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Synopsis

“Growth and characterization of doped and undoped lithium niobate and
lithium tetraborate crystals in bulk and nano form”

Oxide crystals (LiNbOs3 and Li,B4O7) are technologically important materials,
because of their broad transmission range (UV to far infrared), excellent electro optic,
acousto optic, piezoelectric, pyroelectric and non linear optical properties. These materials
are being widely used as electro optic modulator, holographic data storage device,
pyroelectric temperature sensor, harmonic generator of Nd:YAG laser, and for
thermoluminescence dosimetry of X-ray, gamma ray and neutron radiation. Present thesis
reports the growth and characterization of doped and undoped lithium niobate and lithium
tetraborate crystals in bulk and nano form and investigations of their use for some
applications of current interest.

Lithium niobate crystals were grown by Czochralski technique. Good optical quality
and almost uniform diameter crystals were grown by optimizing various growth parameters
like pulling rate, rotation rate, post growth cooling rate, temperature gradient of the furnace,
and crystal to crucible diameter ratio. Because Lithium niobate is an incongruently melting
material and undergoes phase transition at 1160 °C which is very close its melting point
(1260 °C), therefore precise control of growth parameters was needed to ensure that
imperfection is not introduced inside the crystal during post growth cooling. As one of the
major objective of the thesis was to grow lithium niobate crystals suitable for holographic
data storage, LN crystals were also grown with Fe doping because the latter is known to
enhance its photorefractive properties. Photorefractive properties of the grown crystals were
studied by two wave coupling method using a He-Ne laser. The use of proton exchange on
doped crystals to enhance its photorefractive properties has also been investigated. It was
observed that diffraction efficiency increases significantly (~ 20%) in case of proton
exchanged samples.

Doped and undoped lithium tetraborate crystals (LTB) were grown by Cz technique.
By careful optimization of growth parameters, good optical quality crystals of size 25 mm
dia and 35 mm length were obtained. The main objective of growing LTB crystals was to

investigate the use of these for dosimetry applications because LTB is a very good tissue
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equivalent material. Effective atomic number of LTB is 7.3 which is very close to that of
soft biological tissue (Z.s= 7.42). Kinetic parameters such as order of kinetics, activation
energy and frequency factors were measured from the TL glow curve of irradiated sample.
It was found that compared to polycrystalline material single crystals of LTB show a large
variation in TL intensity even with a small variation in the sample mass. Further, because
the two TL peaks were observed to be well separated in a temperature span, the system can
be used to read the TLD badge twice. The first peak is used to measure the dose
immediately and second peak is used to measure the dose in future.

Because the growth of single crystals is a costly and demanding exercise we have
also investigated the possibility of the use of nanoparticles of these materials embedded in
a suitable polymers as an alternative to single crystals. Lithium niobate and lithium
tetraborate nanoparticles were prepared by high energy ball milling and characterized for
phase and particle size. These were embedded in glass matrix and the SHG properties of
the composite were investigated.

The present thesis is divided into seven chapters as discussed below.

Chapter 1 of the thesis deals with various techniques for crystal growth and
nanoparticles synthesis. Basic principles of photorefractive effect, thermoluminescence
phenomena and materials perspective are discussed briefly.

Chapter 2 of the thesis describes working principle of different characterization
techniques used in the present work such as UV-VIS spectro-photometer, Powder XRD,
HRXRD, DLS, TEM, etc. are discussed.

Chapter 3 of the thesis deals with growth and characterization of doped and undoped
lithium niobate crystals. Various parameters were optimized to get crack free, transparent,
uniform diameter crystals. Optical qualities of the grown crystals were checked by UV-Vis
spectro-photometer and conoscopy pattern. Photorefractive studies on proton exchanged
Fe:LN sample was done and compared with the as grown sample. It was observed that in
proton exchanged samples diffraction efficiency increases by ~ 20 %.

Chapter 4 of the thesis deals with growth and characterization of doped and undoped
lithium tetraborate Li,B4O7 single crystals. Optimization of growth parameters such as
pulling rate, rotation rate, etc are discussed in this chapter. Grown crystals were studied for

phase by XRD. Crystalline perfection of grown crystal is examined by HRXRD rocking
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curve. For optical quality UV-Vis transmission spectra and conoscopy pattern were studied.
As lithium tetraborate (LTB) is a very good TLD material, the extensive study of TL
properties of doped and undoped LTB is discussed in next chapter.

Chapter 5 of the thesis describes the thermoluminescence studies of irradiated doped
and undoped single crystals, polycrystalline pallet and glass. Determination of various
kinetic parameters such as order of kinetics, activation energy and frequency factors are
discussed. Mass sensitivity of single crystal TLD material is discussed, which is a crucial
parameter for making dosimeter. High mass sensitivity of single crystal arises because of
the absence of grain boundaries. In the TL glow curves for undoped and doped
polycrystalline pallets, two well separated peaks were present. The first peak is from 50 C
to 210 'C and the second peak is from 210 'C to 320 'C. The area under the first and second
peaks was measured separately. A new scheme developed for dual reading of TLD badge is
discussed in detail in this chapter.

Chapter 6 of the thesis deals with synthesis of lithium niobate and lithium tetraborate
nanoparticles by high energy ball milling. Optimization of milling parameters such as
milling time, rotation rate, ball to powder mass ratio are discussed. Phase of the
synthesized particles were checked by XRD. Particle sizes were calculated from DLS and
TEM. The synthesized nanoparticles were examined by UV-Vis spectro-photometer for
determination of UV cut off. Blue shift in UV cut off was found which is due to increase in
band gap in nano material. The nanoparticles were embedded in glass matrix and the SHG
properties of the composite were investigated.

Chapter 7 of the thesis presents the conclusion of the work done. Good quality
lithium niobate and lithium tetraborate crystals were grown by Cz technique.
Photorefractive properties of Fe doped lithium niobate crystals were studied and enhanced
diffraction efficiency was observed in proton exchanged Fe doped lithium niobate sample.
TL intensity from single crystal was observed to be highly mass sensitive. Taking
consideration of this mass sensitivity, more accurate dose measurement is possible. Based
on the observation of two well separated TL peaks A new scheme of dual reading of TLD
badge has been proposed. It is hoped that this new method of dual read out scheme will

make the material more useful for personal dosimetry.
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Introduction and Overview

1.1 Historical background

Crystals are the back bone of present scientific and technological development. Single
crystals have long-range ordered periodic structure. In polycrystalline materials, several
grains as well as grain boundaries are present, which are the limiting factors to their use in
devices. Since crystals of high quality of different materials are required for various research
and technological applications, therefore several scientific groups throughout the world are
working on the research and development of crystal growth technology.

1.2 Growth of single crystal
1.2.1 The thermodynamics of crystal growth

Crystal growth is actually change of phase where molecules of the material lose their
randomness gradually and arrange in a long-range periodic order in the form of crystal [1].
The thermodynamic equilibrium between solid and liquid phases occur when the free energy
of the two phases are equal i.e. GL=Gs The free energy of a system is related to the internal
energy and the entropy of the system by the Gibbs equation G=H-TS [2], where H is the
enthalpy, S is the entropy and T is the temperature. The creation of a crystal can be thought as
slow change to solid phase from liquid/melt or gas phase. The driving force for the change in
phase comes due to the decrease in free energy. The free energy change during this
transformation is AG =AH-TAS, where AG =G-Gs, AH=H;-Hs, AS= S;-Ss. At equilibrium
AG=0, hence AH becomes = T.AS, where T, is equilibrium temperature. Now AG = T.AS -
TAS = (T.-T)AS = ATAS and also AG = AT AH/T., where AT = (T.-T). Hence AG become
positive when T > T and it depends on the latent heat of transition. This representation is
useful for melt growth. For solution growth one may depend on concentrations instead of
super cooling. In case of solution growth AG = RT In (C/Cy), where C/Cy is the
supersaturation ratio. Above two equations describe the dependence of the free energy
change on the parameters like super cooling and supersaturation which are the driving force

for crystallization.
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1.2.2 Nucleation

Nucleation process is the aggregation of atom or molecules to form a cluster called
nucleus of the atoms/molecules having same composition as the bulk crystal. It is the
initiation of phase change in a small region. In general there are two types of nucleation,
primary nucleation and secondary nucleation. Primary nucleation does not contain crystalline
material but secondary nucleation is induced by seed crystal. There are two types of primary
nucleation, homogeneous nucleation and heterogeneous nucleation. Homogeneous
nucleation occurs spontaneously and heterogeneous nucleation occurs due to presence of
foreign particles.

A theory of nucleus formation from group of atom was given by Volmer and Weber [3].
The probability that a stable nucleus form, which depends on change in free energy. If the
free energy change between the solid and liquid is AGy, the free energy of the system
decreases by this amount per unit volume of the developed solid. Free energy of the system
increases by ¢ (inter facial energy) per unit increase in surface area. Hence change in free
energy during formation of spherical nucleus of radius r is given by AG = 4nr’c - 4/3 i’ AGy .

A graphical representation of this equation is given in figure 1.1.

A

AG

Fig. 1.1 Free energy change of nucleus as a function of radius

The surface energy term increases with r* and the volume energy term decreases with
r’. The net free energy change increases with the increase in size, attains a maximum and then

decreases for the further increase in the size of the nucleus. The size of the nucleus where
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maximum free energy change occurs is called critical nucleus. On the other hand if nucleus
size 1s less than critical value it will dissolve into the mother system. The minimum size of a
stable, critically sized nucleus is obtained by differentiating the equation AG = 4mr’c - 4/3
AGy with respect to r and equating it to zero. This gives r*= 26/AGy. It may be noted that the
value of r* decreases with AGy, i.e. with super saturation or super cooling. The free energy
change AG due to the formation of the critical nucleus can be calculated by substituting r*.
After replacing value of r* in above equation we get AG* = 1616°/3AGy”. This value is less

for heterogeneous nucleation than for homogeneous nucleation.

1.2.3 Crystal growth theories

Crystal growth is a process of diffusion and integration. The solute molecules or ions
reach the growing surface of the crystal by diffusion through the liquid medium, where they
get adsorbed and arranged in a regular space lattice [4]. For understanding the mechanism
and the kinetics of growth, several theories have been developed; these are surface energy
theory, diffusion theory, and etc. which have been extensively described by a number of

authors [5-6].

A. Surface energy theory

The surface energy theories are explained by Gibbs. The surface energy theory tells us
that shape of the growing crystal will be that which has a minimum surface free energy [7].
Although Gibbs was aware of the limitation of this theory, P. Curie [8] found it useful for a
general theory of crystal growth, and finally Wulff [9] showed that the growth rates of
growing crystal faces are proportional to their corresponding surface energies. Bravais [10]
suggested that the velocities of the growth of the different faces of a crystal would depend on
the linear density. Soehnke [11] proposed that the faces which have the greatest linear
densities have minimum surface energy. These faces have minimum velocities of growth.
Berthoud [12] and Valeton disputed the surface energy theory on the basis of supersaturation.
According to surface energy theory when supersaturation increases, the growth becomes
rapid in all directions. Consequently, the crystal habit should come in a spherical shape. But
experimentally it has been observed that when the supersaturation is high, well defined faces

are developed.
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B. Diffusion theory

The diffusion theories, proposed by Noyes and Whimey [13] and by Nernst [14] are
based on the following assumptions.
(a) There is a gradient of concentration near growing surface.
(b) The growth phenomena is a reverse process of dissolution.
According to them, the amount of solute molecules that will deposit on the surface of
growing crystal can be written as

dm/dt = (D/5) A (C-Cy),
where dm is the mass of the solute deposited over the crystal surface of area A during time dt,
D is the diffusion coefficient of the solute, C is the actual concentration, Cy is the equilibrium
concentration of the solute and ¢ is the thickness of the stagnant layer adjacent to the crystal
surface.
C. Surface nucleation model theory

The basis of surface nucleation model is the function of surface inhomogeneities on
the growth process. A perfect single crystal has surface covered by steps. There are three
types of sites; terrace, ledge and kink sites. This model developed by Kossel [15], Volmer [4]
and Stranski [16] suggested that crystal growth is a discontinuous process taking place by the
adsorption of matter layer by layer on the crystal surface. According to this theory the growth
units coming to the crystal surface do not go immediately into the lattice, but become
adsorbed and then they migrate over the surface. The possible lattice sites for the attachment

of atoms on crystal surface are illustrated in figure 1.2.

Fig. 1.2 Possible lattice site for attachment of adsorbed atom (A- Terrace site, B-Ledge site,
C- Kink site)

An atom coming to the kink site is attracted by three nearest neighbors. For ledge site
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nearest neighbor is two and for terrace site nearest neighbor is one. Therefore the binding
energy become maximum between the atom and the existing crystal surface at a kink site.
Hence the atom over the crystal surface goes towards a step and moves along it to a kink site

and gets attached. This step wise stacking will continue until the whole layer is completed.

D. Screw dislocation theory

This theory describes a spiral growth on screw dislocations of the crystal surface. It
is known as BCF theory [17]. Completely smooth face never appears under conditions of
spiral growth so surface nucleation is not essential and the crystal grows as if the surface
were covered with kinks. Frank [18] proposed that dislocations having a screw component
can act as a continuous source of steps on the surface of the crystal which eliminates the need
for surface nucleation. A screw dislocation coming out at a point on the crystal surface
produces a step on the surface. This mechanism is explained in figure 1.3. Under a given
condition of super saturation these steps wind themselves up into a spiral, centered on the
dislocation. This theory assumes the existence of dislocations in the crystal in order to

enhance the growth of a surface.

Fig. 1.3 Development of spiral during crystal growth
1.2.4 Crystal growth techniques
Crystal growth is a change of state in controlled manner. This transition may occur
from the solid, liquid or vapor state. The crystal growth methods can generally be classified
into four main categories [19-20] according to the involved phase transition.
A. Solid growth (solid to solid)

B. Vapor growth (vapor to solid)
C. Melt growth (liquid to solid)
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D. Solution growth (liquid to solid)

A. Growth from solid

In solid growth technique, single crystals are developed from poly crystalline mass.
This can be achieved by straining the material and subsequent annealing. Large crystals of
several materials, especially metals have been grown by this method [21]. The main
advantage of this method is growth occur at relatively low temperature without the presence

of additional component.

B. Growth from vapor

Vapor growth techniques are applicable for material which does not have suitable
solvent and sublime before melting at normal pressure. Vapor growth methods are used to
produce bulk crystals and to prepare thin layers on crystals with a high degree of purity.
Growth from vapor phase may generally be subdivided in to
1) Physical vapor transport
2) Chemical vapor transport.

Physical vapor transport (PVT)

In PVT technique the crystal is grown from its own vapors and here no extraneous
compound form. There are two types of techniques used in physical vapor transport process,
sublimation-condensation and sputtering. In first method sublimation of the charge occurs at
the high temperature end of the furnace and the condensation occurs at the colder end [22].
Sputtering techniques are used for substance having low vapor-pressure. This method is used
to prepare thin films. The main advantage of this technique is that film growth can be
possible at lower temperature.

Chemical vapor transport

In chemical vapor transport technique chemical reaction occurs between the source
material and a transporting agent. Initially the parent material to be crystallized is converted
into gaseous product. It is then diffuses to the colder end or it transported by a carrier gas. At
the cold end reverse reaction occurs. The gaseous product decomposes to deposit the parent
material and the remaining transporting agent which diffuses to the hotter end and repeats the

reaction with the charge. By chemical vapor deposition thin layer is produced [23-24].
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Epitaxial layer of silicon and germanium are grown by this method.

C. Growth from melt

Melt growth is the method of crystallization by melting and re-solidification. The
melt means a liquid very close to its solidification point. This growth method is the fastest
of all crystal growth methods. This method is widely used to grow big size single crystals of
congruently melting materials. Here the material to be grown is first melted by suitable
technique and then it is cooled for crystallization. The main techniques of melt growth are:
Czochralski technique
Bridgman technique
Verneuil technique

Kyropoulos technique

A

Zone- melting technique.

In the present context, we will mainly concentrate only on the Czochralski technique.

1. Czochralski technique

This method was invented by Jan Czochralski in 1916 [25]. Initially this technique
was used to measure the crystallization rate of metals. But at present it is the most popular
and commercially preferred crystal growth techniques. In this process the congruently
melting material is melted in a crucible by means of resistance or induction heating. After
that a seed-crystal of same material is slowly made to touch the melt surface. In controlled
super-cooling conditions, the material starts to deposit on the seed-crystal. Pulling is
employed along with rotation. The rotation and thermal gradients in the melt, as well as
above the melt, play crucial roles in the quality control. In Cz growth rotation of the seed
helps to give the crystal a desire circular cross-section. Rotation also helps to achieve
uniform distribution of dopants. The selection of parameters for CZ growth depends upon
different factors. These are the thermal conductivity of both solid and liquid phases,
anisotropy in thermal expansion, melt viscosity and its chemical properties, difference in

solubility of dopant in liquid and solid phases, melt microstructure etc.
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Condition for Czochralski growth
a. Axial gradient of temperature dT/dX = const.
b. Radial gradient of temperature dT/dr = 0.
c. The heat of crystallization must flow from melt to the crystal and dissipated by seed rod
and radiation to the ambient.
d. The material should be melted congruently without decomposition.
e. The material must not be reactive with the crucible.
Heat balance equation in Cz growth

The net heat flow through the melt-solid interface is equal to rate of generation of
latent heat during crystallization. For planer interface this condition can be expressed as
K(Gs — K1 G = L, where K= Thermal conductivity of crystal, K;= Thermal conductivity
of melt, Gy = Axial temperature gradient in crystal, G = Axial temperature gradient in melt
and L, = Latent heat of crystallization per unit volume. Axial temperature gradient is
required to provide heat loss during crystal growth process. It should have some optimum
value to get crack free crystal. The value of maximum axial temperature gradient depends
on radius and breaking strain of the crystal. If the breaking strain is smaller than elastic
strain, then under the conditions of large axial temperature gradient the crystal cracks [26].
Growth rate for Cz growth technique

The growth rate is a function of the crystal diameter, crucible diameter and the
densities in the molten and solid states. Growth rate of crystal is

V=V, pLRZ/ (pLR2 - psrz), where pr: density of liquid, ps: density of solid, R :

radius of crucible, r : radius of crystal. Material for which densities are almost equal in solid
and liquid, the growth in a crucible which is having twice the crystal radius occurs at a rate
which is 33% greater than the pulling speed. The upper limit for the growth rate is
determined by
(i) Thermoelastic properties of the crystal,
(i1) Segregation of dopant/impurity ions at the growth interface and their diffusion to the
bulk,
(iii) Ease with which defects can be generated during growth etc.
Materials which have high thermal conductivity and burger vector can be pulled at faster

rates if segregation effects permits. The upper limit of pull rate depends on maximum
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temperature gradient that can be kept above the melt level.
Effect of crystal melt interface

The solid liquid interface phenomena are very important as the crystal growth takes
place at the interface. A flat interface is required during the entire growth process. If the
interface is not flat then different types of defect may be developed. These are stresses,
cracks, non-homogeneous impurity concentration, core phenomena, gas bubble entrapment,
etc. The shape of interface depends on rotation rate of seed, thermal symmetry of the
growth chamber and the heat transfer of entire system.
Convection in Cz Growth

In Cz growth, cylindrical crucible is heated from the side wall, and therefore the
fluid adjacent to the crucible wall is at a higher temperature and hence it has a lower density.
At the heated vertical wall of the crucible the melt is made buoyant, rises and then turned
inward radially at the melt surface. The rotating crystal acts as a centrifugal fan sucking up

fluid axially. Figure 1.4 shows natural and forced convective flow in crucible.

< S

Natural convection Forced convection

Fig. 1.4 Schematic representation of natural and forced convective flow in crucible

The radially outward flow due to the rotating crystal meets the radially in flowing
fluid driven by the hot vertical crucible wall and a down flow occur at some radial distance
which depends on the relative strength on the crystal flow and the buoyancy driven
convection [27].

Origin of stress during cooling the crystal in Cz technique

With respect to external forces the existence of the crystal itself gives rise to the
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stress due its own mass exposed to the gravitational forces. The composition of each growth
layer differ slightly by Ax; from the average composition x. These layers may shrink at
different rate during cooling and tensile and compressive strain may locally alternate in
different layers due to the difference in their thermal expansion coefficients [28]. Since
during crystal growth, temperature gradient is required, this gradient also generates stress
inside the crystal. The crystal may also crack during post growth cooling. To get crack free

crystal proper post growth cooling rate is required.

Mechanism of dislocation creation in crystal grown in Cz technique
Mechanisms by which dislocations can be introduced into a crystal during growth
are:
(1) Propagation of dislocations into the growing crystal from the seed crystal;
(2) Thermal stresses
(3) Constitutional stresses
(4) Dendrite growth
When segregation occurs during crystal growth lattice misfit may occur. This lattice misfit

causes stress which results in dislocation [29].

Effect of segregation coefficient in Cz grown crystal

The effective segregation coefficient (Kf) is the ratio of the solute concentration in
the solid to that in the bulk of the liquid from which it is grown. The interface segregation
coefficient (K*) is the ratio of the concentration in the solid to that in the liquid at the
solid-liquid interface. In equilibrium both these ratios become equal to the ratio (K¢) which
is equal to Cg/Cyr In Czochralski pulling a dopant can segregate significantly along the
growing crystal which causes significant variations in electronic and optical properties of
the grown crystal.
Effect of constitutional super cooling in Cz technique

The impurity or dopant is rejected at the solid liquid interface during crystal growth.
During growth the impurity is accumulated near the interface and hence lowers the melting
point in that region. Thus the effective temperature driving force AT=T* -T is decreased

and crystal growth rate is retarded. However the melting point of the remaining charge

10
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away from the interface remains same, so AT increases away from the interface. This
condition is known as constitutional super cooling. In this situation the advancing face
usually breaks up into finger like cell, which progress in a more or less regular bunched
array. By this manner heat of crystallization is more readily dissipated and crystal growth
occurs under condition of near maximum driving force. It is undesirable to occur

constitutional super cooling because it produces instability in planar crystal melt interface.

Facet formation during growth

Facets are crystallographic faces which form on the solid fluid interface during
crystal growth [30]. Facet formation is observed in many crystals grown by Cz technique.
Faceting is observed in the melt crystal interface and along the sides of solidified crystalline
material. Primary causes of faceting are anisotropy in interfacial attachment kinetics and
anisotropy in surface energy. Faceting of the melt-crystal interface affects the crystal

quality.

Advantages and disadvantages of Cz growth

Cz growth technique has many advantages. Growth from free surface gives stress
free crystal. Crystal can be observed during the growth process. In this technique large
crystal with high crystal perfection can be grown. The most disadvantage of this process is
delicate start and very critical further control. Crystals which can be grown by this

technique are lithium niobate, lithium tetraborate etc.

2. Bridgman technique

In Bridgman technique the material is melted in a vertical cylindrical crucible
having conical point bottom. The crucible is lowered slowly from hot zone to the cold zone.
The rates of going down of crucible in the furnace vary from about 1-30 mm/hr.
Crystallization starts at the bottom of the crucible. This technique is not suitable for
materials, which decompose before melting [31]. This technique is best suited for materials

with low melting point.

11
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Advantages and disadvantages of Bridgman technique:

The main advantages are; shape of the crystal is defined by the container, no radial
temperature gradient is required, low thermal stresses result in low level of stress-induced
dislocations, crystals may be grown in sealed ampules. The main disadvantages are;
confined growth, difficult to observe growth process, changes in natural convection as the

melt is depleted and delicate crucible and seed preparation, sealing, etc.

3. Verneuil technique

In this technique a fine powder of parent material is allowed to fall through the
oxy-hydrogen flame. Powder melts during passing through the flame and a liquid film is
deposited on the top of the seed crystal. This solidifies gradually as the seed crystal is
lowered slowly. Constant growth rate and diameter is maintained by balancing the rate of
charge feed and rate of lowering the seed. This technique is applied to grow variety of high
melting oxide crystal. Here no crucible is required to hold the melt and therefore
contamination problem is avoided. As far as crystal perfection is concerned for some
specific application (such as optical devices) the flame fusion technique is not suitable. This
technique is widely used for the growth of synthetic gems and variety of high melting

oxides.

4. Kyropoulos technique

In this technique the crystal is grown in a larger diameter. Here seed is brought into
contact with the melt like Cz technique. In this technique seed crystal is not raised during
the growth and crystal is allowed to grow by decreasing the temperature of the melt. By this

technique alkali halide crystals are grown to make optical components.

5. Zone melting technique

In this technique the parent material is taken in the form of sintered rod and the seed
is attached to one end. By careful control of temperature a small molten zone is maintained
by surface tension between the seed and the feed. The zone is moved slowly towards the
feed. Single crystal is obtained over the seed. This technique is applied for materials having

large surface tension. The main advantages of this technique are simplicity of the process,

12
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growth of extreme high purity crystal and crystal with low defect density.

D. Growth from solution

Crystal growth by precipitation from aqueous solution is the most simple and oldest
technique. In this process, a saturated solution of the parent material in a suitable solvent is
used. Crystallization takes place from the solution as the solution becomes critically
supersaturated. The supersaturation can be achieved either by lowering the temperature of
the solution or by slow evaporation. There are many materials which do not melt congruently.
Crystal cannot be grown from this material by melt growth technique. In some cases the
crystallized material undergoes a phase transition during post-growth cooling down to room
temperature. In these types of situation crystals are grown from solution growth technique.
The advantages of this technique are low volatilisation of the compound as the growth
temperature is lower than the melt growth technique. In this technique, crystal can be
grown at temperatures well below its melting point and even at room temperature and
therefore it becomes more applicable in many cases [25]. The slow growth rate is the main
drawback of these techniques. It is possible to grow crystals from low-temperature solution
as well as high temperature solution, the latter is popularly known as the flux growth

technique.

1. Low temperature solution growth

The low temperature solution growth technique is very popular for growing many
technologically important crystals. It is the most suitable method for material which are
unstable at high temperature and phase transition occurs below melting point. This is a very
slow growth process and takes weeks, months and sometimes years. Material which has good
solubility in the temperature range from room temperature to 100 °C at atmospheric pressure
can be grown by this method. This method has many advantages. As growth is carried out
at room temperature, structural imperfection in this method will be less. Single crystals of
KH2PO4, KD2POs, Triglycine sulphate etc. are grown by this method. In the low
temperature solution growth method crystal is grown from supersaturated solution i.e., it

contains more solute than it can be in equilibrium with the solid.

13
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2. High temperature solution growth

In this method solution is formed at high temperature. The main aim of this method
is to reduce the growth temperature. Flux selection is also a critical issue. Flux should have
moderate solubility for the material to be grown, appreciable solubility change with
temperature, low melting point, low volatility at high temperatures, low toxicity, low
viscosity, low reactivity with the crucible, and easy availability at low cost [32]. There are
many advantages of crystal growth from high temperature solution. Here grown crystal is
not exposed to a high temperature gradient like Cz method and the crystal can be grown in
an unconstrained fashion (unlike in the Bridgman method); hence the crystals are free from
mechanical or thermal constraints. Crystal grown by this method will be better in quality.
Crystals will have lesser point defects, dislocations densities and low angle grain
boundaries compared to crystals grown from direct melt. There are some disadvantages also.
Heating material may be attacked by the corrosive nature of the fluxes. Here crystal growth
rate is very slow. Solvent may be incorporated into the crystal and dopant distribution may

not be uniform throughout the crystal.

1.3 Nanoparticles and preparation techniques
1.3.1 Definition of nanoparticles

Nanoparticles connect between bulk materials and atomic or molecular structures. A
particle having one or more dimensions of the order of 100 nm or less is generally called
nanoparticle. A bulk material has constant physical properties independent of its size, but at
the nano-scale, size-dependent properties are often observed.

Nanoparticles have a very high surface area to volume ratio, which leads to
tremendous changes in properties of the material with respect to bulk. As the surface area
increases, the number of atom residing on the surface will be increased. The material will
be more reactive because of the increase of the surface energy. As the large percentage of
the atom lie on or near the surface of the nanoparticle, the electrical, optical, mechanical

and thermal properties will be different from that of the bulk.

14
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1.3.2 Preparation techniques
Large numbers of techniques are available to prepare different types of
nanomaterials. Synthesis methods for nanoparticles are divided into two categories,
top-down and bottom-up. In first method massive solid particle breaks in to smaller part.
This is done by different technique such as milling, chemical methods, and volatilisation of
a solid followed by condensation of the volatilized components. In bottom-up method,
nanoparticles preparation involves condensation of atoms or molecular entities in a gas
phase or in solution. The latter approach is far more popular in the synthesis of
nanoparticles. In general, preparation of nanoparticles is divided into two categories,
physical method and chemical method.
A. Physical methods
In the case of physical methods, most of the synthesizing techniques are involved in the
sense of mechanical, evaporation etc. In these processes one can go through only physical
changes such as change in state, change in physical properties etc. But there is no
possibility of chemical reactions to obtain the nanoparticles.
Physical methods are again sub divided into several methods. These are:
1. High energy ball milling
2. Melt quenching
3. Physical vapor deposition
4. Pulsed laser deposition
5. Sputtering
B. Chemical method
Chemical methods are considered under the basic principle of chemical equations
which depends on the chemicals and its proportions such as chemical concentration,
reactivity, time, temperature, pH, etc. The chemical methods have some advantages over
other methods such as:
> Simple techniques
Less cost and instrumentation compared to many physical methods
Reaction occurs at low temperature

During synthesis process, doping of foreign atoms or molecules is possible

YV V V V

Large quantities of materials can be synthesized
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> Different kind of shapes and dimensions are possible

> Materials are obtained in the form of liquid but can be converted into powder or
thin films

> Self assembly or regularized structure is possible

Chemical methods are again sub divided into several methods. These are:

1. Sol gel
2. CVD
3. L-Bfilm

In the present work, high ball milling and melt quenching methods were used; the
brief description of the techniques is described here.
I. High energy ball milling
Working principle
In ball mill, material is ground into fine powder. It is very useful technique to
reduce the grain size of the material. Different types of milling devices are available.
Among these planetary ball mill is most important. Rotation direction of bowl and whole

disc of planetary ball mill is shown in figure 1.5.

Fig. 1.5 Schematic diagram of a typical mechanism of ball milling

Planetary ball mills are very compact and smaller in dimension. The basic
principle of planetary ball mill is based on rotation of planets around Sun. Bowl are
arranged on a rotating support disk and a special drive mechanism helps them to rotate
around their own axes.

A strong centrifugal force acts on the grinding balls and the material in the
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grinding bowl due to their high rpm. The grinding bowl and the supporting disc rotate in
opposite directions. This leads to frictional effect between the grinding balls and grinding
bowl. The energy created in this process is many times higher than that for traditional
mills. Initially decrease of grain size occurs very fast and then it slows down after
definite milling time. After reaching minimum grain size, further reduction is not
possible. Initially dislocation is produced by the kinetic energy transfer. At a definite
strain level annihilation of dislocation occur and they form small angle grain boundaries.
There are two energy contributions in grain boundary region, surface energy and strain
energy. The second term may become particularly high when dislocations are forced to
move out from the inner part of small grain [33]. The smallest separation between
dislocations, D limits the grain refinement. Dislocation becomes unstable and annealed
out from the grains at some definite particle size which prevents further grain size
reduction. During collision temperature of the material increases which also limits the
reduction of grain size. Due to increased local temperature dislocation can easily come
out from the material.
Various parameters of ball milling
There are various parameters on which particle size of the sample depends. These

parameters are listed below:

e Speed of mill, relative speeds of pot rotation to disk revolution.

e Composition, size, shape and surface of pot.

e Degree of filling pot.

e Number, size(s), material (density, elasticity), and surface of milling balls.

e  Weight, shape, size and composition of starting material.

e  Macroscopic temperatures of pot, ball and powder.

e Microscopic temperature at collision point.

e  Milling atmosphere.

e  Milling time.

For reduction of particle size speed of mill and relative speeds of pot rotation to

disk revolution in a planetary mill are very important parameters. Speed of mill
determines the force exerted on the powder sample. Very high speed of rotation is not

desirable because balls and container wall may crack. So optimization of speed is
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required. In ball milling to break the parent particle balls should have higher kinetic
energy. As the kinetic energy of ball depends on mass and velocity, so dense materials
are preferred. The hardness of the grinding bowl and grinding balls must be higher than
that of the materials used for milling. This is required to prevent abrasion. Normally
grinding bowls and grinding balls of the same material should be chosen. Ball to powder
mass ratio is also an important parameter. Greater ball to powder mass ratio (BPMR) is
required for particle size reduction as this increases the collision frequency. It is reported
that filling the pot above 50% reduces the milling efficiency. During reduction of particle
size fresh atomic surfaces are generated, so contamination by O, may occur. To remove
this problem milling is generally done in inert atmosphere.
I1. Melt quenching technique

It is a fast and cost effective technique. It is possible to form nanoparticles in
glass. When a liquid is cooled below certain temperature, it forms either crystalline or
amorphous solid (glass) [34]. Mixture of chemical is prepared by mixing chemicals
taking in proper ratio and kept for solid state reaction at some temperature below the
melting point. This solid state reacted powder is kept in platinum crucible and then put
into furnace. The temperature of crucible is maintained above the melting temperature of
that material. After melting the charge, the melt is poured on a metallic plate very fast
and pressed it with another metal plate. Most of the formed glasses are annealed in a
temperature range that is slightly higher than the glass transition temperature for making
nanoparticles. Size of nanoparticles in this technique depends on the annealing

temperature.

1.4 Photorefractive effect

The term photorefractive means light induced change of the refractive index. Initially

it was considered as undesirable optical damage in non-linear electro-optic crystals, but

later it was found that this optical damage can effectively be applied for holographic

recording in electro-optic crystals [35-36]. Photorefractive phenomena can be observed in

any material which is photo-conductive, transparent to the wavelength of interest and

electro-optic.
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1.4.1 Mechanism of the photorefractive effect

The photorefractive effect occurs in several stages. Figure 1.6 shows how refractive

index grating is formed.

Dark bright
interference
pattern

- - S ---- Photo excited charge

carrier

AR AR AR
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Fig. 1.6 Mechanism of formation of refractive index grating inside a PR material

Light from two coherent sources are incident on a PR crystal and interference pattern
(alternate dark and bright fringes) is formed. Out of the two light beams, one is called
as signal beam and other as reference beam.

In the bright regions, electrons are excited to the conduction band, leaving a hole in the
impurity level. The impurity levels have an energy intermediate between the energies
of the valance band and conduction band of the material.

These free electrons migrate due to diffusion towards the dark regions.

A space charge field is generated due to distribution of charge. As the electrons are
trapped at trap centers they become immobile and field remain present even when
illumination is stopped.

This electric field modulates the refractive index of the material through electro-optic

(Pockel’s linear) effect and refractive index grating is formed (figure 1.6).
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® The refractive index grating diffracts the light incident on the crystal.

¢ By uniform illumination of light this refractive index grating can be removed.

From the figure 1.6 it is clear that the photo refractive effect provides a way to
replicate light intensity patterns into refractive index gratings, which can be applied for

optical data storage.

1.4.2 Desirable properties of PR materials
The main properties of an electro-optic material for PR applications are:
Diffraction efficiency (DE)
Recording (or writing) and erasure time
Dynamic range (maximum refractive index change)
PR sensitivity

Signal-to-noise ratio

V V.V V V VY

Sensitive to convenient laser wavelength

» Suitable dopant should be available for particular laser wavelength
Diffraction efficiency (DE)

DE (1) of a PR crystal is defined as the ratio of the intensity of light diffracted by
the refractive index grating (Lsf) to the transmitted light intensity when there exists no
grating (Iians). It can be obtained by the relation [37]:

I,
7 =—4 %100%

trans

A good PR material should have high DE.
Recording and erasure time

The recording time 1, is defined as the time period in which DE increases to (1-1/¢)
of its maximum during recording, while erasure time t. is defined as the time period in
which DE decreases to 1/e of its maximum during erasing.
Dynamic range

The dynamic range (M") of a phase storage medium is defined as the maximum
possible photo-induced change of its refractive index. The dynamic range determines the

number of holograms that can be recorded in a given volume. Its value is given by the
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relation
Ny =M*"IM)*
where, M is the multiplexed page number, ny is the DE when M™ page is written. The value
of M* can also be calculated approximately by a much simpler relation [38].
Mt~ Te N Thnax
Tr

where, Nmax 1S the maximum DE. A good PR material should have large dynamic range.
PR sensitivity

The PR sensitivity (S) is defined as the light energy density required to achieve a
given holographic DE.

Its value is given by the relation
g=Ldn

IL dt

where, [ is light intensity and L is the crystal thickness. A good PR material should have
higher sensitivity.
Signal-to-noise ratio

In optical holography, noise is a term for non-image-forming light which is
diffracted or scattered in the same general direction as the reconstructed image. High
signal-to-noise ratio for holographic applications is preferred.
Sensitive to convenient laser wavelength

The electro-optic material considered for recording should be photosensitive at a
convenient laser wavelength and should be transparent at that wave length.
1.4.3 Materials perspective

Photorefractive (PR) crystals are excellent materials for recording volume phase
holograms in real-time. These materials have excellent resolution, efficiency, storage
capacity, sensitivity and reversibility. Number of holograms can be recorded on a single
crystal by angular multiplexing. The application of these materials for hologram recording
was first considered by Chen, 1968 [35], who suggested that optical damage effect in these
crystals could be exploited to record a thick hologram. The photorefractive effect has been
detected in number of crystals; the major ones used for holographic application are LiNbOs3,

LiTaO3, BaTiO3, BinSiOzo, and BilzGeOZQ.
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1.5 Thermoluminescence (TL)

Thermoluminescence (TL) is the thermally stimulated emission of light from the
irradiated material. For production of TL, the material must be an insulator or a
semiconductor. The material must be irradiated with some ionizing radiation. An irradiated
thermoluminescence material released energy in the form of visible light when the material is

heated.

1.5.1 Basic principle

In a semiconductor or insulator most of the electrons reside in the valence band. The
next band where electron can be placed is conduction band. The energy difference between
these two bands is Eg. Due to structural defect and impurities within the lattice, electrons
posses energies which are forbidden in the perfect crystal [39].

In a simple TL model two levels are assumed, one situated below the bottom of the
conduction band and the other situated above the top of the valence band (figure 1.7). The
highest trap level (T) is situated above the Fermi level. This is electron trap. The other level
(R) situated below the Fermi level. This is a hole trap and acts as a recombination center.
When the material absorbs radiation having energy greater than E, ionization occur and
produce free electrons in the conduction band and free holes in the valence band. The free
charge carriers recombine with each other or become trapped. In semiconductors and
insulators a certain percentage of the charge carriers are trapped, the electrons at T and the
holes at R (transition b). The probability of releasing the electron from trap center is
described by Arrhenius equation p = s exp(-E/kT), where p is the probability per unit time.
The term s is called the frequency factor or attempt-to-escape factor. The value of s in the
order of the lattice vibration frequency, namely 10'>-10"* s™". E is called the trap depth or
activation energy, the energy required to come out from the trap into the conduction band.
The other symbols have their usual meaning, k=Boltzmann’s constant (=8.617x 107 eV/K),
and T the absolute temperature. If the trap depth E >>kT,, with Ty the temperature at
irradiation, then any electron that becomes trapped will remain trap for a long time. When
temperature of the material is increased electrons start releasing from the trap center and
enter into the conduction band. The charge carrier migrates through the conduction band of

the crystal and finally they recombine at recombination center R. In the simple model this
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recombination center is a luminescent center where the recombination of the electron and
hole leaves the center in one of the higher excited states. Return to the ground state from the

excited state gives the emission of light quanta i.e. Thermoluminescence.

Conduction band

' @ 99

Valance band

Fig. 1.7 Energy band model showing the electronic transitions in a TL material according to
a simple two-level model: (a) generation of electrons and holes; (b) electron and hole
trapping; (c) electron release due to thermal stimulation; (d) recombination. Solid circles are
electrons, open circles are holes. Level T is a electron trap, level R is a recombination centre,
Etis Fermi level, E, is the energy band gap.

1.5.2 Important properties of a TL dosimeter
Sensitivity

The sensitivity of particular TLD material is defined as TL intensity integrated over
an certain temperature region per unit mass per unit absorbed dose. TL sensitivity should be
high for a good dosimeter [40].
Dose response

Linear dose response is another critical characteristic. This property shows that the
response displayed by the material is directly proportional to the absorbed dose of radiation.

In most materials, the linear interval is limited by supralinearity and saturation of the TL
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intensity at large doses. The useful range is determined by the linear dose dependence. Both
supralinearity and sublinear growth approaching saturation creates problem of over or under
estimation, respectively. It is desirable for a good dosimeter that supralinearity should start at
higher dose. Threshold dose is measured to determine the minimum dose that can be
detected by the dosimeter. An additional important property required for radiation detector
is that its response should be independent of dose rate.
Glow curve

The glow curve is a plot generated by software connected to TL measurement
systems. In this graph the thermoluminescence intensity versus temperature is plotted. The
peaks observed on this curve correspond to the ionization of traps at various energy levels.
The intensity axis of the plot gives an idea about the relative populations of electrons in
different traps [41]. The glow curves are particularly important since they are the main
indicators of whether a material can be used for TL dosimetry purposes or not. Generally it
is desired that the glow curve should have simple and single peak at around 200 'C. The
peaks observed at low temperatures in the proximity of 100 'C fade away quickly hence
they do not yield any information about the radiation content.
Fading

Fading is the unintentional loss of TL signal with time. For a good TL material
fading should be very small. Thus, fading can be regarded as a quality indicator for the
dosimeter. If the trap depth E of the material is very small then much fading will occur
during irradiation and after irradiation.
Effective atomic number

It is desirable that the dosimeter should have same atomic composition as that of the
human tissue. This concept can be evaluated by the parameter of effective atomic number
(Zetr) which should be as close as possible to that of human tissue (7.42.). Tissue
equivalence is rare among the dosimeters and the dosimeter which satisfies this requirement
the best is lithium tetraborate. Tissue equivalence becomes more important in case the
radiation energy lies in the region between 20 and 100 keV. At these energies the
photoelectric interaction is predominant and dependent on the third power of the atomic
number, so in that region an over response of TL intensity occur for materials having a high

atomic number [42].
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Emission wavelength

The TL emission spectrum of a material should overlap as much as possible with the
absorption spectrum of the PMT. Most PMTs peak absorption efficiency are in the 400 — 450
nm range.
Dependence of TL response on the energy of the incident radiation

The intensity of thermoluminescence emitted from a material is proportional to the
amount of energy initially absorbed by that material. It is thus most important to know the
materials absorption coefficient with radiation energy. For photon energy < 15 keV, the
photoelectric effect dominates, whereas for 15keV<E<IOMeV, Compton scattering
dominates in low Z material. For high Z specimen the photoelectric effect remain dominant
up to 100keV. For dosimetry, it is obliviously desirable to have a detector which exhibits a
constant response over a wide range of energies; therefore low Z materials are preferred.
Again tissue equivalent dosimeters are desirable for measurement of the dose delivered to the
body tissue. Lithium tetraborate is one such phosphor with Z. =7.4, equal to that of tissue

[43].

1.5.3 Materials perspective

TLD is used to determine the amount of radiation absorbed by the person due to
working environment or due to medical treatment. It is very useful for people who are
working in nuclear power plant or any radiation environment. In personnel dosimetry, a
card containing TLD material is provided to the worker and the amount of absorbed dose is
measured periodically. Thermoluminescence dosimeters are also used in clinical dosimetry
because of their various advantages. TL dosimeter has wide useful dose range, small physical
size, no need for high voltage cable and tissue equivalence for most radiation type. In
thermoluminescence dosimetry (TLD) TL output is directly proportional to the radiation
dose received by the phosphor and hence the absorbed dose is estimated. Absorbed dose is
defined as an amount of energy absorbed per unit mass of an irradiated material. Clinical
dosimetry is performed for measuring the absorbed doses to the patient either during therapy
or diagnosis.

There are more than 2000 TL materials available, out of them only 8 are appropriate

for measuring radiation dose. Four of them have low atomic number (Z) and are
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characterized as tissue equivalent materials. These are lithium fluoride (LiF), lithium
tetraborate (Li;B4O7), beryllium oxide (BeO) and magnesium borate (MgB4O7). They are
used for medical application as well as for personnel monitoring for industrial applications.
The other four materials over-respond due to their higher Z. These materials are
characterized as non-tissue equivalent materials. These materials are calcium sulphate
(CaSQy), calcium fluoride (CaF,), aluminum oxide (Al,O3) and magnesium orthosilicate
(Mg;Si04) and are used for environmental monitoring. The main characteristics of these
basic TL dosimeters are the wide useful range, sensitivity to small doses, and limited fading
[44]. Spectra of commercial luminescent dosimeters exhibit an emission maximum at
380—480 nm, which corresponds to the spectral range of common photo multipliers.
LiF-based dosimeter satisfies all required properties for commercial dosimeters except it
fails to provide a simple TL glow curve. For example, the TL curve of LiF: Ti, Mg contains at
least seven peaks. Generally, the 5" peak (T, = 210 'C) is used for dose measurements. A
large number of peaks in glow curve make it more complicated. The maximum emission
wavelength of LiF is 400 nm.

Lithium tetraborate doped with Mn has linear response up to 300 rad and supralinear up to
30 kgray. It is light sensitive material. This creates a background equivalent to 15 mrad. The
wavelength of light emitted from this TLD is 600nm. The sensitivity of gamma rays for Cu
doped Li;B4O7 is many times more than that of Mn: Li;B40O7. This higher TL sensitivity Cu
doped lithium tetraborate is due to the favorable spectral location of TL emission at 368 nm.
BeO is a good tissue-equivalent material. When we measure TL intensity on a TL reader
having standard PMT, the apparent sensitivity of BeO is low (about seven times less than that
of LiF). If we read the TLD with a photo multiplier having quartz window, a better sensitivity
results which equals that of LiF. This is because quartz window also allow UV radiation to
pass through. BeO containing sodium is very sensitive and allows the measurement of doses
down to 1mrad. The dose response curve is linear up to 50 rad. The following supralinear
range extends up to doses of 5 x 10° rad after which saturation occurs.

Aluminium oxide (Al»03) is also interesting material because it is available at low cost. It has
strong emission in the 650 nm region which is difficult to distinguish from black body
radiation and a weaker emission between 390 and 550 nm. It is the latter emission which is

more interesting because it can be detected with an ordinary commercial TL reader. Al;0s has
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no linear dose characteristic for either glow peak. The lowest detectable dose is about 100
mrad as long as the readings are performed with N, flushing. Saturation occurs at 10°rad.
CaSOy4: Dy and CaSOy4: Tm is equally more sensitive to photon radiation compared to LiF.
The lower detection limit is about 0.1 mrad. The dose response of CaSOy: Dy is linear up to
doses of 3x10°rad and saturation occurs at 10° rad.

CaF;is not tissue equivalent (Zeff = 16.57). It is a factor of 15 times more sensitive to 30 keV
photon radiation than to the photon radiation from ®Co. CaF, has two important advantages
over LiF in certain applications. It is considerably more sensitive, the minimum detectable
dose is about 10 times less than LiF and it has a larger linear dose response range.

Various studies were done to use commercial TL dosimeters for detection of fast
neutron fluxes, but it was less successful [45]. The TL yield of LiF:Ti, Mg; LiF:Mg,Cu,P
and Al,O;:C proved to be very low. As neutrons have no charge, they are detected through
secondary particle produced during neutron irradiation. For thermal neutron in order to
obtain high yield for such particles, isotope with high reaction cross-section are incorporated
into the detector. LiF and Li;B4O7 respond to slow neutrons via reactions with %Li and '°B.
The reactions are

Lis+'ng ——  *He;(w)+°H; and "Bs+'ng — “He, (0)+'Lis.

LiF(Mg,Ti) dosimeter have three different varieties. TLD-100, TLD-600, TLD-700.
The material TLD-100 is a LiF (Mg, Ti) that contains natural lithium with both oLi (7.5%) and
"Li (92.5%) not especially useful for neutron dosimetry. TLD-600 is °Li enriched phosphor
[°LiF(Mg, Ti)]. Here °Li undergoes an (n, o) reaction, and the alpha particle and the tritium
that are produced, deposit their kinetic energies in the TLD element. TLD-700 includes a
neutron insensitive element. This dosimeter is used to measure the gamma dose. This
phosphor is quite insensitive to thermal neutrons and if it is paired with a similar geometry
and mass of °LiF(Mg,Ti) element, the net neutron response is obtained by subtracting the
gamma response of the 'Li element from the gamma plus neutron response of the SLi
element. The TLD-1000, 6000, and 7000 are common designations for alternative LiF
phosphors containing a different dopant mixture from the LiF noted above, namely LiF
(Mg,Cu,P), which has a considerably higher sensitivity than the LiF (Mg, Ti); The 1000,
6000, and 7000 designations have similar meanings to the 100, 600, and 700 descriptions.
Other commonly denoted phosphors are TLD-200, 300, 400 and 900 CaF, (Dy), CaF,(Tm),
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CaF,(Mn), CaSO4(Dy) respectively, all relatively high sensitivity phosphors but not used for

typical neutron dosimetry. Response of thermal neutons for TLD s is shown in Table 1.1.

Table 1.1 Values for the response of a number of TL materials to a fluence of 10" thermal
neutrons/ cm” in terms of an equivalent exposure to “°Co gamma rays.

Material Response (1010/ cmz)/
R of “Co 7y rays

LiF (TLD-100) 350

LiF(TLD-600) 1930

LiF(TLD-700) 1.5
LTB:Mn(TLD-800) 310

CaF,:Mn 0.6

CaSOq :Dy 0.5

BeO 0.3

It is seen from the above table that the most useful material for performing gamma
measurements in a mixed neutron-gamma field is BeO due to its low response. Various
properties of different TLD material shown in table 1.2. Here energy dependence is also
given. Which shows there response at 30 keV (where the maximum over response occurs)
relative to that at 1173 and 1332 keV (i.e. 60Co). The ideal relative response is 1.0 which

indicates that the material is energy independent.
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Phosphor Glow | Emission | Z. Energy Sensitivity | Linear Saturation | Thermal | Optical
Peak | (nm) response range level fading fading
in 30keV/ “Co (rad) (rad)
°C

LiF:Mg,Ti 210 | 425 8.14 |13 1.0 5X107-10* | 10° 5-10% NA

per year
LiF:Mg,Cu,P | 232 | 310 8.14 |13 25 10 -10° >10* NA
410

Li,B,O;Mn | 210 | 600 7.4 0.9 0.4 0.01-300 3X10° 5% in 60 | sensitive

days

Li,B,0:Cu | 205 | 368 7.4 0.8 8 0.01-10° >10° 25% in | 10% in

60 days 3 hr

MgB,0,Dy | 210 | 480 8.4 15 7 0.001-100 | 10° 10% in 60 | sensitive

570 days
CaSO,:Dy 220 | 480 153 [ 10-12 30 10%-3x10° | 10° 7-30% in | 30% in
570 6 month 5hr
CaSO4Tm 220 | 450 153 | 10-12 60 107 -3X10° | 10° 7-30% in | 30% in
6 month 5hr

CaF, 260 | 380 163 | 13-15 20-50 107-5x10° | 10* NA Sensitive

(natural)

CaF,:Dy 200 | 480 163 | 13-15 16 107 -X10° | 10° 25% in 4 | Sensitive
240 575 week

CaF,:Mn 300 | 500 163 | 13-15 10 10°-x10° | 10° 7%  in | Sensitive

24hr

BeO 180 | 330 7.13 | 1.4 3 10%t050 | 5X10° 7% in two | 50% in
to month 1 hr
220

AlLO; 250 | 425 102 |35 5 102to 100 | 10° 5% in one | sensitive

month
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Characterization Techniques

2.1 X-ray Diffraction
2.1.1 Introduction

X-rays are electromagnetic radiation. The wave length of X-rays used in diffraction
study lies in the range of 0.5 A to 2.5 A and which is between gamma and ultraviolet rays.
X-rays are produced when an electrically charged particle of sufficient kinetic energy is

rapidly decelerated. Characteristic X-ray is created due to inner electron transition.

2.1.2 Working principle

The experimental technique of XRD is based on Bragg’s law of diffraction. If a beam
of monochromatic X- rays incident on crystalline material, diffraction of the X-rays are
observed at different angles from different crystal planes. The ray diagram given in figure 2.1

shows how X- ray diffraction occur from crystalline plane.

M

N

0 0

0'

Fig. 2.1 Ray diagram of diffracted X-rays

The Bragg’s condition is given by 2d sin 8 = n A, where n is an integer and represents
the order of diffraction, A is the wavelength of the X-rays in angstrom unit, d is the inter
planar spacing, 0 is the diffraction angle. From the above equation we can calculate the inter
planner spacing of the crystalline material. In X-ray diffraction, the incident beam falls on
crystal planes at angle 6 and beam diffracted at an angle 26. In powder XRD fine powder of

sample is placed on sample holder on which a beam of monochromatic X-ray falls. After
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getting diffracted from crystalline plane, constructive interference occurs and peak is
observed. From the XRD pattern we can identify the phase of the material. By observing

peak position lattice parameter can be calculated.

2.1.3 Peak shape analysis

Peak broadening () comes from several sources. These are due to instrumental
effect, finite crystallite size, and strain. For Lorentzian peak Bobs = Psize + Pstrain + Binst-
Therefore Bobs- Binsi= Psize + Psteain. Similarly for Gaussian peak Bops” = Bsize” + Bstrain” + Binst -
Therefore Bobsz— Binst2= Bsizez + Bstrainz- A perfect crystal extends in all directions to infinity, so
we can say that no crystal is perfect due to its finite size. This deviation leads to a
broadening of the diffraction peaks. However, above a particular size (100-500 nm) this
type of broadening is negligible.
A. Instrumental broadening:

This type of broadening arises due to the following factors:
1. The source of radiation (X-rays ) has a finite physical size.
2. The radiation is not perfectly monochromatic, it consists of a small range, oA, of
wavelengths around the mean, A .
3. Axial divergence of the incident/diffracted beams.
4. Any misalignment of the diffractometer .
B. Size broadening:

In 1918 Scherrer first observed that size of crystallite is related to peak broadening.
It means the width of diffraction curve increases when the thickness of crystal decreases.
Scherrer derived a well known equation to relate the crystallite size to the broadening of

peak, which is called the Scherrer formula. From this equation, calculation of particle size

of crystalline material can be done easily. In the Scherrer equation [1], = , where

Lcos@
A is wave length, B is the line broadening at half the maximum intensity (FWHM) in radians,
and 0 is the Bragg angle, L is the grain size of the ordered (crystalline) material.
C. Strain broadening:
Strain is defined as the ratio of deformation of an object to its ideal length (Ad/d). In

crystals we can observe two types of strain, uniform strain and non-uniform strain. Uniform
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strain is that strain in which the unit cell expand or contract in an isotropic manner. This
results to a change in the unit cell parameters and shift of the peaks. There is no broadening
associated with this type of strain. Non-uniform strain occurs when different crystallite is
strained by different amounts which lead to peak broadening. One can derive an approximate
relationship relating the mean inhomogeneous strain (&) to the peak broadening it produces (3

¢). This is derived by differentiating Bragg's Law.

A=2dsin® Or ,4- A ,  Therefore, Ad:i( ~1 jcosgAe . Now strain

2sin @ 2\sin’* @

fz%dz—coté’Aﬁ,Whichgives A@=CE,tan@. Hence B:=C&tand [2].

2.1.4 Application of XRD

From X-Ray diffraction we can get the following information regarding the sample [3]:
a. Phase analysis
b. Lattice parameter determination (from peak position of XRD pattern)
c. Particle size (from peak broadening)

d. Strain inside the sample

2.2 High resolution XRD
2.2.1 Introduction

High resolution X-ray diffraction is powerful nondestructive technique for structural
characterization and used to evaluate crystalline perfection of single crystal. This technique is
useful for direct observation of defect and gives valuable feedback for improving structural

perfection of the single crystal.

2.2.2 Working principle

In high resolution XRD, divergence and spectral width of the X-ray beam is very
small. Ray diagram of HRXRD instrument is shown in figure 2.2. Here X-ray passes
through a set of monochromators and then incident on the sample. Such arrangement gives
highly collimated and monochromatic X-ray. To measure crystalline perfection rocking
curve is studied. Here o varies and 20 kept constant. Ray diagram for rocking curve

measurement is shown in figure 2.3. Here o is the angle between incident x-ray and sample

34



Chapter 2

surface, 20 is the angle between incident X-ray and detector. In rocking curve measurement
the source position as well as the detector positions are fixed, but the sample is rocked
around the Bragg peak slightly. FWHM of the rocking curve is an important indicator of the

material for crystalline quality.

Sample
X-Ray I:I % ol

Slit Monochromator

Detector

Fig. 2.2 Ray diagram of HRXRD instrument

Fig. 2.3 Ray diagram for rocking curve measurement

2.2.3 Application
High resolution XRD provides information about
a) Crystal lattice misfit/ strain

b) Lattice distortion in structure
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2.3 Transmission Electron Microscope
2.3.1 Introduction

Transmission electron microscope is the most efficient and important tool for materials
characterization. Microscopes are generally used for magnifying things which we cannot see
with naked eye. The smallest distance between two points that we can resolve with our eyes is
about 0.1 to 0.2 mm. This distance is resolution or resolving power of our eyes. So any
instrument that can shows us pictures which provide detail finer than 0.1 mm could be
described as microscope. A major attraction to the researcher was that since electrons are
smaller than atoms, it would be possible to build a microscope that could see detail well
below the atomic level. Our eyes are not sensitive to electron. So an integral part of any
electron microscope is a viewing screen of some form, which translate electron intensity to
visible light intensity, and which we can observe or record photographically [4]. Resolution is
given by, 6=0.61A/u sin B, here A is the wave length of the radiation, p is the refractive index
of the viewing medium, B is the semi angle of collection of magnifying lens. For simplicity
we can approximate p sin f to unity and so the resolution is equal to about half the wave
length of the light. For green light in the middle of the visible spectrum, A is about 550 nm and
so the resolution of a good light microscope is about 300nm. Now although 300 nm is small
dimension to us it corresponds to about 1000 atoms diameter. Therefore different features that
control the properties of the material lie well below the resolution of light microscope. So to
study the material in atomic level, microscope having better resolution is required. That is a

major reason why TEM are essential.

2.3.2 Sample preparation

To get information using transmitted electron in TEM, specimen must be thin. For a
specimen to be transparent to electron it must be very thin to transmit sufficient electron and
transmitted electron reach to the photographic film and give us an interpretable image.
Generally this requirement is dependent on electron energy and average atomic number (z) of

the specimen.
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2.3.3 Working principle

The schematic diagram of TEM is shown in figure 2.4.
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Sample
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Objective aperture

Selected aperture

First intermediate lens

Second intermediate lens

Projector lens

Fig. 2.4 Ray diagram of TEM

In TEM a beam of high energy electron (typically 100-400 keV) is generated at the
gun chamber. The electron source may be tungsten filament or LaB¢ crystal or a field
emission gun. The virtual source at the top shows the electron gun which produces stream of
electrons. This stream is focused to a small and coherent beam by using condenser lenses. The
focused beam then falls on the sample and some part of the beam is transmitted. The
transmitted beam is then focused by the objective lens to form an image. Optional objective

aperture and selected area metal apertures is used to restrict the beam. The objective aperture
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enhances the contrast by blocking the high angle diffracted electrons. Selected area aperture
helps the user to examine the periodic diffraction of electrons by ordered arrangements of
atoms in the sample. Then the image is passed through the intermediate lens and projector
lens. Finally the image strikes the phosphor image screen and light is generated. Darker area
of the image represents region of the sample from where fewer electrons were transmitted and
lighter area of the image represents region of the sample from where more electrons were

transmitted.

2.3.4 Component of TEM

Electron gun: At the top of the instrument electron gun is situated. The most common type
of TEM has thermionic guns. Electrons are accelerated through a selected potential
difference in the range 40-200 kV. The actual electron energy depends upon the nature of
the specimen and information required. For some applications, if the specimen is relatively
thick or very high resolution is required, it is advantageous to use much higher electron
energies.

Condenser system: There are two or more condenser lenses below the electron gun.
Diameter of electron beam is controlled by condenser lenses. With the help of condenser
lens, operator is able to control the illuminated area of the specimen. Convergence angle of
the electron beam is controlled by the aperture present between the condenser lenses.
Quality of the image is affected by the size of condenser aperture due to spherical
aberration of electrons which pass far from the optic axis [5].

Objective and intermediate lenses: The objective lens produces the first intermediate
image and diffraction pattern. In the back focal plane, diffraction pattern is formed. The
first intermediate lens can be operated in two settings. In the image mode it is focused on
the image plane of the objective. The remaining projector lenses control the magnification
of the final image on microscope screen. In the diffraction mode intermediate lens is
focused on the back focal plane of the objective and finally on the viewing screen
diffraction pattern is projected.

Projector system-image: First image produced by objective lens usually has a
magnification of 50-100 times. This is further magnified by a series of intermediate and

projector lenses and is finally projected on to the fluorescent screen.
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Projector system -diffraction pattern: It is used to record the diffraction pattern from a
selected area of the specimen. In selected area diffraction technique, an area of specimen is

selected.

2.3.5 Imaging in the TEM

Contrast is defined as difference in intensity between two adjacent areas. Image
contrast is developed by two ways either by selecting particular electrons or subtracting them
from the imaging system. We can produce either bright field or dark field images by selecting
the direct or scattered electrons, respectively. Non uniform intensity of electron beam is
produced after scattering by the specimen. Therefore variable electron intensity strikes the
viewing screen. To convert the scattering electron into the interpretable amplitude contrast

either the direct beam or diffracted beam is selected to form BF and DF image, respectively.

2.3.6 Application of TEM

By TEM study we can get the following information regarding the sample.
Morphology: The size, shape and arrangement of the particles.
Crystallographic information: The arrangement of atoms in the specimen and their
degree of order.
Information about composition: The elements by which the sample is composed and their

relative ratios.

2.4 Scanning Electron Microscopy
2.4.1 Introduction

It is a type of electron microscope in which high energy electron beam scans the
sample surface and image is produced on the screen. The interaction between electron beam
and surface atom of the sample produces signal and provide information regarding surface
feature, composition, etc. It produces high resolution image of the sample. Because of its

large depth of focus it provides image having three dimensional appearance of the sample.
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2.4.2 Sample preparation

For SEM, surface of the specimen should be electrically conducting and electrically
grounded. Non-conducting specimen are usually coated with an ultra thin layer of
electrically-conducting material. Gathering of static electric charge during electron scanning
is prevented by coating. Coating prevents sparking and it increases surface signal and

resolution particularly for samples with low atomic number.

2.4.3 Working principle

Initially electron beam is produced by electron gun placed at the top of the
microscope. The electron beam passes through the lens and then it is focused on the sample.
Finally the electron beam scans in a raster fashion over a rectangular area of the sample
surface. During interaction with the sample, electron and X-rays are ejected. Basic ray

diagram of SEM is shown in figure 2.5.

Electron gun

|:| Anode

Condenser
lens

ISR S

Objective
lens

Sample

Fig. 2.5 Basic ray diagram of scanning electron microscope

Secondary electrons generally form image of surface structure in SEM. As the
secondary electron has low energy, electron produced at higher depth is absorbed by the
sample. Only surface electrons will be able to escape the specimen. The secondary electron
will be deflected by Faraday cage and form image. Back scattered electrons have higher
energy and hence they do not get deflected by Faraday cage. Number of electrons produced

varies with position on the sample and therefore image contrast is developed. Number of
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back scattered electrons depends on specimens atomic number. High atomic number element
and low atomic number element can be differentiated by production rate of back scattered

electron.

2.4.4 Components of SEM

Electron gun: Electron gun supplies a large stable current in a small electron beam. Electrons
are emitted from a hot tungsten filament situated at the top of the column. Emitted electrons
are then accelerated down a vacuum column. There are three component of electron gun:
filament, Wehnelt electrode and anode. Filament emits electrons, Wehnelt electrode controls
the number of electrons leaving the gun and anode accelerates the electrons.
Electromagnetic lenses: Electromagnetic lenses are used to reduce the diameter of the
electron beam to a small spot. The condenser lens is located closest to the electron gun and the
objective lens is located closest to the specimen.

Scanning system: Scanning system helps the electron beam to scan the sample in raster
fashion over a rectangular area.

Electron detector: Back scattered electrons have more energy and they directly excite the
detector, which is mounted on the bottom of the objective lens. Secondary electrons are
collected at the secondary electron detector by a positive charge placed in front of the detector.

They are accelerated towards a scintillator screen and produces light.

2.4.5 Applications
Topography of the sample is studied by SEM. Elemental distribution of sample can

also be studied by back scattered electron image.

2.5 UV -VIS spectroscopy
2.5.1 Introduction

During interaction of UV-visible radiation with matter various processes can occur.
These are scattering, reflection, absorption, fluorescence/ phosphorescence and photo
chemical reaction [6]. In general during measurement of UV-visible spectra only absorption
is measured. Total energy of molecule is represented as Eioa1 = Eelectronic + Evibrational +

Erotationa. The energy of different levels are arranged in following manner. Egectronic >
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Evibrational > Erotaionat- If the energy of the incident light is equal to the energy required to
move an electron from lower energy state to higher energy state then the light will be

absorbed. This transition occurs at very narrow band of wavelength.

2.5.2 Working principle of UV-VIS spectrometer
The principle of UV-VIS spectro-photometer is generally based on Beer-Lambert law

which is used to measure the absorption coefficient of the material. I =1, exp(—ax)

(1), where a is the measured absorbance, Ijis the intensity of the incident light at a given
wavelength, I is the transmitted intensity, x is the path length through the sample. Ray

diagram of UV-visible spectrometer is shown in figure 2.6.

UV light source
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Mirror 2 ’—‘ /\
Mirror 3 u \/ D

Reference cell 1ohs2  Detector

Fig. 2.6 Ray diagram of UV-VIS spectrometer
Light sources producing wavelengths in a broad range are used. When this light is
diffracted through a grating it produces beam with continuous variation in wavelength which

depends on the angle of the grating in the spectrometer [7]. Sources for UV- visible
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spectrometer consist of xenon or argon lamp (190-800 nm). Some time two different lamps
are used, one is for UV region (Deuterium arc lamp 190-420 nm) and other is for visible
region (Tungsten lamp 350-2500 nm). After being diffracted through grating each
monochromatic beam is divided into two equal intensity beams. One beam is called the
sample beam and other is called reference beam. After that measurement of intensities of
these beams is done by PMT or photo diode, they are compared. The intensity of the
reference beam, which has no light absorption, is defined as I. The intensity of the sample

beam is defined as 1.

2.5.3 Applications

With the help of UV-VIS spectroscopy we can get the following information.
a) Band gap of the material.
b) Transparency of the material in the UV and Visible range.

c) Presence of dopant/impurity having absorption band in UV-VIS region [8].

2.6. Dynamic light scattering
2.6.1. Introduction

In dynamic light scattering method dynamic fluctuations of light scattering
intensity is measured. Due to Brownian motion of the particle dispersed in a liquid medium,
fluctuation in concentration of particle occurs within the medium. This causes local
inhomogeneities of the refractive index, and as a consequence fluctuation of intensity of the
scattered light occurs. This is also known as photon correlation spectroscopy. In this
method the sample is illuminated with laser light and fluctuation of scattered light are

detected at known scattering angle 0.

2.6.2 Sample preparation

For making suspension, such a liquid medium is chosen so that particles remain
suspended in the liquid and not dissolved. Very small amount of sample is dispersed in a
liquid medium. Ultrasonication of the suspension is done to homogenize the sample. When

the solution is ready for analysis, bottom of the cuvette should be checked. If there are
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particles at the bottom of the cuvette, then sample distribution is not proper and larger
particle will not be measured. This type of suspension is not suitable for DLS measurement.
Samples with large particles are not dispersed correctly, which may be due to not enough
sonication, not enough dilution time, etc. For low density particles sample may exhibit
opposite behavior. They come at the top of cuvette. When the solution is poured in cuvette,
bubble formation should be avoided. Slowly tilting or tapping the cuvette on a hard surface,
bubbles can be removed.
2.6.3 Working principle of dynamic light scattering

Dynamic fluctuations of intensity of scattered light occur due to random thermal
(Brownian) motion of particles. The random motions in particles occur because of the
collision of solvent molecules which are moving themselves due to their thermal energy.
When laser light is incident on the liquid sample, scattering of light occur due to suspended
particles. Scattered light may interfere constructively or destructively with time. The ray

diagram of DLS is show in figure 2.7.

Detector

O

Laser &0

O
o
O
Attenuator Cuvette

Fig. 2.7 Ray diagram of DLS

Due to this, variation in intensity occurs. The rate of intensity fluctuations depends
on the size of the particles. For the small particles intensity fluctuation occur more rapidly
than the large ones. Intensity fluctuation is characterized by computing the intensity
correlation function and this gives the value of Diffusion coefficient (D) of the particles.
The mean radius of the particle is calculated from Stokes-Einstein equation R=kgT/67nD,
assuming that particles are spherical and non interacting. Where kg is the Boltzmann

constant, T is the temperature, and 7 is the viscosity of the solvent.
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2.6.4 Components of DLS instrument

A dynamic light scattering system consists of following components:
1. Laser: Laser provides a light source to illuminate the sample contained in a cell.
2. Detector: A photo diode is used to measure the scattered light. Generally detector is
positioned at either 173° or 90°.
3. Attenuator: It is used to reduce the intensity of laser light and thereby reduce the
intensity of scattering. If too much light is detected then detector will become saturated. To
avoid this attenuator is used.
4. Correlator: It compares the scattering intensity at different time interval and calculate
the rate at which the intensity is fluctuating.
5. Computer: Correlator information is then given to a computer, where the software

analyzes the data and calculates the size information.

2.6.5 Limitations

When particle motion is not random, DLS is not the correct technique to determine
particle size. Upper size limit of detection depend on density of particle and solvent. We
should not use more viscous medium to prevent sedimentation because it will slow down
the Brownian movement. Similarly lower size limit depends on sample concentration,

refractive index of sample compared to suspending medium, etc.

2.6.6 Application

This technique is used to determine the particle size and there distribution.
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2.7 Thermoluminescence study
2.7.1 Introduction

Thermally stimulated luminescence (TSL) is the phenomenon of light emission
during heating a previously irradiated substance. Initially sample should be annealed

properly before irradiation.

2.7.2 Working principle of TLD reader analyzer

In TLD reader irradiated material is heated in particular heating rate. The sample is
kept in the sample tray which is situated in front of PMT. Light emission of particular
wavelength occurs during heating of the irradiated material. The emitted light enters into the
PMT. The visible photon is converted into electrical signal inside PMT. The photo multiplier
tube is a very sensitive detector for UV and visible light. Photo cathode is the main
radiation sensor which is placed inside a tube. When light falls into the photo cathode,
electron emission takes place. These photo electrons are accelerated and focused by the
focusing electrode on to the first dynode. In first dynode the number of electrons is
multiplied by means of secondary emission. In every dynode secondary electron emission is
repeated and anode collects all electrical signal. The recorder continuously records the
measured data as a function of temperature. Infrared cut-off filter is attached just below the
PMT window to remove infrared radiation and allow only visible light. Block diagram of

TLD reader is shown in figure 2.8.

< High voltage
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detection

by PMT

> Amplifier
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A 4
Recording

Sample holder instrument
with heater

Fig. 2.8 Block diagram of TLD reader
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The temperature of TLD reader can be increased from room temperature to 400°C
with different heating rate from 0.5°C/sec to 10°C/ sec. Reader factor is very important
parameter for determining dose. Reader factor is the total area under the curve after
subtracting the background per one mrem (milli rem) absorbed dose. One reader factor is

valid for only particular HV and a particular class of material.

2.7.3 Application

Graph of temperature versus thermoluminescence intensity is called glow curve.
From the shape of the glow curve, order of kinetic (first order or second order), activation
energy and frequency factor of the material can be determined [9]. Total area under the

curve gives the total counts which measure the absorbed dose.

2.8 Birefringence interferometry
2.8.1 Introduction

Birefringence is the optical property of a material whose refractive index depends
on the polarization and propagation direction of the light. In birefringence interferometry
study polarized laser beam is made to incident on the polished anisotropic crystal sample

and interference pattern form when emergent light passes througth the analyser.

2.8.2 Working Principle

When polarized laser light passes through the birefringent crystal the light ray
decomposes in to two ray having different polarization (mutually perpendicular). These two
rays of different polarization then pass through the analyzer. Now the component of electric
vector parallel to the analyzer will pass through and they will interfere and interfernce
pattern is formed on the screen. Ray diagram of birefringence interferometry is shown in

figure 2.9.
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Fig. 2.9 Ray diagram of the birefringence interferometry set up

2.8.3 Applications

In this study by observing the parallelism and straightness of the fringe, we can

check the refractive index homogeneity of the crystal.

2.9 Conoscopic study

2.9.1 Introduction
The conoscopic interferometry study is a nondestuctive technique to check optical
homogeneity of the anisotropic crystal qualitatively and to determine the optic axis by

observing the interference pattern.

2.9.2 Working principle

When a converging beam of white light polarized along a specific direction is passed
through the crystal plate, the beam splits into e- and o-rays. The phase difference between the
tworaysis 0= (2nd /A cos) * (n. -n, ), where d is the thickness of the sample, n, and n,, are
the refractive indices of e and o rays, respectively, and @ is the angle of refraction. When these
two rays emerge from the crystal, they recombine along the analyzer axis. As a result
concentric circular coloured ring are formed due to constructive interference of various colur
present in white colour. These concentric colour rings are called isochromes. Number of
isochrome depends on the thickness of the crystal plate and the birefringence of the material.
The polarization direction will be different for different ray path. Those rays whose

polarization directions are parallel to the polarizer will be extinct and as a result two
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perpendicular black strips formed on isochrome. These are called isogyer. The crossing point
of these two isogyer is called melatope. This is the location of the optic axis. The ray diagram

for conoscopy study is shown in figure 2.10.

Lens Sample Lens
Light Source | ||
Polarizer Analyzer Screen
Fig. 2.10 Ray diagram for conoscopic pattern
2.9.3 Applications

Determination of direction of optic axis and to study optical homogeneity of the crystal.
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Growth and Characterization of Undoped and Doped Lithium Niobate
Crystals

3.1 Introduction

Lithium niobate, LiNbO;3 (LN) is very important material due to its excellent
electro-optic, acousto-optic, ferroelectric and photorefractive properties. Lithium niobate
doped with transition metal ions such as Cu, Fe, Mn, Ce etc., shows excellent
photorefractive property and is potential material for holographic memories [1]. Defects
generated during growth and due to dopant mainly control the photorefractive properties
and quality of holography [2, 3]. Lithium niobate (LiNbOs; LN) single crystal is a well
studied material for volume holographic memory applications because of its good mass
productivity and excellent photorefractive properties such as long storage time and

relatively high coupling gain constant [4-7].

3.1.1 Structure of LiNbQO3

Lithium niobate has rhombohedral crystal structure, belonging to space group R3c
below the Curie temperature. It is more convenient to describe the lattice using hexagonal
axes. This triples the volume of unit cell as compared to the rhombohedral unit cell. The
unit cell in hexagonal lattice is defined by one of the three equivalent ay lattice vector and
polar cy lattice vector. Here the angle between a axes and c axis is 90°. The volume is given
by V3/2 a’c and it contains six formula units [8]. The lattice parameter of LN crystal are
a=0.5157 nm and c= 1.3856 nm. The atomic arrangement within the stoichiometric
hexagonal unit cell consist of six lithium niobate with Li and Nb ions located on the polar
c- axis and the o atoms in general position. LiNbO3; formed by chain of distorted
niobium-oxygen octahedra and lithium- oxygen octahedra. Common faces of octahedra are
along the polar axis c. In the non-polar centro-symmetric phase at 7 > Tc (curie temperature)
the Li'* ions are localized within the oxygen planes, whereas the Nb>* ions are in the center

of the oxygen octahedra (between the oxygen planes). In the ferroelectric phase at 7 < Tc,
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the Nb°* jon and Li'* ion are displaced from the center of oxygen octahedra. This
displacement along the polar axis gives rise to the dipoles and producing spontaneous
polarization. If this displacement becomes zero, then polarization becomes zero and crystal
is paraelectric. Similarly, equal but opposite displacement reverse the spontaneous
polarization. Octahedral interstitial are one-third filled by Li ions, one-third by Nb ions and
one-third are empty. Oxygen triangles are arranged layer by layer. The alternation of cation

sites may be schematically depicted as a chain Li—-Nb—Vacancy Li—-Nb—Vacancy (fig. 3.1).

o LA

, O?o
° S z Vacancy

Niobium

w‘; Oxygen
9 O+ Lithium

(a) (b)

Fig. 3.1 (a) The ideal lithium niobate with the chain Li—-Nb— vacancy, Li—-Nb—vacancy (b)
One single octahedra occupied by Li/Nb

Oxygen

The Li octahedron is larger, than the Nb one, because the distances between a Li ion
and the closest oxygen ions are 206.8 and 211.2 pm, whereas those for an Nb ion are 188.9
and 211.2 pm, respectively [9]. Stoichiometric lithium niobate melt incongruently.
According to phase diagram the LiNbOs structure is stable within Li,O concentrations from
47 to 50 mole %. The congruently melting (Li-deficient) composition corresponds to the
oxide concentrations 48.45 mole % Li,O and 51.55 mole % Nb,Os [10] with the ratio
[Li]/[Nb] = 0.94. Correspondingly, the congruent LiNbO;3 (denoted often as CLN) contains
about 6% empty Li sites in the lattice. X- ray diffraction shows that, in congruent lithium
niobate, the Li site contains 94.1% Li and 5.9% Nb whereas the Nb site contains 95.3% Nb
and 4.7% vacancies, for the O site containing 100% oxygen [11]. Non stoichiometric
lithium niobate may be represented by chemical formula [Li(j.55)Nbsx]NbiaxO3, Li site

occupancy is given in square bracket. The structure remains stable for x up to 0.02 [10].
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3.1.2 Phase diagram of LiNbO;

The lithium niobate shows a solid solubility range from 50 mole % to 45 mole %
Li,O [12, 13]. The phase diagram of the system Li,O-Nb,Os is shown in fig. 3.2 [11,14].
From the phase diagram it is observed that congruent composition of the crystal is 48.6
mole % Li,O and crystal melts congruently at 1253°C. Crystals grown with this melt
composition have exactly the same cation ratio as the melt and the liquid composition
remain unchanged during the growth process and grown crystal become homogeneous

throughout the length. The crystals grown from any other composition leads to non

homogeneity in composition along the pulling direction.
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Congruent point
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Fig. 3.2 Phase diagram of Li,O- Nb,Os system
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3.1.3 Problems arises during growth of good quality crystal

For device purpose, transparent, good optical quality and uniform diameter crystal
are required. To grow device quality crystal it is required to optimize several growth
influencing parameters. The main problem in growth of uniform diameter crystal is the
unstable property of crystallization front. When the diameter of the crystal reduces, the
quantity of heat flow through the crystal also reduces and hence temperature near the melt
solid interface increases. As a result crystal diameter reduces. In the same way heat loss
through the crystal increases as the crystal diameter is increased. This leads to decrease in
temperature near the interface and hence crystal diameter increases further. Therefore
optimization of the growth parameters to get good quality, uniform diameter crystal is
really a difficult task. In general, constant diameter crystals are more perfect than variable
diameter. This is because diameter has dependency on creation as well as propagation of
dislocation inside the crystal. It is required to have linear temperature field within the
crystal to grow crystal with minimum dislocation density. This is achieved by minimizing
the radial and axial temperature gradients. Ideally it is preferred to have flat interface (melt
to crystal) during Cz growth. However, in practice, the interface is not stable and tends to
be either convex or concave. Out of the two shapes, the convex interface is preferable
because the spurious nuclei and defects (dislocations) formed at the periphery of the crystal
tend to grow out of the crystal volume, whereas these move towards the crystal volume in

case of concave interface [15].

3.1.4 Material potential

Growth of lithium niobate crystal is very difficult. Optimization of various growth
parameters such as pulling rate, rotation rate, axial temperature gradient above and below
the melt level, crystal to crucible temperature ratio, post growth cooling rate is required to
get good optical quality and almost uniform diameter crystal. Undoped, Fe doped and Fe:
Mn doped lithium niobate crystals have been grown by optimizing various growth
parameters. Iron-doped lithium-niobate crystals are currently under intense investigation for
application in holographic storage systems [16—19]. Lithium niobate is a most promising
photorefractive material because of its large electro optic coefficient. Sensitivity of lithium

niobate can be increased by several orders of magnitudes by optimizing charge transport

53



Chapter 3

mechanism. The sensitivity also depends on concentration of two valance states Fe ** and Fe
3* inside the crystal [20-24]. The relative concentration of Fe ** and Fe ** jons in a given
crystal of Fe doped lithium niobate can be altered by oxidation or reduction treatment
[20,21,23]. Fe:Mn doped lithium niobate crystal is also very useful for non volatile
holography [25]. In energy band diagram Fe and Mn trap levels resides at different position
within the band gap. Position of Fe trap level is slightly higher than that of Mn [26]. The
electrons are initially in the deeper traps. Light of short wavelength (with high-energy
photons) can transfer some of these electrons to the shallower traps via the conduction band.
This makes the recording of the holograms using longer wavelength light feasible. The final
hologram records in the deeper traps and, therefore, cannot be erased during the read-out by
the recording (long-wavelength) light. Therefore double doped Lithium niobate crystal can
be used as non volatile holographic memory. In view of the importance of improving the
photo refractive property of Fe doped lithium niobate and Fe: Mn doped lithium niobate for
potential use in holographic storage application, photo refractive properties of these crystals
have been studied. Illumination of the crystals with a light pattern excites in the bright
regions electrons from Fe?* to the conduction band. The generated free charge carriers
migrate until they are trapped by Fe>* in darker areas. Space-charge fields build up and these
fields modulate the refractive index via the electro-optic effect. It is reported that extra
ordinary refractive index increases in proton exchanged LN sample. To utilize this property
in holographic application, photorefractive study of proton exchanged samples were studied.
Enhancement in diffraction efficiency in proton exchanged Fe doped LN and Fe: Mn doped

LN was observed.

3.2 Growth of undoped and doped lithium niobate crystals
3.2.1 Material synthesis
This process involves the following steps
1. Drying of chemicals: Before weighing the chemicals, Li;CO3 was dried at 300°C up to
3-5 hr to remove moisture.
2. Weighing: Charges were weighed by electronic balance with accuracy up to 0.0001 gm
for congruent composition (48.6 mole % of Li,O and 51.4 mole % Nb,Os).
3. Mixing through Ball miller: Ball miller mixed charges properly. By this process particle
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size of the charges were also decreased. When particle size becomes small total surface area
for reaction increases. This helps for better solid-state reaction.
4. Pallet preparation: Pallets of diameter 20 mm were made from the above charge by
applying pressure 2 kg/m” in hydraulic press. This helps in solid-state reaction. Every
particle comes in close contact with neighboring particle.
5. Solid state reaction: Pallets were heated at 950 °C for 24 hrs for solid state reaction.
6. Checking of phase through XRD: Phase of polycrystalline powder was confirmed by
XRD.

To get doped crystal dopant were mixed initially before solid state reaction. Here
0.03 wt% Fe,03 have been doped for Fe doped LN crystal and 0.03 wt % Fe,O3 and 0.01
wt% MnO; have been doped for Fe: Mn co doped LN crystal.

3.2.2 Crystal growth

Pallets of poly crystalline powder were placed in a 60 mm diameter and 60 mm
height platinum crucible for crystal growth runs in air atmosphere. The charge was melted
using induction-heating system. The melt was homogenized for 1-2 hours at a temperature
little above the melting point. Temperature of the furnace was controlled by PID controller
with R-type thermocouple. Gradient of the furnace is a crucial parameter for the growth of
lithium niobate crystal. Crucible has been kept inside the furnace in such a way that sharp
temperature gradient starts after the solid-liquid interface. In the present experiments the
temperature gradient of 75°C/cm was maintained above the melt. The crucible was kept in
this high temperature gradient region. The fundamental aspect of achieving crystal from
melt technique is to provide a path for the steady flow of latent heat of crystallization.
Highest achievable growth rate can be obtained from the heat balancing at the solid/melt
interface.

Latent heat at the interface + heat flux from the melt of the crystal = heat flux from
the crystal surface.

LgpA+Km d_T Asz d_T A g:L st_T_Kmd_T
dx dx or Lp| ‘dx, dx,

m

Where g=growth rate, L= latent heat, p = density, A= cross sectional area, K,,= thermal

conductivity of melt, K; = thermal conductivity of solid, dT/dX,, = temperature gradient
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below the melt level and dT/dX, = temperature gradient above the melt level. From the
above equation it is observed that the growth rate of the crystal is inversely proportional to
the latent heat and density. It is linearly proportional to the thermal conductivity and axial
temperature gradient within the solid. Keeping in mind the above relations values axial
temperature gradients below and above the melt was decided. In crystal growth chamber

how heat flows from melt to surrounding via crystal is shown in figure 3.3.

Fig. 3.3 Heat flow mechanism in melt and crystal

To maintain required temperature gradient proper thermal insulation is required.
Here zirconia bricks and muffles were used as insulating material. Photograph of zirconia

brick and cylinder are shown in figure 3.4.

L e
Fig. 3.4 Zirconia bricks, muffle and crucibles
In our experiment radial gradient was nearly zero. The axial gradient acts as a
driving force for crystallization process. The axial gradient should be large to overcome the
constitutional super cooling. However, if the gradient is very large, it may results into high
thermal stresses inside the crystal. The maximum acceptable axial temperature gradient is

given by
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1
(d_Tj oo 4e hE
dx max 3

oa’
where, € =breaking strain of the crystal, a= thermal expansion coefficient, a= radius of the
crystal, h= heat loss per unit area per unit time from crystal surface. Therefore, some
optimized axial gradient is required to grow good quality crystals. Axial temperature

gradient of the furnace above and below the melt level is shown in figure 3.5 (a, b).

1300
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12004 = 12724 0 —
o " . o dT/dX=8 °Clcm ™
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\.\
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N = ]
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Distance above melt level in cm Distance below melt level in cm
(a) (b)
Fig. 3.5 Axial temperature gradient of the furnace (a) above the melt level and (b) below
the melt

A seed crystal in [001] orientation was inserted into the melt at 1-2 degrees above
the melting point. This seed direction has smaller thermal expansion coefficient. To avoid

cracking this seed direction was chosen. Seed with alumina rod is shown in figure 3.6.

Fig. 3.6 Seed crystal with alumina rod
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Initially we start with growth of undoped crystal with following growth parameters

Growth Temperature: 1260 °C
Pulling rate: 4 mm/hr
Rotation rate of the seed: 6 rpm
Axial temperature gradient: 75 °C /cm
Crystal to crucible diameter ratio: not fixed
Cooling rate after growth: 30/hr
Growth environment: Air

Specially designed growth chamber was used for the crystal growth. Photograph of crystal

growth system is shown in figure 3.7.

Fig. 3.7 Crystal Growth System used for CZ Method

With above growth parameters undoped, Fe doped and Fe: Mn doped crystal have
been grown. The grown crystals were transparent, crack free but nonuniform diameter.

Photo of some grown crystal are shown in figure 3.8 (a, b, ¢).

(b) ()
Fig. 3.8 Photograph of (a) undoped (b) Fe doped and (c) Fe: Mn doped LN crystals
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Growth of uniform diameter LiNbOs; crystal is very difficult. However, by
optimizing furnace gradient and the growth parameters smaller size crystals with almost
uniform diameter can be grown. Pulling rate is also important factor to grow constant
diameter crystal. Initially pulling rate was 4 mm/h for first hour and then it had been
reduced to 3 mm/h to increase the diameter and kept same throughout the growth run. Ratio
of crystal to crucible diameter was also optimized to grow uniform diameter crystal. It was
experimentally found that for crystal to crucible diameter ratio about 1:4, results in nearly
constant diameter crystal without changing the temperature during growth. In this situation
the rate of change of melt level in the crucible is small and therefore the crystal and melt
interface stays in nearly same temperature zone. How the melt level goes down with time is

shown in figure 3.9.

T=1260° T=1260.9°

40m

Just after dipping the seed After six hour

Fig. 3.9 Position of melt level with time

It has been calculated that when pulling rate is 3 mm/hr, melt level down rate will
be 0.18 mm/hr. After six hour melt level goes down by approximately 1.1 mm and
corresponding increase of temperature of melt level was only 0.9 °C. During growth of
crystal proper rotation rate is also essential. The rotating crystal acts as a centrifugal pump
drawing the liquid melts axially, while ejecting it in radial direction. The radially outward
flow due to rotating crystal can control a radial inflow of the fluid driven by buoyancy.
Here we have kept rotation rate 6 rpm during the growth period. Impurity distribution
inside crystal is also an important factor. The distribution of impurity in the solid after
solidification depends primarily on convection. The main effect is due to the enrichment of

the liquid far from the interface by convection. This is described by an effective distribution
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coefficient, k.= Cs/CL* which is usually different from the distribution coefficient, k =
Cs/CL obtained from the phase diagram, k. depends on k, the growth rate, the crucible
shape, stirring, etc [27, 28]. To get homogeneously doped crystal segregation coefficient
should be 1. In case of smaller diameter crystal (smaller with respect to crucible) doping
concentration throughout the crystal will be almost same even if the segregation coefficient
is not 1. This is a very important parameter to get a crystal with almost homogeneous
dopant concentration. After growth is completed post growth cooling is also an important
step. The rate at which the grown crystal must be cooled without developing any cracks
depends upon crystal radius (a), thermal expansion coefficient (o) and breaking strain (g).

Maximum post growth cooling rate is given by

() e
dt ) . oa’

Grown crystals were cooled in two step [29]. Up to 1000°C crystal was cooled

30°C/hr and then the crystal was cooled 100°C/hr up to room temperature. We have grown
nearly constant diameter crystals with 12-14 mm in diameter and 40-45 mm in height.

Photograph of uniform diameter Fe: LN crystal is shown in figure 3.10.

Fig. 3.10 Photograph of uniform diameter Fe: LN crystal

3.3 Characterization of grown crystals

A small portion of the crystal wafer was crushed properly and powder XRD was
done for crystalline phase identification. Thin wafers from grown crystal were cut, lapped
and polished. These polished wafers were used for UV-VIS transmission studies and

birefringence interferrometry analysis. Polished samples are shown in figure 3.11.
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| I

(a) (b)
Fig 3.11 Polished sample of (a) undoped LN (b) Fe doped LN (c) Fe: Mn: doped LN

3.3.1 X-ray diffraction study

The X-ray powder diffraction of grown crystal was carried out by GEIGER FLUX
diffractometer. A small portion of crystal piece was crushed and fine powder was prepared
using morter pestle. Data of powder XRD were taken using Cu Ka radiation at 1.5426 A.
The diffraction patterns were taken from 20 degrees to 70 degrees with a step size of 0.02
degree. Figure 3.12 (a, b, ¢) shows the powder XRD pattern for undoped LN, Fe doped LN
and Fe: Mn doped LN crystal.
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Fig. 3.12 Powder XRD pattern for (a) undoped LiNbO; (b) Fe doped (c) Fe: Mn doped
LiNbOs crystal
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The XRD pattern shows single phase. The small dopant does not have any effect on
the crystalline phase.

3.3.2 UV-VIS transmission spectra study

Plates of thickness 2 mm were cut from as grown LN crystals. These plates were
lapped and polished using alumina powder. Transmission spectra were recorded using
UV-VIS- spectrometer (JASCO model). There are two light sources for covering entire
wavelength range 190-3200 nm. Deuterium lamp covers the lower wave length region
having switching wavelength 190 nm and halogen lamp covers the higher region of
wavelength with switching wavelength 900 nm. Minimum step of wavelength scan was 0.1
nm.

Transmission spectra of polished crystal wafers of as grown crystal were taken and
analyzed. It was observed that the absorption edge shift towards the higher wavelength
compared to congruent LiNbOs. Fig 3.13 (a, b, c¢) shows the transmission spectra for
undoped, Fe doped and Fe: Mn doped LiNbOj; crystal respectively. For transition metal ion
surrounded by an octahedron of negative ions, the d- orbital pointing directly towards the
oxygen ions, dxz—y2 and d,°, will be strongly repelled and so raised in energy compared to
those pointing between the oxygen ions. By this process crystal field splitting generates
energy gap between the lower t, groups and higher e, group. The absorption band related
to “egand ° ty, transitions has been observed at 488 nm for doped LN crystal. The crystal
structure of LiNbOj consists of alternate layers of oxygen atoms arranged in three-fold
fashion and forming oxygen octahedra along c-axis. The two third of these are occupied by
cations and rest remains as vacant. Further, LiNbO; is a typically non stoichiometric
materials having high concentration of intrinsic defects (Nb antisites and Li vacancies). The
ionic radii of Nb>*, Li'" and Fe** and Mn **ions are almost same, Hence, Fe and Mn in
principle can replace both the Li and Nb ions, but preferably it replaces Li ions. This is
because of its lighter mass and hence high mobility compared to Nb ions. It can be seen in
transmission studies that absorption edge is shifting towards higher wavelength. This red
shift mechanism can be explained on the basis of decrease in the Li/Nb ratio of the crystal
with Fe doped LN crystal and Fe: Mn doped LN crystal. Further, the transmission spectra
of different plates along the growth direction of our crystal have been taken to check the

axial homogeneity of the grown crystal. No change in UV cut off was observed.
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Fig. 3.13 UV-VIS Transmission spectra of (a) undoped LN (b) Fe: LN (c) Fe: Mn: LN
sample

3.3.3 Birefringence interferometry study

Plates of thickness 2mm were cut from grown crystal and then polished properly for
birefringent interferometry study. In birefringence interferometry experiment polarized
He-Ne laser beam is made to incident on the polished crystal sample. On passing through
the crystal the light ray decomposes in to two ray of different polarization. These two rays
of different polarization then pass through the analyzer. Now the component of electric

vector parallel to the analyzer will pass through and they will interfere.
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Fig. 3.14 Photograph of birefringence interferometry set up

The photograph of birefringence interferometry setup is shown in fig 3.14. The
interferogram of Fe: LN and Fe: Mn: LN crystal is shown in figure 3.15 (a, b). The

parallelism and straightness of the fringe indicates the refractive index homogeneity of the

crystal.
(b)
Fig. 3.15 Birefringence interferogram for (a) Fe: LiNbOs crystal plate and (b) Fe: Mn: LN
crystal plate
3.3.4 Conoscopic study

The conoscopic interferometry is performed to get qualitative information about the
optical homogeneity of the grown crystal and the direction of the optic axis. Properly
polished plate cut perpendicular to C-axis were used for conoscopic study. When a
converging beam of white light polarized along a specific direction is passed through the

crystal plate, the beam splits into two rays having electric vector vibration perpendicular to
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each other. When these ray emerge from the crystal plate, they again pass through the
analyzer and their components interfere. This gives concentric fringes of interference colors
which are called isochromes. These are superimposed by a black cross, called isogyres. The
center of the cross is the location of the optic axis, which is called melatope. The
interference patterns were captured by polarizing microscope (OLYMPUS). The photo
graph of microscope is shown in 3.16. The interference pattern is called the conoscopic

pattern.

Fig. 3.16 Photograph of polarizing microscope
Conoscopic pattern of Fe doped LN and Fe: Mn doped LN crystal is shown in figure 3.17.

(b)
Fig. 3.17 Conoscopic pattern of (a) Fe doped LN, and (b) Fe: Mn doped LN

Uniform conoscopic pattern shows the radial homogeneity of the crystal and the

cross at the center determines that the optic axis of the crystal is perpendicular to the plate.
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3.3.5 Etch pit study

Selective chemical etching is very good technique to know the origin and history of
the dislocations in the crystals. Dissolution of a crystal takes place when it is placed in an
environment which slowly removes atom or molecule from the crystal surface. This is
achieved by the action of a solvent, for example, an acid on the crystal surface. The
dissolution generally takes place at the local region of the crystal surface. This local
selective dissolution is called etching. Etch pit studies were carried out on the grown crystal.
The samples were cut in proper direction and polished. The selective etching technique was
used to study the etch pits. Etchant used in the present work was one volume part HF and
two volume parts HNO;. The etching was carried out at 110 °C for 6-10 minutes. Figure
3.18 (a, b) shows the etch pits of Fe: LiNbO3; and Fe:Mn:LiNbOj crystal when seen under
optical microscope. Triangular shape of the etch pits shows three fold symmetry of the
crystal. Measured dislocation density 3x10*/cm?, which indicates that good quality crystals

are grown.
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(a) (b)
Fig. 3.18 Etch pits of (a) Fe doped LN (b) Fe:Mn doped LN crystal
(Magnification =300x)
3.4 Photorefractive study of as grown sample and proton exchanged sample
Photo refractive properties ( e,g. Diffraction efficiency, Recording time and Erasing
time) of as grown Fe: LN crystal and Fe: Mn: LN and proton exchanged sample were

studied.
3.4.1 Preparation of proton exchanged sample

Several wafers of 1 mm thickness were cut along X- direction from the as-grown

crystal. The wafers were polished using alumina powder. Polished wafers were used for
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proton exchange. The proton exchange was performed by immersing the wafers in a
mixture of hydro fluoric acid (HF) and nitric acid (HNOs3) in the ratio 1:2 at a temp of
110 °C for different time duration (3 and 5 minutes). Hot plate was used to heat the setup.
For boiling the mixture of acid, two beakers (one of glass and other of plastic) were used.

Proton exchanged setup is shown in figure 3.19.

R Mixture of
~— 1 HFand

....... / HNO3

S | Crystal
.. e e plate

Fig. 3.19 Proton exchanged setup

3.4.2 Measurement of photorefractive properties of LN crystal by two wave coupling

Photorefractive properties of Fe doped LN and Fe: Mn doped LN crystals were
measured using two-wave coupling phenomena. A He-Ne laser of power 25mW was used
in the present study. The diameter of laser beam was approximately 1 mm. The
photorefractive study is very sensitive to mechanical vibrations and fluctuations in the
environmental parameters. In order to avoid variations in the measured properties due to the
above factors, the experimental set up was placed on an optical table having pneumatic
vibration isolation system. The optical set up is shown in figure 3.20. The X- cut sample
was mounted in such a way that its C- axis was perpendicular to the angle bisector of the
interfering beams and parallel to refractive index grating vector. This ensured utilization of
the largest electro-optic coefficient i.e. r33 of the LiNbOjs crystal.
The grating period can be calculated by using Bragg’s law

2d sin 6= mA.

Here 4 is the wavelength of laser light, € is the half angle of intersection between recording

beams, m is an integer representing diffraction order and d is grating period or fringe
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spacing.

Due to interference pattern charge migration occurs from the brighter regions to
nearby darker regions which form the refractive index grating. The grating so formed starts
diffracting the incident signal beam, and the intensity of the diffracted beam increases, and
finally saturates. The diffracted beam intensity is recorded at regular time intervals of 25
sec by blocking the reference beam for a fraction of a second. Once the saturation is
achieved, the reference beam is blocked permanently, allowing only the signal beam to fall
on the sample. Since no interference is possible now, the signal beam starts erasing the
refractive index grating due to reverse migration of the charge carriers. As a result the
intensity of the diffracted signal decreases gradually. The time taken for the diffracted light
intensity to reach 1/e of its maximum is defined as the erasure time. The ray diagram of

experimental set up for two-wave coupling experiment is shown in figure 3.21.

Fig. 3.20 Optical set up for photorefractive experiment

Mirror
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Fig. 3.21 Ray diagram for two wave coupling

Sample
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Diffraction efficiency Vs time curve for Fe doped LN and Fe: Mn doped LN crystal
is shown in figure 3.22 (a, b).
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Fig. 3.22 Diffraction efficiency for an as-grown (a) Fe: LN sample (b) Fe: Mn: LN sample

The proton exchange process in lithium niobate can be described broadly as
depletion of lithium and the replacement of hydrogen in the crystal. This occurs when the
crystal is immersed in a proton source, i.e. an acid. The proton exchange process can be
represented as

LiNbOs + xH" = Li;., HINbO; + xLi".

It results in an increase of extraordinary refractive index of the sample [30], which
manifests itself in the formation of a strong refractive index grating. Strong refractive index
grating may be due to increase of electro optic coefficient r3; of lithium niobate. When an
electric field is applied to a crystal, the ionic constituents move to new locations determined
by the field strength, the charge on the ions and the restoring force. The unequal restoring
forces along three mutually perpendicular axes in the crystal lead to anisotropy in the
optical properties of the medium. When an electric field is applied to such a crystal, in
general, it causes a change in the anisotropy. These changes can be described in terms of the
modification of the indicatrix by the field both in terms of the principle refractive indices of
the medium and in the orientation of the indicatrix. In case of proton exchanged sample
distortion increases for same field, hence electro optic coefficient increases. As a result, the
diffraction efficiency (DE) of the proton exchanged samples increases as compared to the

as-grown sample. Diffraction efficiency of Fe: LN sample before and after proton
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exchanged is shown in figure 3.23(a). Photorefractive properties were also studied for
proton exchanged Fe: Mn: LN sample and compared with as grown sample. Diffraction
efficiency of Fe: Mn: LN sample before and after proton exchanged is shown in figure

3.23(b).
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Fig. 3.23 Diffraction efficiency of (a) Fe: LN sample (b) Fe: Mn: LN sample after and
before proton exchange

From the figure 3.23 (a, b) recording time, erasing time and diffraction efficiency
were calculated for crystal sample before and after proton exchange and given in table 3.1.

Table 3.1 Recording time, erasing time, and diffraction efficiency of crystal sample before
and after proton exchange

Recording Erasing time Diffraction
time efficiency
Fe: LN Before PE 96 sec 178 sec 54%
After PE 126 sec 197 sec 66%
Fe: Mn: LN Before PE 53 sec 300 sec 68%
After PE 54 sec 310 sec 79%

Therefore proton exchange technique is useful for enhancing photorefractive properties of

the crystal.
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Growth and Characterization of Doped and Undoped Lithium
Tetraborate Crystals

4.1 Introduction

The lithium tetraborate, Li,B4O; (LTB) is an important material for generation of 4t
and 5™ harmonics of Nd: YAG laser and frequency conversion devices for high power UV
solid-state laser [1]. It is transparent up to 165 nm in UV region. This is very attractive
material for surface acoustic wave substrate due to its high electro mechanical coupling
coefficient factor k* and low temperature coefficient of frequency [2]. The physical,
chemical and structural properties of lithium tetraborate (LTB), play a major role on its
potential as a thermoluminescence (TL) dosimeter. In current days investigation on lithium
tetraborate single crystals has been greatly increased due to its potential application in
radiation dosimetry. Tissue equivalence is a much desired property for thermoluminescent
dosimeters for estimation of absorbed dose in tissues. Lithium tetraborate based TL
dosimeters are best with an effective atomic number of 7.3 which is very close to that of
soft biological tissue (Zeg= 7.42) [3, 4, 5]. In thermoluminescence dosimetry, LTB is an
ideal material when it is doped, to enhance the thermoluminescent characteristics. Further,
in addition to X-ray and gamma-ray radiation, LTB based dosimeters are also sensitive to

neutron radiation.

4.1.1 Structure of lithium tetraborate (LTB)

LTB crystal belongs to tetragonal system having 4mm point group symmetry and
space group I4;cd with lattice parameters a = b = 9.479 A, ¢ =10.286 A. One unit cell of
LTB contains 8 formula units. The main crystal motif of LTB are boron oxygen complexes
(B4Oy) consisting of two planer trigonal BO3; and two planer tetrahedral BOy (fig. 4.1). The
lithium atoms are localized at interstices [6]. The space group I4;cd generates total of 104
atoms [7] in one unit cell. All B1 belong to triangles (coordinated by O1, O2 and O3) and

all B2 are tetrahedrally coordinated with oxygen atoms.
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01

Fig. 4.1 Main crystal motif of lithium tetraborate consisting of two basic

elements

There are two identical planar triangular (B1+O14+024+03) and two identical
tetrahedral (B2+01+02+03+04) groups [8]. It is known that crystal generally possesses
imperfection in their structure and that is responsible for unusual property of the material.
In the case of LTB, the interaction of lithium oxide and boron oxide causes attachment of
an additional oxygen atom to the boron—oxygen triangle to produce boron-oxygen
tetrahedron. This boron-oxygen tetrahedron has excessive negative charge compensated by
lithium cation located in the vicinity of the tetrahedron. In the absence of the lithium atom,
this complex acts as a negative point defect forming hole traps that balance the negative
charge in the normal condition [9, 10]. Oxygen vacancies in the structure produce
positively charged point defect which may trap electron. The lithium ions stabilize the
boron-oxygen framework by distributing in helicoidal voids along the z-axis. Li sites and
space in helicoidal voids are regarded usually as the only possible places to be occupied by
various impurities in Li;B4O7. This comes from the comparison of ionic radii of different

impurities with the sizes of possible sites in Li,B4O7 lattice.
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4.1.2 Material potential

Lithium tetraborate possesses a combination of physical properties which are
important for different scientific and technological application. It is an important material
for nonlinear optics. Mn and Cu activated lithium tetraborate crystals are widely used as
personnel dosimeter. This material has different advantages compare to the other
thermoluminescence dosimeters. LTB has wide transparency range, high radiation hardness
and high mechanical strength. As the effective atomic number of lithium tetraborate (Z.g=
7.42) is very close to that of soft biological tissue, so this material can be used as a tissue
equivalent material. LTB is also used as an substrate of surface acoustic wave (SAW) and
bulk acoustic wave (BAW) devices [11]. LTB single crystal has high transparency from
vacuum ultraviolet (VUV) to far infrared (IR) region. It has appropriate nonlinear optical
properties and they are promising acousto electronic material [12]. It has high neutron
capturing capacity due to large neutron capture cross section of SLi and "B (Lithium - 960
barn and Boron — 3840 barn) [13] and is a potential material for neutron detector.

Single crystals are essential requirement for some special application where
presences of grain boundaries are not desirable. In case of TLD, polycrystalline powder
pallets are being used for measuring radiation dose. During reading the TLD in analyzer,
light emitting from inner part of the TLD pallet gets scattered at grain boundaries. Amount
of light coming out from the sample is very less and hence detected light intensity by PMT
is also less. To avoid this problem undoped and doped LTB single crystals were grown.
Growth of a good quality crystal is not an easy job. During crystal growth crystal may
cracks and core or twinning may form. Post growth cooling is also very crucial parameter
for LTB crystal. To avoid cracking proper cooling rate is required. Various growth
parameters such as pulling rate, rotation rate, axial temperature gradient, post growth

cooling rate, etc. were optimized to get transparent, appreciable size, crack free crystal.
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4.2 Growth of undoped and doped lithium tetraborate crystal

4.2.1 Material synthesis

High purity oxides in the ratio 67.9 mole % of B,O3; and 32.1 mole% Li,CO3 were
taken for the preparation of charge. Chemicals were then mixed initially through mortar
pestle by hand and finally mixed through ball milling for 5 hr. The excess amount of B,O3
over stoichiometric composition was taken because of its high vapor pressure [14].
Special care has been taken during weighing of charge because the chemicals are
hygroscopic in nature. Homogeneously mixed powder was filled in the platinum crucible
and was kept in the furnace at 400 °C for 10 hrs. Next the charge from crucible was taken
out and was remixed through mortar pestle. In next step the powders were heated up to
750°C from room temperature at the heating rate of 100 °C per hour. Dwell time was 10 hr.
Step wise heating is applied to avoid frothing. To grow Mn and Cu doped crystal accurate
amount of dopant added during charge synthesis. Here 0.2 mole % MnO; and 0.2 mole %
CuO was added for the growth of doped crystal. Finally the phase of solid state reacted
powder was checked through XRD.

4.2.2 Crystal growth experiment

Crystal growth was carried out using the Platinum crucible of 50 mm diameter and
50 mm height. Initially solid state reacted powder was taken in platinum crucible and
melted. Temperature of the crucible increased to 30-40°C higher than the melting point and
kept for 1 hr for homogenizing the melt. Then the melt is cooled slowly up to melting point.
During cooling the melt, the rate of cooling should not be very fast to avoid glass formation.
Major difficulties come during the growth of lithium tetraborate crystals are cracks,
formation of core, defect region consisting largely of opaque inclusions and twinning [15,
16]. Crystals generally cracks during post growth cooling due to anisotropy of thermal
expansion coefficient. The coexistence of BO, tetrahedral and BOs; triangles in the

framework structure of Li,B4O; makes the crystal prone to cracking [17].

In our experiment we have kept post growth cooling rate 40°C/hr. Seed crystal of
dimension 2 X 2 X 10 mm® was used for seeding. Seed was properly tied in ceramic rod
with platinum wire and slowly dipped into the melt to avoid thermal shock. The small

portion of the seed was then slightly pulled out manually to get inclusion free crystal. Initial
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rotation rate of the seed rod was 8 rpm and was reduced to 6 rpm afterward. Small rotation
rate reduces thermal convection and hence reduces temperature fluctuation. Pulling rate for
this crystal is very less ~0.3 mm/hr. Resistive heating furnace with suitable axial
temperature gradient was used for growth. Eurotherm temperature controller was used to

control the temperature of the furnace. Crystal growth set up is shown in figure 4.2.

Fig. 4.2 The Czochralski growth system used for LTB growth
Crystals were grown with different temperature gradient near the melt and solid
interface. First run was performed in low axial temperature gradient and second run was
performed in high axial temperature gradient. Axial temperature gradient of the furnace is
shown in figure 4.3, here upward distance taken in cm.

12

Upward distance
e

"800 840 880 920 960
Temperature in’C

Fig. 4.3 Axial temperature gradient of the furnace
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Crystals grown in low temperature gradients are shown in figure 4.4

(b)

Fig. 4.4 Photograph of grown crystals (a) undoped LTB (b) Mn doped LTB (c) Cu doped
LTB
It has been observed that in low axial temperature gradient (16°C/cm), grown
crystals were thin. It was difficult to increase the length of the crystal. To increase the
length of the crystal axial temperature gradient was increased to 20 °C/cm by changing the
crucible position. In modified gradient good quality crack free crystals with larger length

obtained. Grown crystals with modified axial gradient are shown in figure 4.5.

Fig. 4.5 Photographs of grown LTB crystals with modified gradient

4.3 Characterizations of grown crystals

4.3.1 XRD and HRXRD study

Crystalline powder obtained by crushing a piece of grown crystal was tested by
powder X-ray diffraction (XRD) for phase identification. Figure 4.6 (a, b, ¢) shows the
powder XRD pattern of the undoped, Mn doped and Cu doped grown crystal. It was
observed that XRD peaks are matching well with the known single phase for LTB.
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Fig. 4.6 XRD pattern of (a) undoped LTB, (b) Mn doped LTB and (c) Cu doped LTB

Crystalline perfection of those as grown crystals were examined by diffraction
curves (DCs) or rocking curves. Figure 4.7 shows the HRXRD of LTB crystal plate along
004 planes. A well-collimated Mo Ko, beam diffracted from a third plane monochromator
crystal of Si (111) in the dispersive symmetrical Bragg geometry (+, -, -) configuration is
used for this experiment. This arrangement particularly improves the spectral purity of the
Ko, beam. The specimen crystal is aligned in the (+, -, -, +) symmetrical Bragg geometry.

The rotation given by the main turntable to the specimen around a vertical axis (which
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changes the glancing angle 0) is produced with the help of a micrometer, which moves a
long radial arm of the diffractometer. The micrometer is driven by a stepper motor, which is
controlled by a microprocessor control unit (Philips, PW 1710). The specimen can be
rotated in steps of 0.5" The diffracted X-ray intensity is measured by a scintillation counter.
Its output is measured by the counting system incorporated in the microprocessor control
unit. The detector is mounted with its axis along a radial arm of the turntable. The measured
tilt angle is 66-arc sec. The deconvolution of the DC curve in figure 4.7 indicates that the
experimental DC consists of two curves (dotted line) with an angular separation of 8-10 arc
sec. The FWHM recorded of the main peak is found to be 38 arc sec while the peak
intensity is 130 c/sec, whereas for the secondary peak the FWHM is about 28 arc sec. This
indicates the presence of grain boundary in the crystals with the tilt orientation of about
8-10 arc sec. The overall FWHM can be calculated as 66 arc sec. This value for FWHM
suggests that the overall crystalline perfection of the grown crystals is quite good for many

applications.
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Fig. 4.7 High Resolution X-ray diffraction curves recorded for (004) planes of Li,B,O

crystal
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4.3.2 Etching study

In borates primary mechanism for generating dislocation is nucleation at inclusions.
The distribution of inclusion in crystal depends on the growth condition (convection, shape
of growth interface etc). Due to the high viscosity of melt in borates, bubbles and voids are
usually most heavily concentrated at the central part of the crystal boules. In this region
scattering and absorption of laser beam occur, which limits the device performance and
decreases the damage threshold of the crystal. Sample of dimension 10x10x1 mm’ was cut
and polished properly from an as grown crystal for etching study. Concentrated
hydrofluoric acid (HF) was used as etchant. The etching was performed at room
temperature with varying time. The etch pits on the sample was observed by optical
microscope. Fig. 4.8 (a, b, c) shows the typical pyramidal etch pit patterns on LTB plate for
different etching time. The etch pit density is direct measure of the dislocation density in
the crystals. We have measured the dislocation density from these patterns. The measured

dislocation density was 3 x 10% /cm?®. This value of the dislocation density is reasonably low,

indicating that the grown crystals are of good quality.

(a)

Fig. 4.8 Etch pits on LTB plate (a) etched for 1 min., (b) etched for 40 sec, and (c) etched
for 20 sec. Magnification for all (300x)
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4.3.3 UV-VIS transmission spectra study

Transmission spectra of the crystal wafers were recorded using UV-VIS spectro-
photometer (Cary-50). The transmission of the crystal was observed more than 80 % over
its transparent spectral range. Figure 4.9 (a, b, ¢) shows the transmission spectra of the
undoped LTB crystals, Mn doped LTB crystal and Cu doped LTB crystal. Crystal plates cut
at various point along the axis shows no variation in transmission spectra. This proves that
there is no axial variation of homogeneity in the crystal. Transmission was also taken at
various points in a straight line on a plate, which shows no variation in transmission. This

indicates that there is no radial variation of homogeneity in the crystal.

100 100
80-/"'f . 80-/'*
S 3
= Undoped LTB F
g 609 g 60 Mn doped LTB
= - = 40-
£ 40 =
= 1 @
;*3 20+ 'g 20+
(} T T T T 0 v v v J
200 400 600 800 1000 200 400 600 800 1000
Wavelength (nm) wavelength (nm)
100
80+
2
2
¢ 60- Cu doped LTB
c !
£ 40
— -
£
g L
& 20+
-

0 hd L] hd L] v L] v v
200 400 600 800 1000
Wavelength (nm)

Fig. 4.9 Transmission spectra of (a) undoped LTB crystal (b) Mn doped LTB crystal (c)
Cu doped LTB crystal
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4.3.4 Birefringence interferometry

Birefringence is the decomposition of a ray of light in to two rays when passes
through the anisotropic material. In birefringence interferometry polarized He-Ne laser
beam is made to incident on the polished crystal sample. On passing through the crystal the
light ray decomposes in to two ray of different polarization (mutually perpendicular). These
two rays of different polarization then pass through the analyzer. Now the component of
electric vector parallel to the analyzer will pass through and they will interfere. The
birefringence interferometry set up is discussed in chapter 3. The interferogram of undoped
LTB is shown in figure 4.10. The parallelism and straightness of the fringe indicates the

refractive index homogeneity of the crystal.

Fig. 4.10 Birefringence interferogram for Undoped LTB crystal

4.3.5 Conoscopic study

In order to determine optic axis and study optical homogeneity of the grown crystals
conoscopic study was performed. Details mechanism of conoscopic pattern is discussed in
chapter 3. Olympus polarizing microscope was used for the study. Sample of dimension
10x10x2 mm® were cut and polished properly by alumina powder of particle size 0.03

micron for the study. Figure 4.11 shows the conoscopy pattern of LTB crystal.
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(a)
Fig. 4.11 Conoscopy pattern of undoped LTB crystal

The symmetrical fringe pattern is direct measure of good optical homogeneity of
the crystal. From the picture it has been confirmed that optic axis is perpendicular to the

crystal plate.

4.3.6 Hardness measurement

Crystal hardness is defined as the resistance offered by it to external mechanical action.
In general hardness depends on the plastic deformation, which is related to the creation and
motion of dislocation. The Vickers hardness test method consists of indenting the test
material with a diamond indenter in the form of right pyramid with a square base with an
angle of 136° between opposite faces subjected to a load. In static indentation test, pyramid
is forced into the crystal surface and load per unit area of impression is taken as the
measure of hardness. The full load is normally applied for 10 to 15 seconds. The two
diagonals of the indentation imprinted on the surface of the material after removal of the
load are measured using a microscope and there average is calculated. Fig. 4.12 shows the
indentation mark on the crystal face at load of 50g (0.49 N) for 10 seconds. The area of the
slopping surface of indentation is calculated. The Vickers hardness is the quotient obtained
by dividing the Kgf load by the area of indentation:

HV = 2F sin 68° /d’

Measured value of HV of our crystal was found about ~764 HV. This value is quite high

and suggests that the surface and structural quality of grown crystal is very good.
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Fig. 4.12 Indentation mark on face of the LTB crystal plate
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Thermoluminescence Studies on Irradiated Doped and Undoped Lithium
Tetraborate Single crystals, Polycrystals and Glass

5.1 Introduction

Thermally stimulated luminescence (TSL) is the phenomenon of light emission
during heating a previously irradiated material with uniform heating rate. When a material
is exposed to ionizing radiation like; alpha, beta, gamma and X-rays or UV-rays, a certain
percentage of the liberated charge carriers (electron and holes) may be trapped at certain
imperfections in the lattice, which are called traps. If these traps are deep enough, the
charge carriers remain trapped for a long time before they are released by sufficient
stimulation. This stimulation can be achieved by thermal energy. These trapped charge
carriers excited to the conduction band and then recombine with the recombination center
located just above the valence band. This recombination is associated with the emission of
light. This form of emission of light is called thermoluminescence (TL). The luminescence
from the material depends on
i) The amount and nature of impurity,
i1) Thermal history,
ii1) Amount of radiation absorbed and

iv) Defect pattern present in the material.

5.1.1 Mathematical description

There are two delocalized bands, conduction band (CB), and valence band (VB).
Between these two bands, two localized levels are present, one behaves as a recombination
center, and the other behave as a trap center. The activation energy or trap depth (E) was
defined as the difference between the trap level and the bottom of the CB. After absorbing
sufficient energy (hv>E,), electron get excited from valance band to conduction band. The
free carriers may either recombine with each other, become trapped or remain free in their
respective delocalized bands. During heating, when the trapped electron absorbs enough

energy, it is released back into the conduction band, from where recombination takes place.
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During recombination emission of light occurs. Depending on the trapping and re-trapping
mechanism there are two types of kinetics in TL material, first order kinetics and second

order kinetics.

A. First order Kkinetics

The most simplified mathematical model which describes the above process was
first given by Randall and Wilkins. Consider a material containing defects which give rise
to a single electron trap level, having trap depth or activation energy E containing n
electrons at time t and at temperature T (in Kelvin). The energy distribution of electrons
within the trap will be described by Boltzmann distribution, and hence the probability p of

release of an electron from the trap is given by the Arrhenius equation,

P:Sexp[;f"j ------ 5.1.

Where, k is Boltzmann’s constant and s is a frequency factor or attempt to escape factor
having value in the order of the lattice vibration frequency, namely 10'>-10"*s™". The rate of

release of electrons from the trap is

- (@j =ns exp(ij —————— 5.2.
dt kT

Randall and Wilkins assumed that all electrons released from traps undergo TSL transitions,

i.e., there is no re-trapping. This gives us the concept that the rate of release is proportional
to the trapped charge concentration, and thus termed as first-order kinetics. The intensity of
the TSL glow, I (t) depends on the rate of release of electrons from traps and their rate of

arrival at luminescence centers:

1(t)= —C(@j =Cns exp(ij ——————————————————— 5.3.
dt kT

Where C is a constant related to luminescence efficiency.

Equation (5.2) becomes,

e

Here, g= (de .

dt
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On integration, we get

e —

Here ny is the number of electrons present in the trap at time ty and temperature Tj.

Finally, substituting for n in equation (5.3),

1(T)= % xp( kf j Xp{[_?;}:[ exp(%JdT} ---------- 5.6.

This is the expression for the glow intensity I for electrons trap at a single trapping level E.
It is a Randall and Wilkins expression for first order kinetics. The plot of 1 against T is
termed as glow curve. The glow curve has a characteristics asymmetric shape being wider

on the low temperature side than on the high temperature side.

B. Second order kinetics

A modification of this view was presented by Garlick and Gibson, who used this
same one-trap, one-recombination center model but who included the concept of significant
retraping of the released charges. This gives us the concept that the rate of release is
proportional to the square of the trapped charge concentration, and hence it is called

second-order kinetics. Here we have

(dnj:—nzs'exp[_Ej —————— ---5.7.
dt kT

Here, s’ = s/N, and N is the total concentration of available electron traps. This leads to the

Garlick-Gibson equation for TSL under second-order kinetics,
nzsvexp[—Ej
0
I(T)Z kT mmmmmmmmmmmmmmeee oo 5.8.

e el

The main feature of this equations is that the glow curve is nearly symmetric, with the high

temperature half of the curve slightly broader than the low temperature half. This can be
understood from the consideration of the fact that in the second order reaction, significant

concentrations of released electrons are retrapped before they recombine.
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5.1.2 Kinetic parameters of TL material
There are three kinetic parameters for a given TL material. These are order of

kinetics, activation energy and frequency factor.

A. Order of kinetics

Order of kinetic implies how the rate of change of charge carrier from trap center
depends on the number of trapped electron. If the rate of change of charge carrier is
proportional to square of the trapped electron than it is second order and if it is linearly
proportional to the trapped electron then it is first order. From the glow curve order of
kinetics can be determined by observing the shape of glow curve. A general TL glow curve

is shown in figure 5.1.

Im
Im/2 —
TL T & n=o/e
< Q >
T1 Tm T2 |
Temperatur

Fig. 5.1 General TL glow curve
Here, Ty, is the peak temperature at the maximum. T and T, are temperatures on either side
of Ty, corresponding to half intensity.
T = T,-T is the half-width at the low temperature side of the peak.
0= T,-T, is the half-width at the high temperature side of the peak.
o =T, — T, is the total half — width.
u =0/ o is so-called geometrical shape of symmetry factor.
A first order peak exhibits a geometrical factor u=0.42. The position of maximum TL
intensity does not change for different radiation doses. A second order peak exhibits a
geometrical factor u=0.52. The position of TL intensity shifts towards higher temperature

values for low doses.
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B. Activation energy

Activation energy is the energy required to excite an electron from trap center to
conduction band. The half life of a trap at constant temperature is defined as the time for
which the number of trapped electron falls to half of their initial value. The half life for first
order process is expressed by

t12=In2/s exp(-E/kT) = 0.693/ s exp(-E/kT).

The half life at a constant temperature and given value of frequency factor increases as the
activation energy increases. This is a logical consequence of the fact that the higher the

activation energy, the higher the stability of the trap.

C. Frequency factor

It is the attempt to escape frequency. Considering a trap as a potential well, the
frequency factor represents the product of the number of time an electron hits the wall and
the wall reflection coefficient. The order of magnitude of the frequency factor should be
similar to the vibrational frequency of the lattice. Its value is around 10%to 10" per sec. In
some cases frequency factor depends on temperature. All these kinetic parameters can be

calculated from the glow curve.

5.1.3 Lithium tetraborate as a thermoluminescent material

The luminescence characteristic of materials has attracted attention of human beings
since very long times [1, 2]. A number of thermoluminescent materials are available for the
use in radiation dosimetry (clinical, radiotherapy, personnel) [3]. Among these materials,
some particular properties are very interesting for lithium tetraborate which make it an
attractive candidate for personnel dosimetry. These properties are its effective atomic
number, linear dose response up to high doses, low fading, simple annealing procedure,
simple glow curve, etc. Lithium tetraborate is a best tissue equivalent material. It is
desirable that material use to measure human exposure to radiation should have similar
atomic properties with human tissue. The effective atomic number of lithium tetraborate is
7.42, which is almost the same as that of the biological tissue [4]. The photoelectric
absorption is most important for photons below 0.1 MeV, if the absorbing medium is water

or a biological tissue. The photoelectric interaction is predominant in this energy range and
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depends on the third power of the atomic number (Z). Therefore, the effective atomic
number of a dosimetric material should match as close as possible to that of the biological
tissue. As the effective atomic number of LTB is very close to human tissue hence it is an
important material to be used as personnel dosimeter. In contrast to commonly used TL
materials, lithium tetraborate possesses perfect dose linearity up to 10° Gy. Generally dose
linearity is not observed over 10 Gy. This high dose linearity makes lithium tetraborate
rather distinct among other dosimeters [2, 5, 6]. The practicality of annealing is important
when successive readouts is required. Annealing is a heating procedure applied to erase the
previous radiations dose from the material and to prevent interference of its effect on the
glow curve measurement. The annealing procedure is quite simple for the case of lithium
tetraborate [2, 7, 8]. Simple glow curve is another important property for the production of
dosimeters. The glow curves are particularly important because it indicates that whether a
material can be used for TL dosimetry purposes or not. Many researchers investigated the
TL properties of LTB doped materials with different activators such as: Mn, Cu, Ag, and
Mg [9-15]. The first thermoluminescent material based on LTB activated by Mn is
commercialized by Harshaw make under the name TLD-800.

The large band gap of lithium tetraborate provides a wide transparent energy
window range to dopants [16]. Luminescence studies on LTB doped with different dopants
(Ce, In, Ni, Cu and Ti ions) have been reported by many researchers in polycrystalline and
glassy samples [17-20]. However, single crystals are more preferable due to their uniform
dopant distribution, uniform crystal-field, absence of grain boundaries and very less
scattering to visible light. These properties make single crystal highly transparent to visible
light and very effective to collect the emitted light from the bulk of the samples. In addition,
the resistance to humidity due to its stoichiometric composition, small surface area, simple
annealing process, simplicity of glow curves, high sensitivity and easy handling compared
with powder samples make the LTB single crystals a potential candidate for applications in
the TLD [5]. Initially, LTB doped with Mn was reported to be a good TL dosimeter. Many
researcher have studied thermoluminescence properties of Mn doped LTB single crystal.
Mn doped LTB has problem of low TL sensitivity and light emission in the range of 600 nm,
which is very far from the response region of most of the photo-multipliers. Some

researcher [21] suggested copper doped LTB is a good TL phosphor as its TL emission is in
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the response region of photo multiplier tube (PMT). In the present work TL properties of
irradiated undoped, Mn doped and Cu doped LTB single crystals, poly crystal and glass
were studied and their kinetic parameters such as order of kinetics, activation energy and

frequency factor were calculated and compared.

5.2 TL Studies on gamma irradiated Mn:LTB single crystal
Czochralski grown Mn doped Li,B4O7 crystals were cut in the form of wafer and
were irradiated with different y-dose using Co® source. Polished pieces of samples are

shown in figure 5.2.

oly 'O TART214 "2
Fig. 5.2 Polished crystal pieces

5 26

Thermoluminescence glow curve of y-irradiated Mn:LTB sample was taken by
thermoluminescence dose reader analyzer (model- RAO4). Thermoluminscence reader

analyzer is shown in figure 5.3.

Fig. 5.3 Thermoluminescece reader analyzer (model-RA 04)
The TL glow curve of Mn LTB crystal is shown in figure 5.4. Generally for an ideal
crystalline semiconductor or insulator Z(E) = 0 when E. > E > E,. Here E. is the bottom of

the conduction band and E, is the top of the valance band. However, when the structural
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defects occurs in crystal, or if there is impurities within the crystal lattice, there is a
breakdown in the periodicity of the crystalline structure and it become possible for the
electrons to posses energies which are forbidden in the perfect crystal. Whenever we heat
the sample the trapped electrons go to the conduction band and recombine with available

hole and the luminescence occurs during this process.

5.2.1 Determination of kinetic parameters

The order of kinetics is also determined from the glow curve from the shape of the
curve. First-order luminescence peak is asymmetric in nature with most of the peak area
being on the low temperature side of the maximum at Ty,. The second order luminescence

peak is more symmetric in nature [22].
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Fig. 5.4 Thermoluminescence spectra of gamma irradiated Mn: LTB single crystal

It can be seen from the figure 5.4 that the order of kinetics of the glow curve is
First- Order. Here T = 212.87 °C, T>=255.54 °C and T,,=237.76 °C. Therefore § = T, — T,
=17.78, o = T, — T| = 42.46. Finally geometrical factor p = 6/®w =0.418. That means once
released from a trap the electron will undergo recombination rather than re-trapping.
Occurrence of thermoluminescence peak maximum is related to the electron trap depth. The
intensity of luminescence emission is proportional to the rate of release of trapped electron.

The equation for first order glow peak is given by
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I =(nos/ B)exp(—E/kT) exp[—(s/B)I exp(—E/kT)dT} .

Here ng is the number of trapped electron at temperature Ty, E is the trap depth, s is
the frequency factor and f is the heating rate. TL glow curve with various heating rate is

shown in figure 5.5.
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Fig. 5.5 TL curves with various heating rate

Trap depth and frequency factor is calculated from TL curve taken at various
heating rates with the help of above equation. It is observed that the peak temperature
shifted towards higher temperature as we increase the heating rate. The peak temperature is
heating rate dependent because before saturation, the interaction time with electron is
different for different heating rates. However, at high heating rate, the peak temperature
gets saturated as maximum trapped electron goes to the conduction band independent of the
interaction time. Differentiating the above equation for first order glow peak with respect to
temperature and equating the derivative to zero gives [23] BE/KT?y, = s exp(-E/KTy,), where
Tw is the temperature at the maximum. Fig. 5.6 shows the plot of In (T,,*/f) versus 1/Tp,.
From the slope E/k, activation energy E is calculated. The calculated trap depth is E = 1.08
eV.
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Fig. 5.6 Plot of In (TmZ/B) vs 1/Ty, (at 2 kgray)

5.2.2 Calculation of activation energy from UV-VIS transmission spectra

Transmission spectra of the crystal wafer irradiated with different y- dose were
recorded using UV-Vis spectro photometer (cary-50). It has been observed that the
transmittance of the crystal decreases with increasing dose level (Fig.5.7), which can be

attributed to the generation of more crystalline defects on irradiation.
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Fig. 5.7 Transmittance of Mn: LTB before and after y-irradiation
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As can be seen from the figure 5.7, the cut-off wavelength shifted to 230 nm and
250 nm respectively for the samples irradiated with 2 kgray and 5 kgray, which is much
higher compared to the un-irradiated Mn doped LTB (~180 nm) [24]. Several absorption
peaks were observed in the transmission spectra. Main peaks are observed at 366 nm, 471
nm and 594 nm. It has also been observed that the cut of wavelength and the depth of the
absorption peak increases with increasing dose. These absorption peaks corresponds to the
respective crystalline defect levels generated during the irradiation. The concentration of
these defect levels increases with higher dose, resulting in more electrons to trap and hence
the increase in the depth of the absorption peak. The overall transmittance becomes low in
the irradiated samples due to increased defect density.

It is observed that the first absorption peak is more intense and the corresponding
trap level(s) is/are responsible for thermoluminescence of the material. The cutoff
wavelength represents the band gap of the material. Therefore, the separation between the
band gap energy and the energy corresponding to the first absorption peak should represent
the activation energy of the material. Band gap of irradiated crystals were calculated by
plotting (othv)* versus hv. Figure 5.8 shows the representative plot of (cthv)® versus hv for

samples irradiated with 2 kgray dose.

o Eq=4.59 eV
o | | Dose: 2 kgray
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Fig. 5.8 Plot of (athv)® vs hv

Calculated band gap value was 4.59 eV for sample irradiated with 2 kgray. It has

been observed from the transmission curve of the irradiated sample that the absorption peak
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at highest energy is at wavelength 366 nm and in lower wavelength range absorption starts
from 339 nm. Corresponding to this wavelength the energy is 3.66eV. This 3.66 eV is the
energy difference between valance band and highest trap level. Therefore, activation energy
or trap depth is (4.59-3.66) eV= 0.93 eV. The calculated trap depth from heating rate
method is E = 1.08eV for sample irradiated with 2 kgray. Whereas, activation energy or trap
depth is 0.93eV from transmission data. Therefore, it has been found that the calculated trap

depth is quite close from the two different methods.

5.2.3 Mass dependency of TL glow curve

Mass dependency of the irradiated sample with TL intensity is observed here. Mn:
LTB is very much mass sensitive, TL intensity changes very much even with small change
in crystal mass (1 or 2 mg). In figure 5.9, maximum TL intensity with various mass is

plotted.
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Fig. 5.9 Mass dependence of TL intensity

TL curves are recorded with constant heating rate (rate 2 °C/s). The TL sensitivity
of the material is also measured from these curves. As expected the shift in peak position of
TL curves was found towards high temperature. The sensitivity of TL intensity due to the
small change in mass at the same dose, as can be seen from the figure 5.9, is an important
feature of this material. Therefore, the accuracy in mass of the material is very crucial for

making highly reliable TLD badge.
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5.2.4 Study of dose dependency and sensitivity
Crystal samples were irradiated with various dose to study the dose dependency.

Dose dependency of Mn LTB single crystal is shown in figure 5.10.
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Fig. 5.10 Dose dependency of TL intensity of Mn: LTB single crystal

It has been observed that TL intensity increases with dose. Number trapped electron
increases with dose. The sensitivity of particular TLD material is defined as TL intensity
integrated over a certain temperature region per unit mass per unit absorbed dose [1]. Here

the sensitivity becomes =19,33,718/.0091gm/2000 gray = 1, 06,248 unit per gm/gray.

5.2.5 Fading Study

The loss of TL signal, known as Fading, must be low in a good dosimetry material.
In some cases, when the read-outs cannot be performed quickly after each exposure, the
fading become an important parameter. Fading is designated by a decrease in the intensity
of a peak in glow curve over a time span. We kept our sample covered with black paper
inside a box. After six month glow curve was taken. Fading is shown in figure 5.11. In
these samples of Mn: LTB , only 5-6% fading is observed in six months when the sample is

kept closed inside the sample box.
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Fig. 5.11 Fading studies of irradiated Mn: LTB single crystal

5.3 TL studies of X-ray irradiated doped and undoped LTB glass
5.3.1 Sample preparation

Stoichiometric composition of Li;CO; and B,O3; were used to prepare Li,B4O;
powder. Two chemicals were grinded for 1h in agate mortar. The mixture was then milled
for 1h at the rate of 300 rpm in a high energy ball mill. Ball milling also helps in reducing
the particle sizes as well. Homogeneously mixed powder was filled in a platinum crucible
and was kept in the furnace and heated up to 400 °C at the heating rate of 100 °C per hour
and kept for 3h. This powder was removed from the crucible and again mixed in an agate
mortar for 1h. This mixture was kept in a platinum crucible again and annealed at 750 °C
for 10h. In this process the single phase LTB polycrystalline powder was obtained. With a
similar method, 0.2 mole% Mn doped and 0.2 mole% Cu doped LTB powders were also
synthesized. The synthesized powder was then melted in box furnace at 920°C. The
temperature of the melt is then raised to 980°C and kept for two hours for homogenization
of the melt. Then the melt is poured in a preheated metallic plate and immediately pressed
with another metallic plate to make glass. Here nucleation and growth were bypassed by
sufficiently rapid cooling. Transparent crack free glasses were obtained. Transparent glasses

are shown in figure 5.12.
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Fig. 5.12 Photograph of undoped and doped glass plate

5.3.2 Sample Irradiation

These undoped, Mn doped and Cu doped LTB glass were irradiated with X-rays at
beam line (BL- 07) on the Indian synchrotron radiation source, Indus-2. This beam line has
versatility to expose the various samples to soft and hard X-ray energies tuned using two
X-ray mirrors. The X-ray spectral energy band of 3-10 keV was used for irradiation in the
present studies. In a synchrotron radiation source, the flux (dose) falling on the samples is
directly proportional to current stored inside in the storage ring (Indus-2) and expressed in
the units of (mA.s). The samples were scanned in the path of the X-ray beam for a given
time. Different doses were given to the sample by varying the number of pass keeping
scanning speed constant at almost same beam current. In our case beam current was 66.2
mA, integrated flux was around 3.46 X10" photons per sec and scanning speed was 6

mim/s.

5.3.3 TL glow curve of X-ray irradiated undoped, Mn doped and Cu doped glass

The irradiated samples were read by a TL reader analyzer (RA 04 model). TL glow
curves of doped and undoped LTB glasses are shown in fig 5.13. It has been observed that
for glassy sample only one peak occurs. The intensity of TL peaks for glass are less than
that of crystalline sample because of nonradiative recombination. This may be caused by
the poor energy storage of the irradiation in the glasses, i.e., poor trapping efficiency.
Differences in the structure and shape of the TL glow curves of the glassy and
corresponding single crystals can be explained by the differences in the characteristics of
the charge traps. TL count per pass per mg per mA is 7, 15, and 31 for undoped, Mn doped
and Cu doped LTB glass respectively.

101



Chapter 5

80
—=— Undoped Heating rate 2 deg C/s
T Mn doped
60 Cu doped
=)
<
£ 404
=
£ ¥
E 204 ;'/
F
ol F AN

0 50 100 150 200 250 300 350
Temperature in °C

Fig. 5.13 TL glow curve of undoped, Mn doped and Cu doped glass

Glasses have no long range order and are thermodynamically unstable compared to
crystal. During rapid cooling it remain disordered and become a super cooled liquid. As
temperature decreases viscosity of the liquid will rise and rearrangement of atoms ceases,
which produces amorphous solid. The chemical bonding in glasses is very similar to that
one in crystal of same composition. This is why position and structure of main absorption
band are very similar in crystalline and amorphous material. The most important difference
in glasses is significantly lower mobility of charge carrier. This difference is caused by
number of localized level in the range of bottom of conduction band in glass. Band gap
exist in glass because of finite energy required to excite an electron in a bonding state into
an anti bonding state. An anti boding orbital is a form of molecular orbital that is located
outside the region of two distinct nuclei. The overlap of the constituent atomic orbital is
said to be out of phase, and as such the electron present in each anti bonding orbital are
repulsive and act to destabilize the molecule as a whole. Anti bonding molecular orbital are
normally higher in energy than bonding molecular orbital. In glass trap center is generated
due to co-ordination defect, i.e., the number of atoms surrounding a particular atom is not

same.
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A. Determination of Order of Kinetics from Glow Curve

Glow curve with T; T, and Ty, are shown in fig.5.14 (a), (b), (¢) for undoped, Mn
doped and Cu doped LTB glass respectively.
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Fig. 5.14 Glow curve of (a) undoped (b) Mn doped (c) Cu doped LTB glass with Ty, T, and
T
From the symmetry factors of glow curve the order parameters were determined. If
the shape of the glow curve is asymmetric, that is wider on the low temperature side than
on the high temperature side then the curve is first order. This means all electrons released

from the trap undergo transition, i.e. there is no retraping. This leads to concept that the rate
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of release of electron is proportional to the trapped charge concentration. In Second-order
peaks the rate of change of the population is proportional to n’. From glow curve,
temperature T, for half maxima at low temperature side, temperature T, for half maxima at

high temperature side and Peak temperature T,, is determined. Symmetry factors of the

glow curves were calculated and given in table 5.1.

Table 5.1 Calculation of symmetry factor of undoped, Mn doped and Cu doped glass

Undoped glass Mn doped glass Cu doped glass

Ty (in °C) 142.7 +/- 0.1 104.3 +/- 0.1 131.8 +/- 0.1

T, (in °C) 239.6 +/- 0.1 189.7 +/- 0.1 226 +/- 0.1

T (in °C) 195 +/- 0.1 140 +/- 0.1 174.5 +/- 0.1
=Ty -T1 (in °C) 52.3 +/- 0.2 35.7 +/-0.2 42.7 +/- 0.2
0=T,-Tm (in °C) 44.6 +/- 0.2 49.7 +/- 0.2 51.5 +/- 0.2
o="T,-T; (in °C) 96.9 +/- 0.2 854 +/-0.2 94.2 +/-0.2
p=o/® 0.46 +/-0.003 0.581 +/-0.003 0.546 +/-0.003

Here peaks are very broad compare to single crystal and poly crystalline sample,
which implies that the trapping states are not sharp. These broad trap centers are due to
co-ordination defect. Amorphous sample follows second order kinetics, which means

possibility of retraping is more. Multiple trap centers are present here.

B. Determination of activation energy and frequency factor from glow curve

Plot of In(I) Vs 1/T for undoped, Mn doped and Cu doped LTB glass are shown in
figure 5.15(a), (b), (c) respectively. From the slope of the graph activation energies were
calculated. Calculated activation energy and frequency factors are shown in table 5.2.

Activation energy increases in the order undoped, Cu doped and Mn doped LTB glass.
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Fig. 5.15 Plot of In(I) vs 1/T for (a) undoped LTB glass (b) Mn doped LTB glass and (¢) Cu
doped LTB glass

From the slope of the graph activation energies were calculated.

Table 5.2 Activation energy and frequency factor of undoped, Cu doped and Mn doped

LTB glass.
Undoped LTB glass Mn doped LTB | Cu doped LTB
glass glass
E (eV) 0.65 +/- 0.01 0.85 +/- 0.01 0.72 +/- 0.01
S (per sec) 6.9X 10’ 2.7 X10° 1.08 X10’

In case of glass observed frequency factor is very less due to high viscosity of glass which

slowed down the movement of electrons.
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5.3.4 Transmission Spectra of Irradiated Mn doped LTB Glass

Glass samples were polished properly through alumina powder. Polished samples
were irradiated. Transmission spectra of irradiated Mn doped LTB glass and unirradiated
LTB glass samples were shown in figure 5.16. It has been observed that transmittance

decreases in the irradiated sample. This is due to generation of defect induced by radiation.
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Fig. 5.16 Transmission spectra of irradiated Mn doped LTB glass

5.3.5 Fading study of irradiated LTB glass sample

Decrease of TL intensity with time has been studied for irradiated LTB glass sample.
Samples were covered with black paper and kept inside box. After one month TL glow
curves were taken through TLD reader. Fig. 5.17 (a) and (b) shows fading studies of Mn
LTB glass and Cu LTB glass. It has been observed that after one month area under curve
decreased significantly. Percentage of decrease is more in case of Mn doped glass. It has
also been observed that peak temperature shifts toward higher temperature in fading studies.
In low temperature region TL intensity become zero when we read the sample after one
month. This is because of the recombination of some trapped electron with hole at room

temperature.
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Fig. 5.17 Fading study of irradiated (a) Mn doped LTB glass sample and (b)
Cu doped LTB glass sample

5.4. TL studies of X-ray irradiated doped and undoped LTB polycrystal
5.4.1. Sample preparation

Stoichiometric compositions of Li;COs; and B,0; were used to prepare Li,B4O;
powder. The two chemicals were grinded for 1h in agate mortar. The mixture was then
milled for 1h at the rate of 300 rpm in a high energy ball mill. A platinum crucible was
filled with the homogeneously mixed powder, and then heated in a furnace at a rate of
100 °C/hr to 400 °C/hr, where it was kept for 3h. This powder was removed from the
crucible and again mixed in an agate mortar for 1h. This mixture was kept in a platinum
crucible again and annealed at 750 °C for 10h. By this process, the single phase LTB
polycrystalline powder was obtained. With a similar method, 0.2 mole % Mn doped and 0.2
mole % Cu doped LTB powders were also synthesized. The pallets were made from the
above compositions of undoped, Mn doped and Cu doped LTB using 20 mg powder each.
The pallets were made of 6 mm diameter and Imm thickness using pallet press machine
with 3.5 ton pressure. Prepared pallets are shown in figure 5.18. These pallets were

annealed at 400 'C for 2 hr to release strain present during preparation.

Fig. 5.18 Photograph of undoped, Mn doped and Cu doped LTB polycrystalline pallet
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5.4.2 Sample irradiation

These undoped, Mn doped and Cu doped LTB pallets were irradiated with X-rays
at beam line (BL- 07) on the Indian synchrotron radiation source, Indus-2. The X-ray
spectral energy band of 3-10 keV was used for irradiation in the present studies. The
samples were scanned in the path of the X-ray beam for a given time. Different doses were
given to the sample by varying the number of pass keeping scanning speed constant at
almost same beam current. In our case beam current was 66.2 mA, integrated flux was

around 3.46 X10"? photons per sec and scanning speed was 6 mm/s.

5.4.3 TL glow curve of X-ray irradiated undoped, Mn doped and Cu doped pallet

The irradiated samples were read by a TL reader analyzer (RA 04 model). Two
peaks were observed in the glow curve. It has been observed that for the same dose, TL
intensity was highest for Cu doped LTB sample and lowest for undoped LTB sample, while
the value for Mn doped sample lies in-between. Thermoluminescence glow curves of these

samples irradiated with same dose are shown in figure 5.19.
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Fig. 5.19 TL spectra of undoped, Mn doped and Cu doped LTB pallets (per mg)
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The heating rate was 2 °C/s for each sample. It was observed that TL also occurs for
undoped LTB sample but with less intensity. It confirms that there are some intrinsic
defects and trap centers present undoped samples also. However, doping enhances the
defect density and, as a result, the intensity of glow curve increases. It had been reported
recently that Mn: LTB and Cu: LTB have emission around 608 nm and 370 nm respectively
[25]. It is understood that on irradiation, Cu* and Mn** ions are converted to Cu** and Mn**
by the release of electrons. From the glow curve, TL counts for unit mass per mA beam
current per scan of X-ray beam were calculated. The calculated values are 14, 32, 44 counts
for undoped, Mn doped and Cu doped LTB pallets respectively. In LTB sample two well
separated peaks were observed. These two peaks correspond to two different trap centers. It
has been observed that TL intensity is very less for undoped LTB polycrystalline pallet.
Earlier it was reported by some researcher that undoped LTB does not give TL but we
observed significant TL intensity for undoped sample also. This is due to some very less

amount of impurity which is already present in parent material.

A. Determination of order of kinetics from glow curves

From the shape of the glow curve geometric factor p for two different peaks of
undoped, Mn doped and Cu doped pallets were calculated and are shown in table 5.3, table
5.4 and table 5.5 respectively.

Table 5.3 Calculation of geometric factor for undoped LTB pallet

Undoped pallet 1st peak 2nd peak

T; (in °C) 122.9 +/- 0.1 233.9 +/- 0.1
T, (in °C) 186.9 +/- 0.1 291.8 +/- 0.1
T (in °C) 151.3 +/- 0.1 271.6 +/- 0.1
=Ty -T1 (in °C) 28.4 +/- 0.2 37.7 +/-0.2
6= T,-Ti (in °C) 35.6 +/- 0.2 20.2 +/-0.2
o= T,-T; (in °C) 64 +/- 0.2 579 +/-0.2
pu=06/® 0.556 +/-0.005 0.349+/-0.004
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Table 5.4 Calculation of geometric factor for Mn doped LTB pallet

Mn doped pallet 1st peak 2nd peak

T; (in °C) 132.2 +/- 0.1 246 +/- 0.1
T, (in °C) 190.9 +/- 0.1 290 +/- 0.1
Tm (in °C) 161.6 +/- 0.1 271 +/- 0.1
=Ty -T; (in °C) 29.4 +/- 0.2 25 +/-0.2

0= T,-T (in °C) 29.3 +/- 0.2 19 +/-0.2
o=T,-T;(in °C) 58.7 +/- 0.2 44 +/- 0.2
pu=06/® 0.499+/-0.005 0.432+/-0.006

Table 5.5 Calculation of geometric factor for Cu doped LTB pallet

Cu doped LTB pallet 1st peak 2nd peak

T; (in °C) 137.5 +/- 0.1 255.5 +/- 0.1
T, (in °C) 191.7 +/- 0.1 302.5 +/- 0.1
Tm(in °C) 160.6 +/- 0.1 281.7 +/- 0.1
=T -T1(in °C) 23.1 +/- 0.2 26.2 +/- 0.2
6= T,-T (in °C) 35.6 +/- 0.2 20.8 +/- 0.2
o= T,-T; (in °C) 59.4 +/- 0.2 47 +/- 0.2
p=o6/® 0.6+/-0.005 0.442+/-0.006
Where,

T= Temperature of half maxima at the low temperature side of the peak.

T,= Temperature of half maxima at the high temperature side of the peak.

Ty, = Temperature of peak maxima.

T = T,-T is the half-width at the low temperature side of the peak.

0= T,-T, is the half-width at the high temperature side of the peak.

o =T, — T, is the total half — width.

u =0/ o is so-called geometrical shape of symmetry factor.

From three tables it has been observed that first peaks are obeying second order kinetics

and second peaks are obeying first order kinetics.
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B. Determination of activation energy and frequency factor from glow curves

Activation energies were calculated through initial rise method by plotting 1/T vs
In(I). Fig.5.20 (a) and (b) shows graph of 1/T vs In(I) of undoped, Mn doped and Cu doped
LTB poly crystalline sample for first peak and second peak respectively.
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Fig. 5.20 Plot of 1/T vs In(I) for (a) first peak (b) second peak of polycrystalline undoped,
Mn doped and Cu doped pallet

By calculating activation energy frequency factors were calculated from the
equation PE/KT%, = s exp (-E/KT,). The values of activation energies and frequency

factors are shown in table 5.6.

Table 5.6 Activation energy and frequency factor of undoped, Cu doped and Mn doped

LTB pallet
E;(eV) Si(persec) |[E;(eV) S, ( per sec)
Undoped LTB | 0.72 +/- 0.01 3.3X10’ 0.95 +/- 0.01 4.6X10’
Mn doped LTB | 1.10 +/- 0.01 7.9X10" 1.26 +/-0.01 | 4.7X10"
Cudoped LTB | 0.98 +/-0.01 | 3Xx10" 1.16 +/- 0.01 | 2.8X10°
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5.4.4 TL glow curve of Mn doped LTB polycrystalline pallet at different heating rate
The TL curves for Mn doped LTB pallets at different heating rates are shown in

Fig. 5.21. It can be seen from these curves that the TL peaks shift towards a higher
temperature for higher heating rate.
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Fig. 5.21 TL glow curve of Mn doped LTB pallets at various heating rates

TL peak shifts towards higher temperature with increasing heating rate, as
electrons do not get sufficient time to come out from the trap center at faster rate and hence
peak intensity comes at higher temperature. It is also observed that the thermoluminescence
intensity decreases with the increase of heating rate because of thermal quenching effect.

Thermal quenching effect is competition between radiative transition (which is almost

temperature independent) and non radiative transition which increases with temperature
[26].

5.4.5 Dual Reading of Irradiated Undoped and Doped LTB Pallets

Generally, the TLD is read once to get the dose information stored in it. If the data is
lost due to some reason, then there is no option to retrieve the data. In the TL glow curves
observed for undoped and doped polycrystalline pallets, two well separated peaks are

present. The first peak is from 50°C to 210°C and the second peak is from 210 °C to 320°C.

The area under the first and second peaks was measured separately. The ratios of the area
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under the peaks follow a particular trend for each material. The ratio have been calculated
for each sample and approximately found as: 30:70 for undoped LTB, 41:59 for Mn:LTB,
and 33:67 for Cu: LTB. The idea of using the first peak to get the dose information
immediately after irradiation has not been reported previously. A scheme is proposed here
which uses the presence of these two peaks separated by sufficient temperature span to read
the TL dosimeter twice. In this scheme, by heating the sample up to 210°C, the full dose
information may be obtained immediately. Again, the same information can be obtained
second time from the TLD data if the sample is heated up to 320°C. The area under the two
peaks and under the whole glow curve has been calculated for each sample. The fractional
area under peak-I and peak-II for undoped, Mn doped and Cu doped pallets are shown in
Table 5.7.

Table 5.7 Fractional area under peak-1 and peak-II for undoped, Mn doped and Cu doped

LTB pallets
Sample Heating Area under | Area under | Fractional | Fractional
rate peak I peak 11 area under | area under
(°Cls) peak I peak 11
LTB 2 75085 170416 0.305 0.695
Mn: LTB 2 153480 219992 0.410 0.590
Cu: LTB 2 194654 404667 0.330 0.670

As a proof of concept, two Mn doped LTB pallets were irradiated with the same
dose. Fig. 5.22 shows the TL glow curves taken for dual reading of dosimeter. A TL curve
was obtained by heating the first sample from 50 — 320 °C. For the second sample, a TL
glow curve was taken in two steps. In the first step, the temperature was between 50 —
210 °C and in second step it was from 210 to 320 °C. In this case, the fractional area under
peak-1 is 0.41 and for peak-II, the value is 0.59. The same measurements were performed
for undoped and Cu doped pallets. The values were found matching when the samples were

read step wise.
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Fig. 5.22 Dual reading of dosimeter; TL curve in whole temperature range (a) , TL curve
for temperature range 50-210 °C (b), TL curve for second time reading of same sample
from 50-320 °C (c)

5.4.6. Fading Studies

To study fading, two pallets of each material were irradiated with same dose. TL
glow curves were taken at the same day irradiation using one pallet. Second number pallet
of each material were covered with black paper and kept inside a box to protect from light
induced fading. Second pallets of each material were read by TLD reader after 36 days of
irradiation. TL glow curve of undoped LTB, Mn:LTB and Cu:LTB pallets just after
irradiation and after 36 days of irradiation are shown in fig 5.23 (a), (b), (c) respectively.
The activation energy of the first peak is less than the second peak, hence the first peak
fades quickly even at room temperature. During fading the trapped electrons of first peak
which resides very close to the conduction band can jump to conduction band very easily
and remaining deep lying electron reside in the trap. After 36 days when the sample was
heated and glow curves were taken, the electron has to jump some extra barrier because
they are lying in deeper level; as a result the activation energy increases for first peak. It is
also observed that the fading of the second peak is significant in the case of undoped
sample, as the number of trapped electron is much less compared to the doped sample. For
undoped LTB, the first peak shift from 154°C to 174 °C; i.e. AT = 20 °C, for Mn: LTB
pallet the peak shift from 174.4 °C to 177.5°C ; i.e. AT =3 °C, for Cu: LTB pallet the peak
shift from 175 °C to 183 °C ; i.e. AT = 8°C. The temperature shift is maximum for undoped
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LTB and minimum for Mn: LTB. For the second peak no shifting was observed which

indicates that fading rate is negligible. After 36 days when the sample was heated and glow

curves were taken, the electron has to jump some extra barrier because they are lying in

deeper level; as a result the activation energy increases for first peak.
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Fig. 5.23 TL glow curves for (a) undoped LTB pallets (b) Mn doped LTB pallet (c) Copper
doped LTB pallet on same day and after 36 days of irradiation
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5.5 TL studies of X-ray irradiated undoped and doped LTB single crystals

5.5.1 Sample preparation

Stoichiometric composition of Li;CO; and B,O3; were used to prepare Li,B4O;
powder. Two chemicals were grinded for 1h in agate mortar. The mixture was then milled
for 1h at the rate of 300 rpm in a high energy ball mill. Ball milling also helps in reducing
the particle sizes as well. Homogeneously mixed powder was filled in a platinum crucible
and was kept in the furnace and heated up to 400 °C at the heating rate of 100 °C per hour
and kept for 3h. This powder was removed from the crucible and again mixed in an agate
mortar for 1h. This mixture was kept in a platinum crucible again and annealed at 750 °C
for 10h. In this process the single phase LTB polycrystalline powder was obtained. With a
similar method, 0.2 mole% Mn doped and 0.2 mole% Cu doped LTB powders were also
synthesized. The synthesized powder was then melted in box furnace at 920°C. The
temperature of the melt is then raised to 980°C and kept for two hours for homogenization
of the melt. To grow single crystal Cz technique was used. The prepared charge is melted at
920°C in a platinum crucible in a cylindrical furnace and a seed crystal is dipped into the
melt to grow crystal. Grown crystals were cut into small pieces and polished for

thermoluminescence studies.

5.5.2 Sample irradiation

These undoped, Mn doped and Cu doped LTB single crystals were irradiated with
X-rays at beam line (BL- 07) on the Indian synchrotron radiation source, Indus-2. The
X-ray spectral energy band of 3-10 keV was used for irradiation in the present studies. The
samples were scanned in the path of the X-ray beam for a given time. Different doses were
given to the sample by varying the number of pass keeping scanning speed constant at
almost same beam current. In our case beam current was 66.2 mA, integrated flux was

around 3.46 X10"? photons per sec and scanning speed was 6 mm/s.
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5.5.3 Studies of TL glow curve of irradiated sample
Irradiated undoped and doped single crystals were read through TLD reader. Glow

curves are shown in fig. 5.24(a), (b), (c) for undoped, Mn doped and Cu doped single

crystal respectively.
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Fig. 5.24 TL glow curve of X-ray irradiated (a) Undoped, (b) Mn doped and (c) Cu doped
LTB single crystal

In case of undoped LTB single crystal only one peak comes but second peak is
absent. For undoped single crystal sample thermoluminscence comes due to intrinsic

defects inside the crystal (oxygen or lithium vacancies). During growth of single crystal
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material tries to reject the impurity so single crystal material is more pure than the poly
crystalline pallet. So we can say that the first peak comes due to intrinsic defect (oxygen or
lithium vacancies) and second peak is coming due to dopant. From the TL glow curve it is
observed that the TL intensity is highest for Cu doped LTB single crystal. TL counts per
pass per mg per mA were calculated and it has been observed that TL count is highest for
copper doped LTB single crystal. Calculated count values are 12.5,138, 2215 respectively
for undoped, Mn doped and Cu doped LTB single crystal.

A. Determination of order of Kinetics

Symmetry factors of the glow curve of different samples were calculated from the
formula p = d/w, where & = T, — Ty, (upper temperature half width) and © = T, — T; (peak
width at half maxima). Ty, T, and T,, were taken from each peak of glow curve of different
samples and symmetry factors were determined. Values are tabulated in table 5.8 and table
5.9.
Table 5.8 Calculated symmetry factor for Mn doped LTB single crystal from glow curve

Mn: LTB 1st peak 2nd peak

T; (in °C) 135 +/- 0.1 254.8 +/- 0.1
T, (in °C) 183 +/- 0.1 298.3 +/- 0.1
Tm(in °C) 163.5 +/- 0.1 279.7 +/- 0.1
=Ty -T1 (in °C) 28.5 +/- 0.2 24.9 +/- 0.2
0= T»-Ty, (in °C) 19.5 +/- 0.2 18.6 +/- 0.2
o=T,-T; (in °C) 48 +/- 0.2 43.5 +/- 0.2
u=06/® 0.406+/-0.005 0.427 +/-0.005
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Table 5.9 Calculated symmetry factor for Cu doped LTB single crystal from glow curve

Cu: LTB 1st peak 2nd peak
T; (in °C) 94.9 +/- 0.1 185.2 +/- 0.1
T, (in °C) 129.1 +/- 0.1 235.5+/- 0.1
Tw (in °C) 112.5 +/- 0.1 208.6 +/- 0.1
=Ty -T1 (in °C) 17.6 +/- 0.2 23.4 +/- 0.2
0=T>-Tm (in °C) 16.6 +/- 0.2 26.9 +/- 0.2
o="T,-T (in °C) 34.2 +/- 0.2 50.3 +/- 0.2
p=o6/® 0.485+/-0.008 0.535+/-0.006

Here Mn: LTB single crystal following first order kinetics and Cu:LTB following
second order kinetics. Therefore we can say that the retraping is there in case of Cu doped

LTB single crystal, which confirms the presence of multiple trap centers.

B. Determination of activation energy and frequency factor

Activation energies were calculated from initial rise method. In graph, In(I) Vs 1/T
were plotted for different samples. Fig 5.25 shows the plot of In (I) Vs 1/T for peak I of
undoped LTB single crystal. Fig 5.26(a) and 5.26(b) shows plot of In (I) Vs 1/T for peak I
and peak II of Mn doped LTB single crystal. Fig. 3.27(a) and 3.27(b) shows plot of In(I) Vs
1/T for peak I and peak II of Cu doped LTB single crystal. Calculated activation energy and

frequency factor are given in table 5.10. It has been observed that activation energy is

highest for Mn doped LTB single crystal and lowest for undoped LTB single crystal.
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Fig. 5.27 Plot of In(I )Vs 1/T for Cu doped LTB single crystal for (a) peak I and (b) peak II
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Table 5.10 Activation energy and frequency factor of undoped, Mn doped and Cu doped

single crystal

Ei(eV) S1 (per sec) E, (eV) S» (per sec)
Undoped LTB | 0.72 +/-0.01 (R D S U [P
Mn doped LTB | 1.0 eV +/-0.01 | 4.4 X10" 1.28 +/-0.01 4.6X10"
Cu doped LTB | 0.92 eV +/-0.01 [ 1.6 X10" 1.16 +/-0.01 1.6 X10"

5.6 Comparison of TL intensity of undoped LTB, Mn doped LTB and Cu doped LTB
single crystal, poly crystal and glass samples

TL characteristics of X-ray irradiated undoped, Mn doped and Cu doped LTB

samples were studied and compared in different form (single crystal, poly crystal and glass).

It has been observed that Cu doped LTB single crystal is giving highest TL count. TL

counts of doped and undoped LTB glass, polycrystalline pallet and single crystals per pass

per mg per mA are given in table 5.11.

Table 5.11 TL counts of doped and undoped LTB glass, polycrystalline pallet and single
crystals per pass per mg per mA

Sample TL counts per pass
per mg per mA

Undoped LTB glass 7

Mn LTB glass 15

Cu LTB glass 31

Undoped LTB polycrystal 12.5

Mn LTB polycrystal 38

Cu LTB polycrystal 50

Undoped LTB single crystal 12.5

Mn doped LTB single crystal 138

Cu LTB single crystal 2215
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Synthesis and Characterization of Lithium Niobate and Lithium
Tetraborate Nanoparticles

6.1 Introduction

In last decade, researcher has focused on the synthesis of nanomaterials due to their
important properties, which comes from the dimensional confinement. Nano material has
great potential for device applications. It is reported that pyroelectric coefficient of
ferroelectric increases with decrease in particle size. By using pyroelectric properties, waste
heat can be converted into electrical signal to power tiny devices [1]. Pyroelectric nano
generators are extremely useful for powering specific task in the biological application.
Lithium niobate nano composite can also be used for piezoelectric power generation. It is
possible to transfer the beneficial properties of small NLO crystal to hybrid material by
embedding them in easily processable polymers [2]. It is also possible to increase both non
linear optical and photo refractive properties using a nanocomposite material. Lithium
niobate nanocrystal can be incorporated in to glass or polymer to achieve large interaction
length for frequency conversion. Photorefractive properties can be enhanced by embedding
the nano crystal into a host material with large effective electro optic coefficient. Many
researchers reported that the photo-conductivity of poly N vinyle carbazole doped with
lithium niobate nanoparticles increases remarkably with the nanoparticles content. The
reason for this enhancement is an increase in the effective photo hole lifetime due to trapping
of electrons on the nanoparticles and creation of recombination barrier at the polymer
nanoparticle interface [3]. Nanocrystalline particles embedded into a suitable host matrix
leads to modify optical or mechanical properties [4, 5]. It has been reported that the oxide
nanoparticles are promising for photonics applications [6, 7]. LN nanoparticles are also
useful in biological application. Lithium niobate nanoparticles doped with iron can be used
for killing cancer cell by using photo induced voltage due to photovoltaic effect [8]. Lithium
niobate nanocrystals have ability to label cancer cells and other functional cell lines due to
their unique double-frequency property and it is recently reported that LN nanocrystals can

be used as SHG labels for imaging stem cells [9]. It has been proved that LN nanocrystals can
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be used as a cytocompatible, near-infrared (NIR) light driven cell label for long-term imaging.
This will enhance the use of LN nanocrystals in different biological application like
deep-tissue tracking, remote drug delivery and stem cell therapy. On the other hand, lithium
tetraborate is a very good tissue equivalent TLD material. In recent years, intensive research
focuses on the synthesis of nano-sized phosphors due to better radiation resistance, wide
range linearity [10], less fading and detection of high energy ionizing radiations [11] which
cannot be obtained with conventional macroscopic materials. In view of the importance of
these two materials in nano form it was thought to synthesis lithium niobate and lithium

tetraborate nanoparticles and characterize.

6.2 Synthesis and characterization of lithium niobate nanoparticles
6.2.1 Synthesis of lithium niobate nanoparticles by high energy ball milling
Lithium niobate is generally synthesized from lithium carbonate and niobium penta-
oxide. To synthesize lithium niobate, stoichiometric amount of both chemicals were taken
as per chemical reaction given below.
Li;COj3 + Nb,Os = 2 LiNbO3 + CO;

According to chemical reaction required amount of Li,COs; and Nb,Os were
mixed properly in an agate mortar for an hour. After proper mixing, the mixture was placed
in platinum crucible inside a resistive heating furnace and calcined for 24 hours at 950 °C.
Then the chemical was taken out from the furnace and it was mixed again and placed inside
the furnace again at same temperature for same time duration. This is done for the purpose
of uniformity in reaction. In this process we obtain lithium niobate and carbon dioxide is
released to the atmosphere. The material, prepared by solid state reaction is divided into
two parts to put it into containers. These containers are then kept inside the high energy ball
milling machine (Fritsch make pulverisette 7). Photograph of machine is shown in figure
6.1. For wet grinding, ethyl alcohol is used as a grinding medium and oleic acid is used to
prevent agglomeration of nanoparticles. We have taken different ball to powder mass ratio
to prepare nanoparticles. For 20 gm of lithium niobate powder, different amount of zirconia
balls were taken to vary the ball to powder mass ratio. 12 ml alcohol along with 2 ml oleic

acid was put in each container. Oleic acid is added to prevent agglomeration.
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Fig. 6.1 Photograph of high energy ball milling machine

Milling was done for different time with same rpm. Several run were performed to
get nano size particles. As the speed of machine is very high during rotation, temperature of
the bowl may increase very much. To avoid this, pause time is required in between two
rotation cycle. Pause time was set as 5 min for every cycle. Speed (rpm) of machine and
total time of milling for different run are given in the table 6.1.

Table 6.1 Milling parameters for preparation of lithium niobate nanoparticles

S.No. | Speed Total time | BPMR | Pause Milling media
(inrpm) | (hr) time

1. 500 4 I:1 S min Ethanol and oleic acid
2. 500 8 2:1 5 min Ethanol and oleic acid
3. 700 4 2:1 S min Ethanol and oleic acid
4. 700 8 2:1 5 min Ethanol and oleic acid
5. 700 12 2:1 S min Ethanol and oleic acid
6. 700 20 2:1 S min Ethanol and oleic acid

6.2.3 Characterizations of lithium niobate nanoparticles

A. X-ray diffraction study
The crystalline phase of the ball milled lithium niobate powder was determined by

powder X-ray diffraction (XRD). X-ray diffraction of ball milled powder is shown in figure
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6.2. It has been observed that the peak is broadening as we increase the milling time. The
average crystallite size was calculated from (012) diffraction peak using Scherrer’s
equation:D = 0.9A / (B cos 0), where D is average crystallite size in mm, A is the wavelength
of X-ray source (0.15418 nm), B (in radian) is full width at half maximum of the peak. Here
B is measured after subtracting the instrumental broadening. The calculated average
crystallite size were approximately 30 nm, 25 nm, 22 and 21 nm for the samples milled at
700 rpm, for 4 h, 8 h, 12 h and 20 h respectively. It has been observed that crystallite size
going to saturate as we increase the milling time. This is because the grain size reduction is
controlled by minimum distance between dislocations, Dc. When grain size is in the Dc
range, dislocation become unstable and it come out from the grains. This phenomenon

inhibits any further grain size reduction.
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Fig. 6.2 XRD pattern of high energy ball milling at different milling time
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B. Dynamic light scattering study
The synthesized LN nanoparticles were examined in Zetasizer nanoseries to study

particle size distribution by dynamic light scattering technique. LN nanoparticles were
suspended in water and ultrasonication was done for uniform dispersion. The representative
particle size distribution for the LN samples ball milled at 700 rpm for 8 h is shown in figure
6.3. Particle size of lithium niobate powder ball milled at 700 rpm and 8 h is around 57 nm.

Distribution shows that size of 95% particles lies in this range.
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Fig. 6.3 DLS study of lithium niobate nanoparticles
C. Scanning electron microscopy study
Scanning electron microscopy (SEM) was used to study the morphology and

textural properties of the ball milled powders. SEM micrograph taken for LiNbOj;

nanoparticles ball milled at 700 rpm for 8 hour is shown in figure 6.4.
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Fig. 6.4 SEM images of LiNbO; nanocrystals ball milled at 700 rpm for 8h

This SEM image shows highly agglomerated particles having some voids. Image
also shows that the particles are irregular in shape, with a variation in morphology and the

sizes.

D. Transmission electron microscopy study

Figure 6.5 (a, b) shows the TEM micrographs taken for the samples of LiNbOj;
nanoparticles ball milled at 700 rpm for 8 h in normal image and high-resolution mode. The
corresponding selected area diffraction (SAED) patterns are inserted into the micrograph.
The TEM micrograph showed in figure 6.5 (a) reveals the formation of nanoparticles with

varying sizes.

Fig. 6.5 TEM images of LiNbO; nanocrystals ball milled at 700 rpm for 8 h in (a) normal
image and (b) high resolution mode. The corresponding SAED patterns are inserted into the
micrographs
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The particle sizes are mostly in ~30-60 nm range, and very few are above 100 nm.
These sizes of the particles are sufficient to diffract and produce SAED pattern. The
sharpness of the spots suggests formation of pure LN phase, there is no secondary phase in
the sample. The high-resolution electron micrograph (HRTEM) for the same sample is
shown in figure 6.5 (b). The clear lattice fringes in the HRTEM micrograph shows that the
highly ordered and defect free single phase particles are formed. The lattice fringes further
suggests that there are negligible crystalline defects at micro-structure level. This is further
supported by the SAED pattern inserted into the HRTEM micrograph in figure 6.5 (b). The
above TEM results in diffraction and high-resolution image mode suggest the successful

preparation of LN nanoparticles with the particle sizes ranging ~30-60 nm.

E. UV-VIS transmission spectra study

To measure transmission spectra LN nanoparticles milled for 8hr at 700 rpm were
suspended in de-ionized water and ultra sonication was done for uniform dispersion. Both
transmission spectra of lithium niobate nanoparticles and bulk are shown in figure 6.6 (a) and
6.6 (b).

100
80+
80+
i ® 60-
g 60 8
= £ 40-
'E 401 LN nanoparticles £ LN bulk
] )
g 20 & 20
- (=
0 L) L) L) 0 L) Ll
200 400 600 800 200 400 600 800
Wavelength in nm Wavelength in nm
(a) (b)

Fig. 6.6 Transmission spectra of (a) LN nanoparticles (b) bulk crystal
It was observed that the UV cutoff of the nanoparticles of LiNbO; was shifted

towards the lower wavelength (blue-shift) with compare to bulk. This implies that the band

gap increases for nano size lithium niobate, which is due to quantum confinement.
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F. Second harmonic generation study of lithium niobate nanoparticles dispersed in
glass

Lithium niobate nanoparticles were dispersed in lithium tetraborate glass for SHG
study. LTB glass with different nano particle concentration was prepared. Glass was
prepared by melt quenching technique. The photograph of nanoparticles dispersed glass

with different concentration (0.1wt%and 0.2 wt %) are shown in figure 6.7.

Fig. 6.7 LN nanoparticles dispersed LTB glass

Transmission spectra of nanoparticle dispersed LTB glass are shown in figure 6.8. It
has been observed that transmittance decreases as we increase the LN nanoparticles

concentration.
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Fig. 6.8 Transmission spectra of lithium niobate nano particle dispersed in LTB glass
Second harmonic generation (SHG) studies were carried out for the lithium niobate

nano particles dispersed in glass. For this purpose, a Nd: YAG laser of 7 ns pulse width was

used. The laser has facility to vary pules energy 50-100 mJ. Ray diagram of SHG setup is
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shown in figure 6.9. The generated SHG signal was isolated from fundamental beam at
1064 nm using a KG 5 filter and subsequently passed through a monochromator set at 532
nm. The second harmonic signal was amplified using a PMT with high voltage power
supply and the signal was recorded at an oscilloscope. Significant SHG signal was observed.

Photograph of SHG setup and measured SHG signal is shown in figure 6.10(a) and 6.10(b)

respectively.
Beam splitter Monochromator
Sample
PMT
Laser
KG5
Beam reducer filter

Oscilloscope

Energy meter

Fig. 6.9 Block diagram of SHG setup
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(b)
Fig. 6.10 Photograph of (a) SHG setup (b) Measured SHG signal

The results show that the there is a small peak corresponding to the SHG generated
from the LN nanoparticles. However, the signal obtained is very weak. It might be due to
random orientation of LN nanoparticles. To enhance SHG signal oriented nanoparticles and

further optimization is required.
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6.3 Synthesis and characterization of lithium tetraborate (LTB) nanoparticles by high
energy ball milling
6.3.1 Synthesis of lithium tetraborate nanoparticles

Stoichiometric composition of Li;CO; and B,O3; were used to prepare Li,B4O7;
powder. Two chemicals were mixed for 1h in agate mortar. 0.2 Mole % CuO was added to
the mixture to get Cu doped lithium tetraborate. The mixture was then milled for 1h at the
rate of 300 rpm in a high energy ball mill. Homogeneously mixed powder was filled in a
platinum crucible and was kept in the furnace and heated up to 400 °C at the heating rate of
100 °C per hour and kept for 3h. This powder was removed from the crucible and again
mixed in an agate mortar for 1h. This mixture was kept in a platinum crucible again and
annealed at 750 °C for 10h. In this process the single phase LTB polycrystalline powder
was obtained. The material, prepared by solid state reaction was weighed and divided into 2
parts to put it into ball mill containers. For wet grinding, ethyl alcohol is used as a grinding
medium. Milling was done for different milling time with milling speed 500 r.p.m. As the
speed of machine is very high during rotation, temperature of the bowl may increase
abruptly. To avoid this, pause time is required in between two rotation cycles. Pause time
was set as 5 min for every cycle. Ball to powder mass ratio (BPMR) is also an important
factor to reduce the particle size. In our experiment BPMR was kept 2:1. Milling is done for
different time duration 5h, 10h and 15h. After milling, the powder was taken out for

characterizations.

6.3.2 Characterizations of Cu:LTB nanoparticles prepared by high energy ball milling

A. X-ray diffraction study

X-ray diffraction was used to identify the crystalline phases and to estimate the
crystallite size. The synthesized nanoparticles were examined by powder X-ray diffraction
using Cu Ka; radiation (A = 1.5418716A, Rigaku Geiger Flex X-ray diffractometer). The
XRD patterns were obtained with 26 in the range of 20to 70 degree by step scanning, using
20 increment of 0.010. All peaks of X-ray diffraction are matching with known data (JCPDS).
XRD pattern of 5h, 10h and 15 h milled LTB powder is shown in figure 6.11. It has been

observed that as we increase the milling time XRD peaks become broader. From the powder
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XRD pattern effective crystallite size was calculated using full width half maxima (FWHM)
approach on the line broadening of XRD peaks. The apparent crystallite size D was
calculated from the relation D=A/B Cos 0y , where A is the wavelength used and B is the

broadening. Calculated size was approximately 40 nm.
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Fig. 6.11 XRD pattern of ball milled Cu: LTB powder
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B. Transmission electron microscopy study

The powder samples were dispersed in ethanol for TEM study. TEM micro graph of
LTB nanoparticles are shown in figure 6.12. The TEM study is useful tool to know about the
local structure and the particle size of the nanomaterials. It can be seen through the picture
that particle size is varying from 200 nm to 1 pm. It has been observed that particle size
calculated from TEM analysis is much bigger than the crystallite size. This is because in a

single particle many crystalline particles are present. All crystallite are not separate.

Fig. 6.12 TEM micrograph of LTB nanoparticles

C. Dynamic light scattering study

The synthesized lithium tetraborate nanoparticles were examined by Zetasizer nano
series to study particle size distribution. Lithium tetraborate nanoparticles were suspended in
acetone and ultrasonication was done for uniform dispersion. In dynamic light scattering
method dynamic fluctuations of light scattering intensity is measured. Due to Brownian
motion of the particle dispersed in a liquid medium fluctuation in concentration of particle
occur within the medium. This causes local inhomogeneities of the refractive index and as a
consequence fluctuation of intensity of the scattered light occurs. The representative particle
size distribution for the lithium tetraborate sample ball milled for 15 hrs at 500 rpm is shown

in figure 6.13.
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Fig. 6.13 Size distribution of lithium niobate nanoparticle

Particle size of lithium tetraborate powder is around 454 nm. Distribution shows that size

of 99% particles lies in this range.

D. Thermoluminescence study

Thermoluminescence study of LTB nanoparticle prepared by high energy ball
milling was done. Pallets were prepared from LTB nanoparticles and were irradiated
through ionizing radiation. TL glow curve of irradiated pallet made from LTB nanoparticles
were taken through TL reader analyzer and compared with that of polycrystalline sample.
TL glow curve of Cu doped LTB pallet made from polycrystal and nanoparticles are shown
in figure 6.14 (a) and 6.14(b) respectively. It has been observed that TL intensity decreases
almost 7-8 times in case nanocrystalline sample with respect to polycrystalline sample
irradiated with same dose. Decrease of TL intensity in nanocrystalline sample is due to
increase of surface to volume ratio. In case of nanoparticle energy storage capacity is less as

number of unit cell in a grain is very less. Again in nanocrystals surface barrier energy is
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very high, hence low dose of ionizing radiation is unable to produce significant defect state
to produce TL [12]. It is also reported by some researcher that in nano structured material
energy levels bands are altered or reorganized due particle size effect and some time due to

absence of crystal field effect [13, 14].
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Fig. 6.14 TL glow curve of Cu: LTB (a) polycrystalline pallet and (b) pallet of
nanoparticles

6.4 Synthesis and characterizations of lithium tetraborate nanoparticles by melt
quenching technique
6.4.1 Synthesis of lithium tetraborate nanoparticles by melt quenching technique
Lithium tetraborate (Li,B40O7) is congruently melting with a melting point at 917 °C.
The synthesis of Mn doped and Cu doped Li,B4O; glass was carried out from in platinum
crucibles in air. Initially solid state synthesis was done. Then temperature of solid state
reacted powder was raised to melting point. After melting compound was overheated to
1000 °C to remove traces of water and carbon dioxide, which were present in the melt.
The platinum crucible containing the mixture covered with a lid was placed in a furnace.
Homogenized melt was then poured into preheated stainless steel plate and pressed it by
another steel plate. The flat glass plates of dimensions 20-25 mm, and 1-2 mm thicknesses
were obtained. Glass samples are shown in figure 6.15. Quenched glass samples were
polished properly by alumina powder. The glass samples were annealed at various

temperatures 450°C, 470°C, 490°C, 570°C for 4-5 hr to get nanocrystalline sample.
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Fig. 6.15 Photograph of quenched LTB glass

6.4.2 Characterization of lithium tetraborate nanoparticles by melt quenching
technique
A. X-ray diffraction study

The evolution of the crystalline structure of the LTB glass samples during the
annealing process was recorded using powder X-ray diffraction (XRD). 18 kW RIGAKU
X-ray generator with Cu K, wavelength 1.5418A was used for X-ray diffraction
experiment. The diffraction patterns were taken for 20 scan from 20 degree to 70 degree
with a step of 0.02 degree. Figure 6.16 shows the XRD patterns taken for LTB glass
samples annealed at various temperatures. It is clear from the XRD patterns that the as
quenched sample and the sample annealed at up to 470°C are amorphous. After this
temperature it has started showing the faint peaks for crystalline phase. This clearly
indicates that after certain temperature randomly oriented atoms starts arranging in periodic
order. XRD patterns taken at higher temperatures show the crystalline structure with single
phase. However the grain size started increasing with higher annealing temperature as was
expected. The well-resolved peaks are matching with JCPDS data for Li;B4O;. From
powder X-ray diffraction pattern the effective crystallite size was calculated using full
width half maxima (FWHM) approach on line broadening of XRD peaks. In a single line
analysis the apparent crystallite size D was calculated from the relation D=A cos0g.
During measurement broadening due to instrument has been deducted. Crystallite size was

found in the range of 20-30 nm.
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Fig. 6.16 XRD pattern of LTB glass annealed at different temperature

B. Scanning electron microscopy study

Scanning electron microscopy (SEM) was done on the glass samples to monitor the
glassy surface and the crystallite sizes of the samples. Figure 6.17 shows the SEM
micrographs taken from LTB glass samples annealed at 450°C and 570°C respectively.
Figure 6.17 (a), the micrographs taken from the crushed sample annealed at 450°C shows

the larger size lump with grains which are indicative of glassy phase. The crystallite sizes in

figure 6.17 (b) observed were varying few tens of nm dispersed in glass matrix.
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Fig. 6.17 SEM micrograph for LTB sample annealed at (a) 450 °C and (b) 570 °C
C. Transmission electron microscopy study
High-resolution transmission electron microscopy (HRTEM) is a good tool to know
the local structure, structural transformation and microstructural morphology of the
polycrystalline material. HRTEM studies were conducted to investigate the microstructure

and the crystalline size of the sample.

(a) (b)

Fig. 6.18 HRTEM bright field micrograph for the glass sample annealed at (a) 490 °C and
(b) 570 °C

Figure 6.18 (a) and 6.18 (b) shows the representative HRTEM bright field
micrograph for the glass samples annealed at 490°C and 570°C respectively. The
micrograph shown in figure 6.18(a) is a clear indication of the transformation of the glass
phase into polycrystalline phase. Inset in figure 6.18 (a) shows the corresponding selected
area diffraction (SAD) pattern. The faint diffuse scattering along with the main diffraction

spots in SAD pattern indicates that the crystallite sizes are of few nanometers. On the other
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hand the samples annealed at higher temperatures increases in crystallite size have clear
diffraction spots (Fig. 6.18(b)). The nanoparticles are clearly seen in the micrograph. The
crystalline sizes were measured about 20-30 nm. The clear spots in SAD pattern along with
the diffuse rings are clear indication of nano-size crystalline particles with single phase.
Figure 6.18(a) indicates the transformation of the glass phase into poly crystalline phase.
The faint diffuse scattering along with the main diffraction spot in SAD pattern indicates
that crystallite sizes are of few nm and fig 6.18 (b) shows increased crystallite size with

clear diffraction spot.
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Conclusions

Growth of good optical quality lithium niobate and lithium tetraborate crystal is very
difficult. Major difficulties occur during growth of single crystals are crack formation,
inclusions, etc. Crystals generally cracks during post growth cooling due to anisotropy in
thermal expansion coefficient. Therefore optimizations of growth parameters are required.
Various growth parameters such as pulling rate, rotation rate, axial temperature gradient
above and below melt level, post growth cooling rate, crucible to crystal diameter ratio
were optimized to grow good quality doped and undoped lithium niobate and lithium
tetraborate crystal by Cz technique. Crack free, transparent and big size crystals were
obtained. Grown crystals were characterized by XRD, HRXRD for phase identification and
crystalline quality respectively. Optical quality of the grown crystal was checked by
transmission spectra, birefringence interferometry and conoscopy pattern. Etching study of
the grown crystal was performed to check the dislocation density. For the application point
of view two special characterizations were performed on grown crystal. One is photo
refractive study and other is thermoluminescence study.

As lithium niobate is a potential holographic material, photorefractive studies have
been performed and various photorefractive parameters such as diffraction efficiency,
recording time, erasing time, etc. were calculated. Proton exchange experiment was done
on as grown doped lithium niobate sample. Photorefractive properties were studied on
proton exchanged doped lithium niobate crystals. It has been observed that diffraction
efficiency has been increased significantly in proton exchanged sample. Due to proton
exchange, electro optic coefficient r3; of the crystal increases and as a result strong
refractive index grating forms. This produces higher diffraction efficiency. Therefore proton
exchange technique is useful for enhancing the photorefractive properties of the crystal.

Similarly as lithium tetraborate is a very efficient TLD material, thermoluminscence
studies have been performed on undoped and doped lithium tetraborate crystal.
Thermoluminscence glow curve were taken for irradiated samples. Different kinetic

parameters such as order of kinetics, activation energy and frequency factors were
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calculated for doped and undoped lithium tetraborate (LTB) crystal. It has been observed
from our study that the TL intensity of LTB single crystal is mass sensitive. Small variation
of mass (0.1mg) gives very large changes in TL intensity. Therefore care has to be taken to
measure the mass of TLD material for accurate measurement of absorbed dose. Total TL
intensity per unit mass for same dose of undoped, Mn doped and Cu doped LTB samples
were calculated. It has been observed that Cu doped LTB crystal produces highest TL
intensity. Fading studies were also performed and 5 % fading was observed in single crystal
sample. To compare thermoluminescence properties of single crystal with polycrystalline
and glass form, TL studies was also performed on polycrystalline and glass sample. It has
been observed that single crystal sample gives highest and glass sample gives lowest TL
intensity.

In doped lithium tetraborate polycrystalline sample two well separated peaks were
observed. We have proposed a new scheme for dual reading. As first peak fades very
quickly, so this peak can be used for immediate dose measurement by heating the sample
up to 210 °C without disturbing the second peak. After every irradiation, the dose may be
measured separately by reading only first peak. The cumulative dose can be measured after
a long time, say one or two months, by taking the TL glow curve in the temperature range
of 50 to 320 °C. In this case only second peak will be observed in glow curve. It is hoped
that this new method of multiple readout will revolutionize the use of TL detector for
personnel dosimetry.

As it is known that the growth of single crystals is a costly and demanding exercise we
have synthesized nanoparticle of lithium niobate and lithium tetraborate. Nanoparticles of
these two materials were prepared by high energy ball milling and characterize for phase
and particle size. Lithium niobate nanoparticles were dispersed in glass matrix and the SHG
properties of the composite were investigated. Very weak SHG signal was observed. It
might be due to random orientation of nanoparticles. To enhance SHG signal oriented
nanoparticles and further optimization is required. Lithium tetraborate nanoparticles were
used for making pallet for thermoluminescence study. It has been observed that the TL
intensity decreases almost 7-8 times in case of nanocrystalline sample in compare to
polycrystalline sample. This decrease in TL intensity is due to less energy storage capacity

of nanoparticles. These nanoparticles can be used for high dose measurement.
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Future scope

Proton exchanged Fe doped and Fe: Mn doped LN can be used for holography
memory with higher diffraction efficiency. Cu doped lithium tetraborate single crystal can
be used for TLD dosimeter for better performance. Precise measurement of mass of TLD
crystal can allow people to measure dose more accurately. By utilizing dual reading scheme
one can read first peak of glow curve of TLD immediately just after the irradiation and can
get the dose information. Second peak can be used for cumulative dose information in

future.
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