sphere (a sphere with a fully reflective inner surface) is

used. Such a sphere has a pinhole through which the light enters and transmitted

toward the sample.

The diffuse reflected light reaches the detector after suffering multiple reflections

in the inner surface of the sphere. The integrating spheres can be incoprporated

as additional instrumentation into conventional spectrophotometers. In this work, a

Perkin Elmer Scan-Lambda 950 UV-VIS spectrophotometer (LAMBDATM 950) was

used to record the reflectance characteristics of samples.

3.4.4 Thermoluminescence (TL) spectroscopy

When a phosphor is excited with some external source of radiation and then heated,

an increase after glow called thermally stimulated luminescence (TSL) is recorded be-

cause of the recombination of electrons detrapped from deep traps within the phos-

phor. This emission is also called TL and the temperature dependence of the TL

intensity is called glow curve. The measurement of glow curve of a sample proceeds

as follows.

• The sample is cooled to a low temperature (or at least room temperature).

Liquid nitrogen is often used as coolant.

• The sample is excited by UV light (or other sources of excitation) until the

traps are populated with electrons or holes.

• The excitation is terminated and the temperature of the sample is raised at a
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constant rate while the intensity is recorded.

The TSL glow curves in this study were obtained by TL reader type TL1009I

offered by Nucleonix systems Pvt. Ltd., India interfaced to a PC where the TL

signals were analyzed. It is a versatile controller based unit facilitating the user

to subject the TL sample under study to the desired heating profile, to record the

digitized glow curve. A complete electronics hardware circuits (comprising of power

electronics, low/high voltage supplies, temperature controller, micro controller based

data acquisition circuits, sample heating system, drawer assembly, etc.) are enclosed

in a single enclosure [98]. The system also contains some of the software features like

glow curve acquisition, analysis, filing, printing, plotting, overlapping, maker data

reporting, etc. This integral TL reader unit gets connected to the personal computer

system through USB port.

Fig. 3.11 illustrates a schematic diagram of a typical TL experiment. The sample

is mounted on a coldfinger that is made of copper because of its good conductivity. It

is equipped with a high power heater to rapidly rise the sample temperature during the

heating stage. It is also placed in a cryostat and is under vacuum. The Xenon lamp is

used as radiation source, filtered by the monochromator. During the heating of sample

at a constant heating rate, the thermoluminescence is recorded by a light sensitive

detector. The photomultiplier tube is used to detect the light. The photomultiplier

is connected to a photo-counting system that records the thermoluminescence signal

as a function of sample temperature [100].



69

Figure 3.11: A schematic diagram of typical TL experiment [100].



Chapter 4

Thermoluminescence from Silicon

Quantum Dots in Two Traps-One

Recombination Center Model

4.1 Introduction

The light emission from silicon quantum dots is an active research area because of

its potential applications in the silicon-based optoelectronic devices [1, 28, 101, 102].

The efficiency of the silicon light emitting devices can be increased with the help

of different mechanisms. In particular, the possible increase in the intensity of TL

from quantum dots caused by the confinement has been studied in [103]. It was

shown that the confinement increases the probability of radiative recombination and

enhances the intensity of the TL. A quantum confined structure is one in which the

motion of the carriers (electron and hole) are confined in one or more directions by

70



71

potential barriers. In quantum dots (QDs), the charge carriers are confined in all

three dimensions and the spatial extent of the electronic wave function is comparable

with the particle size. It was shown that the confinement increases the probability of

radiative recombination and enhances the intensity of the TL. The efficiency of TL

from silicon quantum dots is enhanced because of two main reasons [103]. Firstly,

the quantum confinement effect causes an increase of surface states (because of the

high surface to volume ratio); so that the particles may provide more accessible

carriers (holes and electrons) for the TL recombination. Secondly, in nano-particles

the wave functions of electron and hole are overlapped effectively, which results in

the increase of their radiative recombination probability (Ar). Electrons and holes

created during the irradiation of a semiconductor will be trapped in some metastable

states if they do not recombine rapidly and they need an energy which is equal to

the trap depth to be released back to the conduction band to give luminescence.

This energy is also called activation energy. If the detrapping process is caused by

heating or thermostimulation, the luminescence is called thermoluminescence (TL)

[104, 105, 106, 107, 108].

Traps and trapped carriers in nanoparticles are abundant and luminescence might

be improved if the trapped carriers are effectively released from the traps by stimula-

tion with energy equal to the trap depth. TL is a good way to detect the recombina-

tion emission caused by detrapping of carriers thermally [108]. TL continues to be an

active area of research because of its immense contribution in the fields of personal

and environmental dosimetry, dating of archeological artifacts, sediments and study

of defects in solids [104]. In particular, light emission from silicon quantum dots has
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got recent attention because of its potential applications in the silicon-based optoelec-

tronic devices [109, 110]. There are different mechanisms of increasing the efficiency

of the light emitting device. In experiments, the possible increase in the intensity of

TL from nanoparticles due to the confinement effect and increase in the surface states

have been studied [107]. It was shown that both increase the probability of radiative

recombination and enhances the intensity of the TL.

The TL from different materials has been studied by many research groups using

different models. The OTOR model was discussed in detail by Randall and Wilkins

as seen in section 2.8.1. In this model, the peak of the TL intensity corresponding to

each peak depends on the level of the trap beneath the edge of the conduction band;

the shallower the trap, the higher the intensity peak. In other words, retrapping has

no effect on the intensity peaks. The rate equation governing the TL process and the

intensity of the TL in OTOR model are given by Eqs.2.6.6 and 2.6.9, respectively.

The interactive-multi-trap-system (IMTS) model has also been reported in liter-

ature [28]. This model assumes; one active electron trap (TR), one thermally discon-

nected deep trap (TDDT) that cannot be thermally activated, and one recombination

center as shown in Fig. 4.1. In IMTS model, though there is an effect of retrapping

to the thermally disconnected deep trap, its effect on TL peaks is not clearly observed

as there is only one active electron trap taking part in the TL process. Basically, in

reality we often have more than one active electron traps taking part in TL process

and the intensity peaks completely depends on the retrapping condition in this case.

The kinetic equations for this model are

dn

dt
= −s n exp

(
− E

kT

)
+ nc A (N − n), (4.1.1)
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Figure 4.1: IMTS model for TL. Allowed transitions: (1) ionization; (2), 4, (6),
trapping; (3) thermal release (detrapping); (5) radiative recombination and emission
of light.

dm

dt
= nc Am (M −m), (4.1.2)

dnc

dt
= s n exp

(
− E

kT

)
− nc A (N − n)− nc Am (M −m), (4.1.3)

where n is the instantaneous concentration of electrons in the active trap (cm−3), s

is the frequency factor (s−1), E is the activation energy of the active trap (eV ), k is

the Boltzmann constant (JK−1), nc is the instantaneous concentration of electrons

in the conduction band (cm−3), A is the probability coefficient of electron retrapping

to the active trap (cm3 s−1), N is the total concentration of traps in the active trap

(cm−3), m is the instantaneous concentration of electrons in the TDDT (cm−3), Am

is the probability coefficient of electron retrapping to the TDDT (cm3 s−1)), and M
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is the total concentration of traps in the TDDT (cm−3). Moreover, because of the

conservation of charge in the crystal, the concentration of holes in the recombination

center at any moment must be equal to the total instantaneous concentration of

electrons n + m + nc.

Though OTOR and TDDT models are extensively studied, there is still gap in

considering more number of traps which is a condition existing in real experimental

situation. Therefore, considering a model dealing with more number of traps is im-

portant. Let us consider small Si quantum dots of different size with size dependent

radiative recombination rate and study the effect of retrapping on TL intensity peaks

corresponding to each trap for second order and a case beyond second order kinetics

assuming two active electron traps and one recombination center model. In addition,

we study the variation of concentration of electrons in each trap and the intensity of

the TL.

4.2 Statement of the Problem

Let us consider an energy band scheme having three localized levels as shown in Fig.

4.2. The two levels act as traps (TR1 and TR2) and the other acts as recombination

center (R). The absorption of radiation of energy greater than the band gap energy

results in the ionization of valence electrons, producing free electrons in the conduction

band and free holes in the valence band respectively (transition 1).

The electrons and holes may either recombine with each other or become trapped

at the trap centers. In order for recombination to occur holes first become trapped

at centers (R) (transition 7). Recombination takes place via the annihilation of the
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Figure 4.2: Three level model for thermoluminescence. Allowed transitions: (1)
ionization; (2), (4) and (7) trapping; (3) and (5) thermal release; (6) radiative recom-
bination and emission of light.

trapped holes by free electrons (transition 6). If the recombination transition is as-

sumed to be radiative, then luminescence will result. The free electrons may also

become trapped at levels TR1 and TR2 (transitions 2 and 4) in which case recom-

bination can only take place if the trapped electrons absorb enough energy E1 and

E2, respectively, to be released back to conduction band (transitions 3 and 5), from

where recombination is possible. In other words, the TL occurs when the trapped

electrons absorb enough energy in the form of heat to be released back to the con-

duction band from where there is possible recombination of electrons and holes. The

energy required for the trapped electrons to be released back to the conduction band

is called the trap depth (activation energy). Now let us write down the rate equations

governing the TL process.
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4.3 Electron Rate Equations

Let us consider two active electron traps with energy levels E1 and E2 below the

bottom of the conduction band. The electron rate equations can be written as:

dn1

dt
= −s1 n1 exp

{
−E1

kT

}
+ nc A1 (N1 − n1), (4.3.1)

dn2

dt
= −s2 n2 exp

{
−E2

kT

}
+ nc A2 (N2 − n2), (4.3.2)

dnc

dt
= s1 n1 exp

{
−E1

kT

}
+ s2 n2 exp

{
−E2

kT

}
−

nc [A1 (N1 − n1) + A2 (N2 − n2) + Ar nh] . (4.3.3)

Here, ni (i = 1, 2) is the concentration of trapped electrons on the levels Ei, Ni (i =

1, 2) is the total concentration of traps on the levels Ei, k is the Boltzmann constant;

si and Ai are the probability of electron to escape from the ith trap and the re-trapping

probability on the ith energy level; nc and nh, respectively, are the concentration of the

electrons in the conduction band and holes in the hole trap, and Ar is the electron-hole

radiative recombination probability. It is assumed that, initially, all holes are trapped

to the hole trap. Eqs. 4.3.1 to 4.3.3 are closed by the quasi-neutrality condition

n1(t) + n2(t) + nc(t) = nh(t). (4.3.4)

Basically the temperature of the system depends on time T = T (t). This dependence

is controlled by the conditions of experiment. The generally acceptable is the linear

heating rate

T (t) = T0 + β t, (4.3.5)
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where β is the heating rate. The system of Eqs. 4.3.1 to 4.3.3 presents the rate

equations governing the process of TL. The intensity of the TL is given by

I(T ) = Ar nh(T ) nc(T ). (4.3.6)

The above presented system of equations is nonlinear with varying coefficients. It

cannot be solved analytically in general case. Let us consider two generally accepted

approaches of studying the kinetics of the TL.

4.4 First Order Kinetics

The simplest approach, which allows one to solve our system of equations analyti-

cally, is called the first order kinetics. It assumes that the retrapping of electrons

is negligible. In this case the solutions of Eqs. 4.3.1 and 4.3.2 with account of Eqs.

4.3.5 can be written as

ni(T ) = ni0 exp

[
− s

β

∫
exp

(
− Ei

kT

)
dT

]
, (4.4.1)

where ni0 (i = 1, 2) are the initial concentration of electrons in the traps. It is

generally accepted that the density number of electrons in the conduction band nc(t)

is slowly varying function of time and practically is a constant on the typical times

of the TL

dnc

dt
≈ 0. (4.4.2)

Using Eqs. 4.3.3, 4.3.5, 4.4.1, and 4.4.2, we obtain the intensity of the TL from each

trap in the first order kinetics.

I(T ) = ni0 si exp

(
− Ei

kT

)
exp

[
− s

β

∫
exp

(
− Ei

kT

)
dT

]
, (4.4.3)
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Figure 4.3: The normalized concentration of electrons n1(T ) and n2(T ) in the first
trap (E1 = 0.65 eV ) and second one (E2 = 0.8 eV ) versus the temperature T (in
0C) for first order kinetics with the following values of parameters: n1(0) = n2(0) =
1015 cm−3, β = 1 0C/s, s1 = s2 = 108 s−1.

where (i = 1, 2). The graphs depicting the concentration of electrons on the traps

n1, n2 and the intensity of TL versus the temperature T for the typical parameters

of the TL systems are presented in Figs. 4.3 and 4.4, respectively. Fig. 4.3 depicts

that the first trap (E1 = 0.65 eV ) is activated at T1 ≈ 40 0C and the second one

(E2 = 0.8 eV ) at T2 ≈ 100 0C. Fig. 4.4 shows the two maxima of the intensity of

TL in arbitrary units at the temperatures corresponding to the thermal activation of

the traps. The maximum of intensity of TL from the first trap is higher than that

from the second trap because E1 < E2. To take into account the effects of electron

retrapping one has to use more general approach that is called general order kinetics.
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Figure 4.4: The intensity of TL in arbitrary units versus temperature T for first order
kinetics with the same parameters as in Fig. 4.3.

4.5 Second Order and a Case Beyond Second Or-

der Kinetics

In this model, the retrapping terms with the coefficients A1 and A2 are taken into

account. It considerably complicates the system of Eqs. 4.3.1 to 4.3.3 that becomes

nonlinear and cannot be solved analytically in general case. We solved this system

of equations numerically with the help of Mathematica 8 with the same parameters

as have been used in the previous section. But now it is necessary to specify the

additional parameters: the retrapping probabilities A1, A2, and the electron-hole

radiative recombination probability, Ar. The latter one depends on the size of quan-

tum dot. It is clear that the confinement must increase the radiative recombination

probability [107].

For the typical quantum dots the retrapping probability is of the order of 107 cm3 s−1.

We chose A1 = A2 = 5 × 107 cm3 s−1 and ignore the possible corrections associated

with the confinement. The coefficient Ar depends on the size of quantum dot. The
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D in nm Ar in cm3 s−1

2 2× 107

4 3× 106

6 4× 105

8 5× 104

Table 4.1: Approximate size dependence of radiative recombination rate Ar of the
quantum dots [103]. D is the diameter of the dots.

graph of experimental data on the size dependence of Ar for silicon quantum dots

of diameter (D) 2-8 nm is given in [103] and we summarized them in Table 4.1. It

illustrates the rate of the radiative recombination as a function of quantum dot size

for our model. Figs. 4.5 and 4.6 show the variation of the concentration of electrons

in the traps with activation energies E1 = 0.65 eV and E2 = 0.8 eV , respectively, for

quantum dots of different diameters D from 2 to 8 nm for general order kinetics. The

Figure 4.5: Variation of concentration of electrons n1(T ) in the shallower trap (E1 =
0.65 eV ) for general order kinetics.
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Figure 4.6: Variation of concentration of electrons n2(T ) in the deeper trap (E2 =
0.8 eV ) for general order kinetics.

electrons that are released from the first trap level (E1 = 0.65 eV ) can be retrapped

by the deeper trap (E2 = 0.8 eV ). This is the reason why the concentration of

electrons in the deeper trap initially increases with temperature as indicated in Fig.

4.6. However, the concentration of electrons in the shallower trap decreases with rise

in temperature as shown in Fig. 4.5.

Table 4.1 shows that the number of the carriers, which are recombined radiatively

per unit time, increases with a decrease in the quantum dot size. Using the data of in

Table 4.1 and Eq. 4.3.6, we generated the temperature dependent TL intensity for the

dot whose diameter varies from 2 nm to 8 nm as presented in Fig. 4.7. The intensity

increases with decreasing in the dot size indicating that the quantum confinement

effect enhances radiative recombination rate. There are two peaks of the TL intensity

and they correspond to the two different active electron trap levels. We also found

that positions of the TL intensity peaks corresponding to the first trap practically do
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Figure 4.7: Variation of TL intensity I versus temperature for general order kinetics.

not shift with the temperature. At the same time, the intensity peaks of the second

trap shift to the high temperatures with increasing in the dot size. The TL peaks of

the first trap are lower comparing with the peaks of the second trap as shown in Fig.

4.7. It can be explained by the fact that during the excitation of the first trap only

some of its electrons recombine with the holes emitting light while some of them are

trapped by the second trap. This is indicated in the initial rise in the concentration

of the trapped electrons in the second trap (Fig. 4.6).

4.6 Conclusion

The TL glow curves of silicon quantum dots of diameter 2-8 nm in the model of two

active electron traps and one recombination center have been numerically simulated

within the frame of the first and general order kinetics. There are two peaks of the TL

intensity corresponding to the two active electron trap levels. The first order kinetics
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does not take into account the retrapping effects and the calculated TL intensity

does not depend on the quantum dot size. As a result, this approach gives the higher

TL intensity compared with the general order kinetics. We focused on the results

obtained within the frame of the general order kinetics approach as the more realistic

one. The results show that the TL intensity increases with a decrease in the quantum

dot size. This can be explained in terms of the quantum confinement effect. In our

investigation, we account it with the help of extrapolation of the experimental data

on the probability of radiative transitions on the quantum dot size. We obtained that

the trap with deeper electron level E2 = 0.8 eV (we call it the second trap) provides

the higher TL intensity as compared with the trap of shallower level E1 = 0.65 eV

(the first trap) but at higher temperatures. Both traps show an increase in the TL

intensities with a decrease in the quantum dots size. We claim that this conclusion

will be true for any traps provided that E1 < E2.

The proposed model of TL in the case of quantum dots with the active electron

energies E1 < E2 and different sizes D1 > D2 can give a considerable increment in

the second peak of TL. To our mind the ensemble of quantum dots of two kinds with

different energy of the trapped electrons and different size of may have interesting TL

properties and deserves further study.



Chapter 5

Thermoluminescence Properties of

UV-irradiated Ca3Y2(Si3O9)2

Nanophosphor

5.1 Introduction

Calcium yttrium silicate Ca3Y2(Si3O9)2 is one of the most important phosphors in

the silicate family. It belongs to a space group C2/c with Ca and Y atoms randomly

sharing 6, 7 and 8- fold coordination symmetry sites in the composition [111, 112, 113].

Though the structural properties of this phosphor material are first studied in 1997

[112], it has attracted much attention in the years following this first report. The

structure of this material can be seen as an arrangement of two types of layers;

namely, the metal ions (Ca2+/Y 3+) and SiO4 tetrahedrons. Two oxygen atoms of

every SiO4 tetrahedron are shared with another SiO4 tetrahedron resulting in the

84
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formation of ternary Si309 rings with Ca/Y atoms coupled with them [111, 112].

This arrangement of the metal ions is found to reduce their interaction capability and

opens an opportunity to introduce a relatively high content of luminescent impurities

without thermal quenching [111, 114]. The photoluminescence (PL) properties of

different rare earth doped Ca3Y2(Si309)2 have been studied in recent years [111, 112,

113, 114]. However, the thermoluminescence (TL) properties of this material have not

been investigated to the best of our knowledge. Therefore, study of its TL properties is

important for possible applications in the field of dosimetry. TL is one of the radiation

induced defect related process in which the energy stored in the material is released

in the form of emitted light by heating the irradiated material [1, 28, 38, 115]. The

intensity of the emitted light as a function of temperature forms TL glow curve. TL

finds favor in diverse scientific disciplines because of its several applications. Energy

stored in the crystal is released with the emission of light while heating the irradiated

material and the intensity of the emitted light as a function of temperature forms TL

glow curve. The nature of the glow peaks which are generated from the intensity of the

emitted light as a function of temperature depends on the properties of the trapping

states responsible for TL [38]. In other words, the position, shape, and intensities of

the glow peaks are related to the properties of the trapping states responsible for the

TL [38]. TL kinetic parameters such as activation energy (E), the frequency factor

(s) and the order of kinetics (b) determine the dosimetric properties of a material

as they give us valuable information about the mechanism responsible for the TL

emission in the material. Therefore, reliable dosimetric studies of any TL material

include a good knowledge of its kinetic parameters. Therefore, in this chapter, the TL

kinetic parameters such as E, s, and b of Ca3Y2(Si309)2 host material are reported.
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Moreover, its isothermal decay curve and optical properties are also investigated.

5.2 Experimental Details

5.2.1 Solution combustion method of synthesizing nanophos-

phor

The solution combustion method is an important chemical route for the synthesis

and processing of advanced ceramics (structural and functional), catalysts, compos-

ites, alloys, inter-metallics and nanomaterials [116]. The method has generated more

interest in the field of nanomaterials such as luminescence materials (phosphors) and

other ceramic materials, because of fine particle sizes, multi-component, crystalline

and homogeneous materials can be achieved at relatively low temperature and less

time [117]. In this technique, a saturated aqueous solution of the desired metal salts

and a suitable organic fuel is made to boil, until the mixture ignites and a self sustain-

ing and rather fast combustion reaction occurs, resulting in a dry, usually crystalline,

fine oxide powder [118, 119, 120, 121, 122, 123]. To form a mixed oxide, a mixture

containing the desired metal ions, in the form of, for instance, water soluble nitrate

salts, a fuel such as urea, glycine or ethylene glycol can be used. Usually redox

reactions such as this are exothermic in nature and often lead to explosion if not

controlled, but in this technique the combustion metal nitrates-urea mixtures usu-

ally occurs as a self propagating and non-explosive exothermic reaction. The large

amounts of gases formed can result in the appearance of a flame, which can reach

temperatures in excess of 1000 oC. The energy released from the exothermic reaction

between the nitrates and fuel, which is usually ignited at a temperature much lower
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than the actual phase transformation temperature, can rapidly heat the system to

a high temperature and sustain it long enough, even in the absence of an external

heat source for the synthesis to occur [124]. The luminescent materials (phosphors)

prepared by this method have low density, fluffy texture and ultra fine particles. As

more gases are released, either agglomerates are not formed or disintegrated into fine

particles [125]. In recent years, with the development of the synthesis technologies

on materials, several chemical methods have been applied to prepare luminescence

powders [126], of which combustion synthesis is the most important one. There are

many merits of the combustion synthesis. First, the process is conducted in the liq-

uid state, so that each component can be accurately controlled and uniformly mixed.

Second, the process, which has been extensively applied to preparation of various

nanoscale materials, takes only a few minutes [127]. Third, it involves inexpensive

processing equipments. Fourth, the final product is obtained in only one step using

the chemical energy of the reactants, and finally the final products are of high purity

due to libration of volatile impurities [128].

Ca3Y2(Si309)2 white powder was synthesized with the solution combustion route

using CaNO3, Y NO3, TEOS and Urea as a starting materials. First, the starting

materials were dissolved in 10 ml de-ionized water and kept under magnetic stirring

for one hour. The mixture was then contained in China crucible and quickly put in

to a muffle furnace pre-heated to 600 oC. After few minutes, the solution precursors

boiled, swelled, evolved a large amount of gases and were ignited yielding product.

After keeping the product for 10 minutes in the furnace, dry foam-like powder of

Ca3Y2(Si309)2 was then pulled out quickly. It was then grinded into powder using

mortar and pestle which were pre-cleaned with water and ethanol.
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5.2.2 Characterization techniques

The crystal structure of this material was studied by x-ray diffraction (XRD) using

a Bruker D8 advance x-ray diffractometer operating at 40 kV and 40 mA using Cu

Kα = 0.15406 nm. For TL measurements, the sample was prepared into disc of 5

mm in diameter and 1 mm thick. A UV source was used for TL excitation prior

to heating. The TL is detected using TL reader type TL1009I offered by Nucleonix

systems Pvt. Ltd., India interfaced to a PC where the TL signals were analyzed. The

sample was heated from 0 to 400 oC after a UV dose of 5 minutes.

5.3 Results and Discussion

5.3.1 XRD analysis

Fig. 5.1 shows the XRD pattern of the synthesized Ca3Y2(Si309)2. It shows mon-

oclinic phase of the powder and the diffraction peaks match well with the standard

JCPDS card number 87-0459. The average crystallite size of the prepared powder

was determined from Scherrer equation [129] which is given by,

D =
0.9λ

β cos θ
, (5.3.1)

where D is the crystallite size, λ is the x-ray wavelength (0.15406 nm), β is the full

width at half maxima (FWHM) and θ is the diffraction angle. The values of 2θ with

the corresponding values of FWHM and crystallite size for some prominent peaks are

given in Table 5.1. The average crystallite size of the prepared phosphor is 28 nm.

The strain (ε) developed in the synthesized powder was evaluated from the following
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Figure 5.1: (a) XRD pattern of the synthesized Ca3Y2(Si309)2 sample, and (b)
FWHM with the corresponding crystallite size.

relation [130] and is also given in Table 5.1.

ε =
β cot θ

4
, (5.3.2)

where β and θ are as defined above.

2θ (degree) FWHM (degree) Crystallite size (nm) Strain
27.667 0.18260 44.80 0.18538
29.300 0.37715 21.77 0.36068
33.905 0.36133 24.21 0.29634
37.443 0.28635 29.29 0.21123
48.640 0.33667 25.89 0.18623
57.629 0.37470 22.98 0.16994

Table 5.1: FWHM, crystallite size and strain of the synthesized Ca3Y2(Si3O9)2 host
material.

5.3.2 Thermoluminescence analysis

The TL glow curve of Ca3Y2(Si309)2 host material obtained at heating rate of 1 0C/s

after UV dose of 5 minutes is shown in Fig. 5.2 (a). From the analysis of glow
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Figure 5.2: (a) TL glow peak for heating rate of 1 0C/s and UV dose of 5 minutes,
and (b) deconvoluted glow curve of Ca3Y2(Si309)2 host material.

curve deconvolution, it can be observed that the glow peak can be well fitted by

three constituent peaks as shown in Fig. 5.2(b). The determination of the TL kinetic

parameters of Ca3Y2(Si309)2 host material is made using peak shape method. This

method, which considers the shape of the glow peaks [1, 28], is reported to be a

popular method of analyzing glow curves in order to evaluate the kinetic parameters

E, s and the order of kinetics b and it is discussed in detail in Chapter 3. In other

words, this technique for evaluating the TL kinetic parameters is based on the values

of the peak temperature TM , and the temperatures T1 and T2 located on the left and

right sides of TM , respectively, corresponding to half of the peak intensity. The order

of kinetics depends on the shape factor of the glow peak, µ which is also related to

the temperatures TM , T1, and T2 according to Eq. 3.2.12. The activation energy

is evaluated from Chen’s equations for general order kinetics (Eqs. 3.2.13 to 3.2.18)

[1, 28]. Moreover, the frequency factor s can be calculated using the following equation
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for general order kinetics [1, 28]. That is,

βE

kT 2
M

= s exp

(
− E

kTM

) [
1 + (b− 1)

(
2kTM

E

)]
, (5.3.3)

where β is the heating rate and k is the Boltzmann’s constant. The values of the

shape factor µ, E, and s of the glow peaks are summarized in Table 5.2. The glow

peaks obey general order kinetics. The relationship between the order of kinetics b

and the geometrical factor µ is given in [1, 28].

T1 (oC) TM (oC) T2 (oC) τ δ ω µ b E (eV ) s (s−1)
1 89 125 162 36 37 73 0.51 1.96 0.56 4.6× 106

2 140 176 212 36 36 72 0.50 1.90 0.70 2.7× 107

3 162 242 314 80 72 152 0.47 1.81 0.85 6.8× 107

Table 5.2: µ, E, and s of the glow peaks 1, 2, and 3 of Ca3Y2(Si309)2 host material.

Figure 5.3: Graphs of (a) the sample quickly heated at 2 oC/s to 58 oC, and (b) its
phosphorescence decay curve.

The values of the activation energy E for peaks 1, 2, and 3 estimated using initial

rise method are 0.52, 0.66, and 0.81, respectively. The isothermal decay curve of the

prepared sample was also investigated. After 5 minutes of UV exposure, the sample
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was quickly heated to a temperature of 58 oC at heating rate of 2 0C/s (Fig. 5.3(a)).

Keeping the sample at this temperature, the phosphorescence decay is measured as a

function of time (Fig. 5.3(b)) and it is considerably fast. Glow curve fitting using Kitis

Figure 5.4: Experimental data and the theoretically fitted graph using Kitis et al
equation.

et al equation was also performed. The following analytical equation of temperature

dependent TL intensity was developed by Kitis et al for peaks following general order

kinetics [28].
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I(T ) = IM bb−1 exp

(
E

kT
× T − TM

TM

)
×

{
1 + (b− 1)

2kTM

E
+ (b− 1)

T 2

T 2
M

[
1− 2kT

E

]
exp

(
E

kT
× T − TM

TM

)}− b
b−1

. (5.3.4)

The expression depends on the maximum TL intensity IM and the temperature

corresponding to the maximum TL intensity TM . Here, glow curve fitting of peak

1 is presented. Using IM = 254, TM = 398 K, E = 0.56 eV , and b = 1.96, it is

theoretically fitted applying the above equation and a good fit was obtained as shown

in Fig. 5.4. It is important to note that the theoretical curve nicely agree with the

experimental glow curve in low temperature region. However, they tend to move

apart at high temperature region and this could be because of thermal quenching

effect. The calculated values are compared with the experimental data in Table 5.3

for the first 15 data points.

Let us now further discuss about the glow curve of Ca3Y2(Si309)2 host material

shown in Fig. 5.2 using theoretical approaches. Analysis of glow curve deconvolution

shows that the broad glow curve of this material can be best fitted with three peaks

of trap parameters shown in Table 5.2. Showing the existence of one single glow peak

with the three different traps and trap parameters shown in Table 5.2 is quite impor-

tant. This can be done using numerical solutions of the rate equations governing the

TL process applying three traps one recombination center model. The consideration

of only one recombination center is just to simplify the theoretical problem and the

theoretical comparison is done using quantum dot of diameter 8 nm with radiative

recombination probability indicated in Table 4.1
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T (oC) TL Intensity (Experimental) TL Intensity (Theoretical)
1 45.66017 20.27676 13.4837
2 52.91186 25.69919 20.9934
3 60.16356 34.67155 31.8534
4 67.41525 48.49479 47.0334
5 74.66695 68.26884 67.4192
6 81.91864 94.42865 93.4927
7 89.17034 126.24341 124.866
8 103.67373 196.3975 194.811
9 110.92542 226.35149 225.249
10 118.17712 246.70638 246.172
11 125.42881 254.03313 254.076
12 132.68051 247.04618 248.133
13 139.9322 226.97204 230.351
14 147.1839 197.19749 204.607
15 154.43559 162.33579 175.208

Table 5.3: The first 15 data points for comparison of the experimental data and
theoretical result.

Consider an energy band scheme having four localized levels (Fig. 5.5). The three

levels act as traps (TR1, TR2 and TR3) and the other acts as recombination center

(R). As discussed before, the ionization of valence electrons shown in transition 1 due

to absorption of external energy produces free electrons in the conduction band and

free holes in the valence band. The electrons and holes then become trapped at the

trap centers though there is probability of recombination with each other. Usually

in theoretical models, it is assumed that holes first become trapped at centers (R)

(transition 9) in order for recombination to occur so that recombination takes place

via the annihilation of the trapped holes by free electrons (transition 8) resulting

in luminescence. For the case where electrons are trapped at levels (TR1, TR2 and

TR3) (transitions 2, 4 and 6), recombination can only take place if the trapped
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electrons absorb enough energy E1, E2 and E3, respectively, in the form of heat to

be released back to conduction band (transitions 3, 5 and 7), from where there is

possible recombination of electrons and holes. For these three active electron traps

Figure 5.5: Four level model for thermoluminescence. Allowed transitions: (1) ion-
ization; (2), (4), (6) and (9) trapping; (3), (5) and (7) thermal release; (8) radiative
recombination and emission of light.

with energy levels E1, E2 and E3 below the bottom of the conduction band, the rate

equations can be written as:

dn1

dt
= −s1 n1 exp

{
−E1

kT

}
+ nc A1 (N1 − n1), (5.3.5)

dn2

dt
= −s2 n2 exp

{
−E2

kT

}
+ nc A2 (N2 − n2), (5.3.6)

dn3

dt
= −s3 n3 exp

{
−E3

kT

}
+ nc A3 (N3 − n3), (5.3.7)
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dnc

dt
= s1 n1 exp

{
−E1

kT

}
+ s2 n2 exp

{
−E2

kT

}
+ s3 n3 exp

{
−E3

kT

}
−

nc [A1 (N1 − n1) + A2 (N2 − n2) + A3 (N3 − n3) + Ar nh] . (5.3.8)

Here ni (i = 1, 2, 3) is the concentration of trapped electrons on the levels Ei (cm−3),

Ni (i = 1, 2, 3) is the total concentration of traps on the levels Ei (cm−3), k is the

Boltzmann constant, si is the probability per unit time of an electron to escape from

the ith trap, Ai is the re-trapping probability on the ith energy level (cm3 s−1). The

other parameters Ar, nc and nh are as defined before.

Figure 5.6: Numerically simulated glow curve using the experimentally determined
TL kinetic parameters.

It is assumed that N1 = N2 = N3 = N . The term s is commonly called the

‘frequency factor’, although when applied to TL it is often called ‘attempt-to-escape

frequency’. As explained before, the usual interpretation of s is that it represents
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Figure 5.7: Numerically simulated curves for variation of concentration of electrons
in the three identified traps of Ca3Y2(Si309)2 host material using the experimentally
determined TL kinetic parameters.

the number of times per second that a bound electron interacts with lattice phonons

times transition probability [1]. The maximum value expected for s is therefore the

lattice vibration frequency, namely 1012 − 1014 s−1. The system [1, 28, 38, 114] is

closed by the quasi-neutrality condition,

n1(t) + n2(t) + n3(t) + nc(t) = nh(t). (5.3.9)

Here nh(T ) is the instantaneous concentration of holes in hole trap. Linear heating

rate β defined in equation Eq. 4.3.5 was used during the experiment. The value of

the heating rate for the glow curve shown in Fig. 5.2 is 1 oC/s. As defined before,

the recombination term in equation Eq. 5.3.8 is Ar nh(T ) nc(T ). Numerical solution

of equations (Eqs. 5.3.5 to 5.3.8) using Mathematica 8 gives a glow curve shown

in Fig. 5.6 for the same experimentally determined trap parameters except that
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Figure 5.8: Numerically simulated glow curve for general values of n10, n20, n30, and
N .

n10 = n20 = n30 = N , i.e., all the traps on each trap level are initially fully filled. The

peak maximum and the glow curve profile of the numerical result are much similar to

the experimental glow curve. Therefore, it can be concluded that following irradiation

with UV dose, all traps on each trap level of Ca3Y2(Si309)2 host material are initially

fully filled.

The numerical result of the corresponding variation of electrons in traps 1, 2 and

3 of Ca3Y2(Si309)2 host material during the heating stage is depicted in Fig. 5.7.

The concentration of electrons in each trap has the same initial value because of

the assumption n10 = n20 = n30 = N and it decreases with increasing temperature.

However, for general values of n10, n20, n30, and N , a completely different result is

obtained. The generated glow peak and variation of concentration of electrons in

each trap for this case are shown in Figs. 5.8 and 5.9, respectively. The rise in the

concentration of electrons in traps 2 and 3 is due to the retrapping of electrons to the
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Figure 5.9: Numerically simulated curves for variation of concentration of electrons
in the three identified traps of Ca3Y2(Si309)2 host material for general values of
n10, n20, n30, and N .

vacant traps which are not initially occupied by electrons.

5.4 Optical Properties

Among the optical methods, UV-VIS diffuse reflectance spectroscopy is one of the

most employed techniques to describe the optical properties present in the solids.

The band gap energy of Ca3Y2(Si309)2 is estimated from the reflectance spectrum

shown in Fig. 5.10(a) by applying the Kubelka-Munk (K-M) method. The K-M

method is based on the following equation [11-12]:

F (R) =
(1−R)2

2R
, (5.4.1)

where R is the reflectance and F (R) is a parameter that is proportional to the absorp-

tion coefficient α. A modified K-M function is obtained by multiplying the function
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Figure 5.10: Graphs of (a) Reflectance as a function of wavelength, (b) [F (R) hν]
1
n

versus energy hν for indirect allowed transition (n=2), and (c) [F (R) hν]
1
n versus

energy hν for direct allowed transition (n = 1/2) of the prepared sample.

F (R) by hν, where h is Planck’s constant and ν is the frequency of vibration. As it

is proposed in [131, 132], the modified function is related to the band gap (Eg ) of

the material by,

F (R)× hν = C (hν − Eg)
n, (5.4.2)

where C is a proportionality constant.

The value of n is 1/2 for direct allowed transition, 3/2 for direct forbidden tran-

sition, 2 for indirect allowed transition and 3 for indirect forbidden transition. Figs.

5.10(b) and 5.10(c), respectively show the evaluation of [F (R) hν]
1
n versus hν for

n = 2 and n = 1/2. The band gap energy of the sample is estimated by extrapo-

lating the slope of [F (R) hν]
1
n versus hν curves to the energy axis. To the best of

our knowledge, the type of the band gap of Ca3Y2(Si309)2 (direct or indirect) has

not been reported in literature. Therefore, in this work, the estimation of the band

gap is made for both direct and indirect allowed transitions and the two values are

compared. The band gap of the synthesized phosphor calculated using the modified

K-M method is of the order of 4.6 eV for indirect allowed transition and 4.9 eV for

direct allowed transition. The band gap estimated for indirect allowed transition is in
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a good agreement with estimated value reported by Yi-Chen Chu et al [133]. Yi-Chen

Chu et al reported that the band gap of Ca3Y2(Si309)2 host material synthesized by

solid state reaction can be roughly estimated using a wavelength of 288 nm which is

of the order of 4.3 eV .

5.5 Conclusion

The structural, TL, and optical properties of Ca3Y2(Si309)2 host material synthesized

by solution combustion method is studied. Important TL kinetic parameters such

as activation energy (E), the frequency factor (s) and the order of kinetics (b) are

determined by employing peak shape method. Glow curve deconvolution analysis

shows that the glow peak can be well fitted by three constituent peaks obeying general

order kinetics. From glow curve fitting using Kitis et al equation, a good fit is obtained

showing that the evaluated trap parameters are correct. The prepared sample shows

considerably fast phosphorescence decay. Moreover, the values of the optical band

gap determined using both direct and indirect allowed transitions are comparable.



Chapter 6

Synthesis and Luminescence

Properties of Ca3Y2(Si309)2 : x Ce3+

Nanophosphor

6.1 Introduction

Most phosphors are composed of a transparent microcrystalline host (or a matrix)

and an activator, i.e., a small amount of intentionally added impurity atoms dis-

tributed in the host crystal. Therefore, the luminescence processes of a phosphor can

be divided into two parts: the processes mainly related to the host, and those that

occur around and within the activator. These dopants introduced into the host may

reside in different positions inside the host structure. Recently, inorganic compounds

doped with rare earth elements form an important class of phosphors [134, 135], and

have attracted much attention because of their versatile applications, for example,

102
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in cathode ray tubes, photodiodes, lamps and x-ray detectors, bio-detectors, in lamp

industries, color display, radiation dosimetry etc [136, 137, 138, 139]. Silicate family

is an attractive class of materials for wide range of applications due to their special

properties such as visible light transparency, chemical resistance, high temperature

strength, low thermal expansion, high conductivity, good chemical and thermal sta-

bility [7].

As discussed in Chapter 6, the Ca and Y atoms in Ca3Y2(Si309)2 are sharing

6, 7 and 8-fold coordination symmetry sites in the composition as shown in Fig.

6.1 [111, 140, 141]. Ca3Y2(Si309)2 is reported to be a suitable host material for

white emission when activated by different rare earth elements [111, 140]. This is

particularly important for white light emitting diodes (w-LEDs) requiring a single

host for solid state lightening. It exhibits three different crystallographic Y sites

namely, Y1 (coordination number (CN) 8), Y2 (CN 7) and Y3 (CN 6) and they can be

randomly occupied by Cerium ion (Ce3+). The occupation of Y1 and Y2 sites by Ce3+

has been reported for Ca3Y2(Si309)2 : x (Ce3+, Mn2+) prepared by the conventional

solid state method [140]. In general, different dopant concentration and synthesis

routes results in different luminescence properties of a material. In this aspect, further

investigation of the PL and study of the TL properties of Ca3Y2(Si309)2 : x Ce3+

prepared by solution combustion technique is quite interesting. TL is one of the

radiation induced defect related process in which the energy stored in the material

is released in the form of emitted light by heating the irradiated material [1, 28,

38]. Therefore, in this Chapter, in addition to the structural study, the PL and TL

properties of Ca3Y2(Si309)2 : x Ce3+ are investigated for possible applications in

w-LEDs and radiation dosimetry.



104

Figure 6.1: Unit cell of Ca3Y2(Si309)2 [111]. Ca and Y randomly occupy the same
three sites of 6-, 7 and 8- fold coordination symmetries.

6.2 Optical Transitions in Ce3+

Cerium (Ce) is one of the rare earth elements in the lanthanide group with electronic

configuration [Xe]4f 15d16s2. Upon excitation, the electron in 4f 1 ground state is

photo-excited to the 5d1 levels leaving the 4f shell empty. Emission of light occurs as

the system relaxes and returns to the 4f1 state and this light photon covers a broad

band [140] as a result of electronic transitions within Ce3+ between the [Xe]4f 05d16s0

to [Xe]4f 15d06s0 states. This emission transition is an allowed one since the 5d to 4f

transition is parity allowed, spin allowed and electric dipole allowed [140]. However,

the broad band emission observed from Cerium differs greatly with the type of host

material [140, 141].
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6.3 Experimental Details

Ca3Y2(Si309)2 : x Ce3+ white powder is synthesized with the solution combustion

route for x = 0.01, 0.02, 0.04, 0.08 and 0.16 using CaNO3, Y NO3, TEOS and Urea

as a starting materials. Here, x is measured in mole percentage. First, the starting

materials are dissolved in 10 ml de-ionized water and kept under magnetic stirring

for one hour. The mixture is then contained in China crucible and quickly put into

a muffle furnace pre-heated to 600 oC. After few minutes, the solution precursors

boiled, swelled, evolved a large amount of gases and are ignited yielding product.

After keeping the product for 10 minutes in the furnace, dry foam-like powder of

Ca3Y2(Si309)2 is then pulled out quickly. It is then grinded into powder using mortar

and pestle which are pre-cleaned with water and ethanol. The crystal structure of

this material is studied by x-ray diffraction (XRD) using a Bruker D8 advance x-ray

diffractometer operating at 40 kV and 40 mA using Cu Kα = 0.15406 nm. Its optical

properties is studied using UV-VIS spectrometer in the wavelength range of 250 -

800 nm. The excitation and emission spectra are measured at room temperature

using Cary Eclipse fluorescence spectrometer model: LS-55 with a built-in 150 W

Xenon flash lamp. The values of the chromaticity coordinates of the phosphor have

been estimated from the 1931 Commission Internationale de l’Eclairage (CIE) system

using the excitation wavelength of 365 nm. For TL measurements, the samples are

prepared into discs of 5 mm in diameter and 1 mm thick. A UV source is used for TL

excitation prior to heating. The TL is detected using TL reader type TL1009I offered

by Nucleonix systems Pvt. Ltd., India interfaced to a PC where the TL signals were

analyzed. Samples are heated from 0 to 400 oC for different UV doses. Measurements

of the TL fading are done after keeping the sample for different storage times before
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heating.

6.4 Results and Discussion

6.4.1 XRD analysis

Fig. 6.2 shows the XRD pattern of the synthesized Ca3Y2(Si309)2 : x Ce3+ nanophos-

phor. It shows monoclinic phase of the powder and the diffraction peaks match well

Figure 6.2: XRD pattern of the synthesized Ca3Y2(Si309)2 : x Ce3+ samples.

with the standard JCPDS card number 87-0459 except for the relative intensity. This

shows that Ce3+ ions entered into the sample without changing the crystalline struc-

ture of the samples. It is worth noting that the relative intensity of the diffraction

peaks increased when doped with relatively large concentration of Ce3+ for up to

x = 0.08 and then decreased at x = 0.16 as shown in Fig. 6.3 using the dominant
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Figure 6.3: The variation of the dominant diffraction peak around 2θ = 29 0 with the
concentration x. The values are normalized with respect to the highest diffraction
peak at x = 0.08.

peak around 2θ = 290. The increment in the intensity of the diffraction peaks up to

x = 0.08 could be attributed to the improved crystallinity of the samples with in-

crease in Ce3+ concentration. However, at higher doping concentration (x = 0.16) of

Ce3+, the decrease in the intensity of diffraction peaks could be ascribed to the degra-

dation in the crystalline quality due to crystal distortion. Similar results have been

reported in literature [143]. The strain (ε)induced in the samples due to crystal im-

perfection and distortion is calculated from Eq. 5.3.2 using the dominant diffraction

peak around 2θ = 29o and is shown in Table 6.1.

It can be seen that there is a decrease in the lattice strain with increasing doping

concentration of Ce3+ Ca3Y2(Si309)2 and this could be because of the reduction
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x in mole percentage Strain
0.01 0.65561
0.02 0.65534
0.04 0.34305
0.08 0.33153
0.16 0.33092

Table 6.1: Strain developed in the synthesized Ca3Y2(Si309)2 : x Ce3+ samples.

(minimization) of bonding defects. It has been reported that lattice strain can either

increase [142] or decrease [143] with rise in doping concentration.

6.4.2 Photoluminescence properties

Fig. 6.4(a) shows the room temperature PL emission spectra of Ca3Y2(Si309)2 :

x Ce3+ at excitation of 365 nm. The spectra show a broad band extending from

about 350 to 600 nm. This band can be ascribed to the allowed [Xe]5d1 to [Xe]4f1

transition of Ce3+ [140]. It is interesting to note that the emission spectra correspond

to three different emission wavelengths and hence energies. It can be seen that the

curves obtained for x = 0.04 and x = 0.08 correspond to emission wavelength of 390

nm, the curve obtained for x = 0.02 corresponds to 396 nm and those obtained for

x = 0.01 and x = 0.16 correspond to emission wavelength of about 425 nm. The three

different emission energies of the PL spectra are explained in terms of the fact that

Ca3Y2(Si309)2 exhibits three different crystallographic Y sites [111, 140]. These sites

are Y1 (CN 8), Y2 (CN 7) and Y3 (CN 6) and they can be randomly occupied by Ce3+.

Matthias Mller and Thomas Jstel reported that due to increasing crystal field splitting

of the d-orbitals, the emission energy of d-f transitions decreases with decreasing

coordination number [140]. Therefore, the observed PL emission spectra confirmed
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the occupation of three different sites. Curves obtained for x = 0.04 and x = 0.08 are

assigned to Ce3+ occupying Y1 site, the curve obtained for x = 0.02 is assigned to Ce3+

occupying Y2 site and curves obtained for x = 0.01 and x = 0.16 are assigned to Ce3+

occupying Y3 site. The PL emission intensity of Ca3Y2(Si309)2 : x Ce3+ is enhanced

Figure 6.4: (a) Room temperature PL emission spectra of Ca3Y2(Si309)2 : x Ce3+.
The inset shows the PL excitation of the host material at emission of 432 nm and its
PL emission at excitation of 365 nm, and (b) CIE chromaticity coordinates.

gradually with increasing x value from 0.01 to 0.08 and then decreases for x = 0.16.

Thus, x = 0.08 is taken as the critical concentration. For x = 0.16, the concentration

of Ce3+ is excessive leading to concentration quenching. It is reported that the

decrease in PL intensity for activator concentration beyond a critical concentration

shows the occurrence of energy transfer among the activator ions (Ce3+ in this case)

at different sites in the lattice, resulting in concentration quenching [144, 145]. The

probability of energy transfer increase with increase in Ce3+ concentration as the

distance between the Ce3+ becomes small. The critical energy transfer distance (RC)
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can be approximated using Blasse formula [144, 145, 146] which is given by,

RC ≈ 2

(
3V

4πXCZ

) 1
3

, (6.4.1)

where V is the unit cell volume, XC is the critical concentration of Ce3+, and Z is the

number of formula units coupled in the unit cell. Here V = 1.5221 nm3, XC = 0.08,

and Z = 4, as a result the calculated value of RC is 2.087 nm. Thus, as Ce3+-Ce3+

distance is greater than 0.5 nm, multi-polar interaction is more effective as compared

to exchange interaction. This situation was explained by Dexter’s theory. The type

of the multi-polar interaction is determined from the following equation [144, 145],

I

x
= k

[
1 + β x

θ
3

]−1

, (6.4.2)

where k and β are constants for the same excitation condition for a given matrix

crystal, θ=6, 8 and 10 is corresponding to electric dipole-diploe (d-d), electric dipole-

electric quadrapole (d-q) and electric quadrapole-electric quadrapole (q-q) interac-

tions, respectively and I is the PL intensity corresponding to the dopant concentration

x.

Eq.6.4.2 can be written as,

log

(
I

x

)
= C − θ

3
log(x), (6.4.3)

where C is constant. The variable θ has the electric multipolar character and it can

be obtained from the slope (−θ/3) of the plot of log (I/x) versus log(x) as shown in

Fig. 6.5. The slope of the linear fit of the graph log (I/x) versus log(x) is found to

be -1.827. Therefore, the calculated value of θ is 5.481 which is close to 6 indicating

that the energy transfer mechanism for Ca3Y2(Si309)2 : x Ce3+ phosphor is electric

dipole- dipole interaction.
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Figure 6.5: The graph of log(I/x) versus log(x) of Ce3+ for Ca3Y2(Si309)2 : x Ce3+.

The inset of Fig. 6.4(a) shows the room temperature photoluminescence excita-

tion and emission spectra of Ca3Y2(Si309)2 host material. The excitation spectrum

consists of two absorption peaks at 286 and 365 nm. The emission spectrum shows

an intense blue emission band with peak at 432 nm (photon energy of ∼ 2.9 eV ).

This PL emission could be attributed to deep level emission which can be explained

in terms of two models as suggested by I. Shalish et al [147]. According to I. Shalish

et al., the first model involves electron transitions from conduction band to a deep

state in the lower half of the band gap while the second involves transitions from a

deep state in the upper half of the gap to the valence band. Though, the intense

PL emission at 432 nm could be ascribed to the latter phenomenon in our case, the

nature of the transition and the deep level itself requires further study. The values
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of the chromaticity coordinates of Ca3Y2(Si309)2 : x Ce3+ samples have been esti-

mated from the 1931 Commission Internationale de l’Eclairage (CIE) system using

the excitation wavelength of 365 nm (see Fig. 6.4(b)). This system helps us visualize

the variation in color emitted from the samples and the coordinates are measured as

(x, y). When x = 0.08, the CIE coordinates are (0.30, 0.31), which is close to the

ideal white light (0.33, 0.33).

Figure 6.6: Graph of Reflectance as a function of wavelength.

The reflectance spectra of the undoped and Ce3+ doped samples are shown in

Fig. 6.6. A red shift in the optical band gap of all the doped samples was observed

as compared to the host material. Impurity band formation is an obvious conse-

quence of increased doping concentration and the trapping of the Ce3+ atoms at the
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grain boundary leads to the introduction of the Ce3+ defect states within the forbid-

den band. With increasing Ce3+ doping, density of this Ce3+ induced defect states

increases, leading to the observed decrease of band gap or red shift [148].

6.4.3 Thermoluminescence properties

The TL glow curves of Ca3Y2(Si309)2 host material for different UV doses are shown

in Fig. 6.7(a). It can be observed that the TL intensity increases with increase in

UV dose for all the doses used up to 50 min as shown in Fig. 6.7(b). The glow peaks

in general attained their peak maxima at different temperatures upon variation of

UV dose indicating that they obey general order kinetics. The TL kinetic parameters

Figure 6.7: (a) TL glow curves for different UV exposure time, and (b) the variation
of TL maxima with UV dose.

such as activation energy (E) and order of kinetics (b) are analyzed using Eqs. 3.2.13

to 3.2.18 of peak shape method. The frequency factor (s) can be calculated using

Eq. 5.3.3 for general order kinetics [1]. The shape factor (µ), the activation energy

(E) and the frequency factor (s) of the glow peaks corresponding to different UV

exposure times (t) are summarized in Table 6.2.
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t (min) Peaks T1 TM T2 τ δ ω µ b E (eV ) s (s−1)
5 Peak 1 89 125 162 36 37 73 0.51 1.96 0.56 4.6× 106

Peak 2 140 176 212 36 36 72 0.50 1.90 0.70 2.7× 107

Peak 3 162 242 314 80 72 152 0.47 1.81 0.85 6.8× 107

20 Peak 1 82 118 157 36 39 75 0.52 2 0.54 3.4× 106

Peak 2 128 173 212 45 39 84 0.46 1.77 0.69 2× 107

Peak 3 219 256 292 37 36 73 0.49 1.88 0.99 1.2× 109

30 Peak 1 80 118 155 38 37 75 0.49 1.88 0.53 2.2× 106

Peak 2 126 165 207 39 42 81 0.52 2 0.67 2.1× 107

Peak 3 173 250 328 77 78 155 0.50 1.90 0.87 8.7× 107

Table 6.2: Shape factor, activation energy and frequency factor of the glow peaks
corresponding to different UV exposure times (t). T1, TM , and T2 are measured in
oC.

The introduction of Ce3+ in to the host material resulted in completely different

TL properties of the samples in such away that the shape and peak positions of

the glow curves are changed. Moreover, they are broad over a wide temperature

range. Fig. 6.8 shows the observed TL intensity of the prepared samples for different

concentration of Ce3+.

The incorporation of Ce3+ have a strong effect on charge trapping processes taking

place in the phosphor material during and after irradiation and on the TL kinetics

as well. This could be the reason for the change in the TL properties following

the addition of Ce3+ into the host material. Finally, the TL fading profile of the

Ca3Y2(Si309)2 : x Ce3+ was studied. During storage of a TL material after irradia-

tion, there is a probability that charge carriers escape from the trapping centers within

the material even at low temperature, resulting in the so-called fading of the TL sig-

nal. Moreover, during the time between irradiation and heating, the defect structures

acting as trapping and recombination centers, may undergo some transformations
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Figure 6.8: The TL glow curves of Ca3Y2(Si309)2 : x Ce3+.

leading to change of sensitivity. The main external factors affecting fading are tem-

perature and time of the storage. Fig. 6.9(a) shows the TL fading of Ca3Y2(Si309)2

host material. It is worth noting that the glow curve with quick measurement shows

initial room temperature intensity that is likely to be TL from traps with peak tem-

peratures at or below 25 0C. But after storage time of 20 minutes, this initial room

temperature intensity was greatly reduced and there is smooth initial rise. This is

because of room temperature activation of electrons initially trapped in these shal-

low traps and recombination with holes during the storage time. Relatively deeper

traps populated by electrons were activated at higher temperatures during the heat-

ing stage. The variation of the maximum of the TL peaks with storage time and the

corresponding exponential fit are depicted in Fig. 6.9(b). The obtained TL fading in

Fig. 6.9(b) can be well fitted with a second order exponential decay function using
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Figure 6.9: TL fading of Ca3Y2(Si309)2 host material, and (b) the variation of TL
peak maxima with storage time.

the following equation:

I(T ) = C + A1 exp

(
− t

τ1

)
+ A2 exp

(
− t

τ2

)
, (6.4.4)

where I is the TL intensity, A1 and A2 are constants t is the time and τ1 and τ2 are

the partial lifetimes for the exponential components. Using Origin software, Eq. 6.4.4

is found to be,

I(T ) = 216.4 + 61.4 exp

(
− t

0.012

)
+ 317.5 exp

(
− t

1.216

)
. (6.4.5)

In general, the observed good TL behavior of Ca3Y2(Si309)2 host material is the

increase in its TL intensity for all the UV-doses applied up to 50 minutes. Though

this is particularly important for dosimetric application of this material, the fact that

it undergoes fast TL fading puts this possible application in question. In addition to

linear dose response, a material to be used for TL dosimetry purposes is required to

have low or no fading. For example, dosimeters with TL fading of the order of only

10 percent at the end of the third month are reported in literature [149, 150, 151].

Thus, fading can be regarded as a quality indicator for a dosimeter.
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6.5 Conclusion

The structural and luminescence properties of Ca3Y2(Si309)2 : x Ce3+ synthesized by

using the solution combustion method are investigated. For the Ca3Y2(Si309)2 host

material, an intense emission band with peak at 432 nm (photon energy of ∼ 2.9 eV )

is observed from PL spectrum. This PL emission could be ascribed to electron tran-

sitions from conduction band to a deep state in the lower half of the band gap or

transitions from a deep state in the upper half of the gap to valence band. The

photoluminescence (PL) emission spectra of the doped samples monitored at excita-

tion of 365 nm show a broad band extending from about 350 to 600 nm which could

be attributed to the allowed [Xe]5d1-[Xe]4f 1 transition of Ce3+. The PL intensity

increased for up to critical concentration of x = 0.08 and then decreased because

of energy transfer among Ce3+ ions through electric dipole-dipole interaction result-

ing in concentration quenching. Important TL kinetic parameters such as activation

energy (E), the frequency factor (s) and the order of kinetics (b) of the undoped

samples are determined by employing peak shape method. Moreover, increment in

the intensity of the TL glow peaks is observed with increasing UV dose within the

range of the dose used (5-50 min) indicating that it is a promising candidate for the

application of UV dosimetry. However, this material suffers from fast TL fading. The

TL glow curves of the Ce3+ doped samples show the tendency of having peak maxima

at temperature greater than 400 oC.



Chapter 7

Summary

7.1 Summary

In this thesis, the analytical, numerical and experimental results of the glow curves

from nanomaterials are studied and compared. TL glow curves of doped and un-

doped Ca3Y2(Si309)2 nanophosphor synthesized by solution combustion technique

are investigated for possible applications in dosimetry. The TL results of this host

material are also compared with theoretical results of that of nomaterials, particu-

larly, silicon quantum dots. The reason for selecting silicon quantum dot is that the

data of radiative recombination probability is reported in literature for the size of

this material ranging between 2-8 nm. Therefore, the TL glow curves can easily be

generated by using this data in the rate equations governing the TL process for a

given number of traps. The similarity in theoretical and experimental glow curves of

the materials studied indeed show that different nanomaterials may have compara-

ble radiative recombination probabilities. The TL properties of Ca3Y2(Si309)2 host

material approximately show linear response to the UV dose applied and hence it is
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a suitable candidate for UV-dosimetry. However, the incorporation of Ce3+ into this

host material modified the TL glow curves in such away that they are broad over a

wide temperature range. Moreover, its band gap is red shifted following doping with

Ce3+. The PL intensity increased for up to critical concentration of x = 0.08 and then

decreased because of energy transfer among Ce3+ ions through electric dipole-dipole

interaction resulting in concentration quenching.

7.2 Limitation of the Study

Solution combustion technique is a well known method for synthesizing nanomete-

rials and the average crystallite size of the synthesized Ca3Y2(Si309)2 nanophosphor

deduced from XRD result using Scherer equation is 28 nm. However, this size is sig-

nificantly larger than the largest silicon quantum dot whose TL properties are studied

in this work for theoretical comparison. This could be the reason for the slight dif-

ference in the experimental and theoretical results of the TL glow curves though the

results are strongly similar.

7.3 Recommendation for Future Work

Future work, particularly on Ca3Y2(Si309)2 nanophosphor includes exploration of

its structural and luminescence properties using various approaches such as post-

synthesis annealing and reducing the average crystallite size through different tech-

niques. The reason for the change in the TL properties of this material after incorpo-

ration of Ce3+ should also be clearly identified. Further investigation of this material

can also follow through synthesis of its thin films.
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