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Chapter 1 Introduction [

1.1 Introduction of Tungstate — A General Background

It is known that tungstate is a very important family of inorganic materials that has
wide applications in many fields, such as Photoluminescence, Microwave
applications, Optical fibres, Scintillator materials, Humidity sensors, Catalysis, etc.
As a self-activating phosphor, tungstate has some advantages, e.g. high chemical
stability, high X-ray absorption coefficient, high Light Yield, and low afterglow to
luminescence. Tungstate crystals can be divided in two groups: Scheelite (CaWQy,
BaWQO, and PbWQ,) and Wolframite (MgWOQO4, ZnWQO4 and CdWOQO4). BaWO4 shows
very weak luminescence at liquid helium temperature which vanishes at room
temperature. MgWOj is used at photoluminophor already for a long time [1]. ZnWO,
and CdWO, are perspective materials in the field of computer tomography [2].
CaWOQ, is an effective luminophor which is used for more than hundred years in
medical purpose and in luminescence lamp but it has slow luminescence decay (about
100ps) restrict its use in optical devices based on low time resolution.

Hence out of all tungstates, PbWQ, become a subject of renewed interest
about 15 years ago when its favorable characteristics as scintillation detector was
reported. Though PbWOQO, has low light yield (100 time smaller than CaWQy), it has
very short decay time (ns) makes it strongest candidate for scintillation detector. High
density of PbWO;, also favors its use in high energy physics and medical application.
There are hundreds of papers alrecady published on PbWOy large single crystals but
very few papers arc reported on PbWO, with nanometer range, particularly on Cerium
doped PbWOQO, nanophosphor. Large single crystals of PbWOQOy, are produced cither via
Czochralski or Bridgman method which require highly expensive and specially
designed equipments. These methods produce PbO and WQO; harmful gases during

crystal growth due to higher synthesis temperature (i.e.1125°C). Moreover, PbWO,
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crystals obtained from these methods presents several problems, such as:
inhomogeneity, impurity contamination and powders with different sizes and non-
uniform distribution. Products obtained by these methods are in bulk size which
cannot be used for devices based on nano dimensions. These limitations lower the
applicability of these methods for large scale production of PbWO, crystals.

| Since PbWO, Pﬁosphor has structure sensitivity and its luminescence
properties remarkably affected by stfucture defects present in the crysfal. We can
improve its scintillating properties through changing and controlling its structure
defects, such as appropriaté doping and controlling synthesis temperature. Doping
with rare earth ions adjust the defects in the Pure PbWO;, and eliminate some harmful
defects. Earlier studies found that some related experimental parameters including the
concentration of the anionic surfactgnt, the water content, and reaction temperature
héve great influences on the product morphology. By carefully controlling these
experimental parameters, PbWOQ, nanostructures with morphologies of bundles of
rods, ellipsoids, spheres, bipyramids, and nanoparticles can be efficiently achieved.
Cerium has been tried as a beneficial rare earth doping impﬂrity recently. Cerium
oxide (CeO2), one of the most important rare-earth oxides, has earned intensive
interest in the past decades for its vital roles played in some emerging fields including
environmental and energy related applications. Recent development in
nanotechnology requires PbWO, material having different morphologies and
dimensions suitable for nano-devices. So it is important to study effect of different
x;eaction parameters (Precursor, pH, Concentration, Time and Temperature) on
morpholdgy of the fmal p-roduct. Interesting applications of bulic sized PbWO, and
less reported properties of undoped and Cerium doped PbWO, with nano dimensions

motivate us to perform research work presented in this thesis.
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To étudy the effect of different reactants, temperature and pfrI of reaction media on the

structural and Optical properties of PbWO4 and Cerium doped PbWO4 phosphbr.

OBJECTIVES AND SCOPE OF THE WORK

In order to achieve this aim, following objectives have been set.

>

To design and develop Teflon Lined Stainless Steel Autoclave which is efficiently
able to synthesis PbWOy phosphor.
To synthesis undoped and Cerium dopéd PbWO, phosphor with different Lead
Sources, at reaction Temperature and pH of solution with Autoclave by Low
temperature Hydrot.hermal Method.
Characterization of as prepared samples with X-ray Diffraction (XRD),

Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM)

- for structural studies.

Characterization of as prepared samples with Photoluminescence (PL) for optical

studies.
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1.2 Lead Tungstate - PbWO,

Lead Tungstate PbWO, (PWO) occurs in the nature as tetragonal stolzite with
- scheelite type structure (space group I4;a) and monoclinic raspite with wolframite
type struc_ture (space group P2, /a). Raspite phase transforms irreversibly to the stolzite
oné at about 400°C [3]. The first informé,tion on the emission properties of PWO is
dated as early as the late 1940s [4]. Compared to other well-known scintillators such
as BaF,, CeF; and Csl, PbWO, phosphor is most attractive for its high-energy physics
application because of its high density (8.3 g cm™), short decay time (less than 10 ns
fof a large light output), high irradiation damage resistance (107 rad for undl;ped and
10 rad for La doped PbWOy), small moliere radius, fast decay time, non-
hygroscopicity and low production cost [5-7]. PbWO, shows interesting excitonic
.luminescence, Thermoluminesce and stimulated Raman Scattering behavior [8, 9]
Lead tungstate crystals are fast and dense scintillators found an application for high
energy electromagnetic calorimeter of Compact Muon Solenoid (CMS) detector at

Large-Hedron Collider (LHC) at Center of Europe for Reésearch Nuclear (CERN).
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1.3 History of Synthesis

Generally PbWO, are grown from expensive methods, such as: high temperature
solid-state reaction [10-12], flux method for whisker growth [13], from the melt using
the Czochralski method [14-17], ‘Bridgmanv method [18] and from the high
. temperature strain (HTS) [19]. Tungstate thin films have been prepared by reacting
various metal oxide thin film with WO; vapor [20]. Most of these methods require
high temperature heating. At high temperature there is a tendency for the WO; group
to evaporate, resulting inhomogeneous composition of tungstates.

These methods require highly expensive and specially designed equipments
for crystal growth. Evaporation of harmful gases such as PbO and WOs during crystal
growth due to higher synthesis temperature also Jowers applicability of these methods
for large scale production of PBWO4 crystals. PEWO4 crystals obtained from these
methods presents several problems, such as: inhomogeﬁeity, impurity contamination’
and powders with different sizes and.gonuniform distribution. Moreover, products
obtained by thesé methods are in bulk sized which cannot be used for devices which
are based on nano dimensions.

To minimize these problems, soft chemical methods such as: sol-gel [21],
sonochemical route [22, 23], microemulsion [23], microwave assisted route
[24,25,26] and hydrothermal [27-30] have been employed to control with accuracy
the chemical composition, homogeneity, micréstructure, physical and chemical

characteristics.
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SOME METHODS USED FOR NANOMATERIAL SYNTHESIS

Plasma arcing
In Plasma arcing molecules and atoms are separated by vaporization and then allowed
to deposit in a carefully controlled and orderly manner to foﬁn nanopafticles. Plasma
is achieved by making inert gas conduct electricity by providing a potential difference
across two electrodes. In arc discharge method, two high purity graphite electrodes as
" anode and cathode are held a short distance apart under a helium atmosphere. Carbon
evaporated from the anode re-condensed at cathode and form carboh nanotubes.
Sol-gel synthesis |
The sol-gel process is a versatile solution process for making ceramic and glass
materials. In general, the sol-gel process involves the transition of a system from a
liquid "sol" into a solid "gel" phase. A sol is a dispersion of the solid particles (~ 0.1-1
mm) in a liquid. The starting materials used in the preparation of the "sol" are usually
inorganic metal salts or metal organic compounds such as metal alkoxides. In a
typical sol-gel process, the precursor is subjected to a series of hydrolysis and
polymerisation reactions to forma éolloidai ‘suspension, or a "sol". |
Ion Sputtering
In this method, accélerated ions such as Ar" are directed toward the surface of a target
to eject atoms and small clusters from its surface. The ions are carried to the substrate
“under a relatively high pressure (~1mTorr) of an inert gas, causing aggregation of the
species. Nanoparticles of metals and alloys as well as semiconductors have been
prepared using this method.
Solvothermal Synthesis
The solvothermal method provides a means of using solvents at temperatures above

their boiling points, by carrying out the reaction in a sealed vessel. The pressure
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genefated in the veséel due to the solvent vapors elevates the bpiling point of the
solvent. Typically, solvothermal methods make use of solvents such as ethanol,
toluene, and water, and are widely used to synthesize zeolites, inorganic open-
framework stmctures, and other solid materials.
Sonochemical Synthesis
In order to carry out sonochemical reactions, a mix of reagents dissolved in a solvent
. is subjected to ultrasound radiation (20 kHz—10 MHz). Acoustic cavitation leads to
the creatién, growth, and collapse of bubbles in the liquid medium. The creation of
bubbles is due to the suspeﬁded particulate matter and impurities in the solvent. The
growth of ‘a bubble by expansion leads to the creation of a vacuum that induces the
diffusion of volatile reagents into the bubble. The growth step is followed by the
collapse of the bubble which takes places rapidly accompanied by a temperature
change of 5,000-25,000K in about a nanosecond.
Micelles and Microemulsions
Reverse or inverted micelles formed by the dispersion of water in oil, stabilized by
surfactants are useful templates to synthesize ﬁanoscale particles of metals,
semiconductors, and oxides [410-413}. This method relies on the ability of
surfactants in the shape of truncated cones (like cork stopper), to trap éphericai
droplets of water in the oil medium, and thereby forming micelles. A micelle is
.designated inverse or reverses when the hydrophilic end of the surfactant péints
inward rather than outward as in a normal micelle.

Although these strategies are widespread demonstrated effective methods
to fabricate PbWO, nanostructures with various morphologies, large scale application

of these methods has been limited due to some shortcomings, such as some methods
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need expensive templates or surfactants, and others needifxg comblicated process, or
even tedious procedures.

Recently, significant efforts have been devoted to develop green method
that take into account human and environmental impact in the selection of reactants
and the reaction conditions for material fabrication. Many recent studies have
demonstrated that hydrothermal process is an effective and versatile route for the
synthesis of nanostructures having low-cost, high efficiency and good potential for
high—quaﬁtity production {31]. A brief description of hydrothermal method is given in
Chapter 2. |

It is believable that controlling the morphology and architecture of
- PbWO4 cryétals is expected to be effective in modifying their related properties for
practical application. The shape, phase, and size of inorganic nanocrystals are
important elements in varying their electrical, optical, and other properties, so control
over these elements ﬁave become a hot research t_opic>in recent years. The controlled
synthesis of inorganic ﬁano- and microcrystals with specific size, shape and structure
is of fundamental significance in modern material science and engineering because
the size, shape and structure could determine not only the relevant optical, electronic
and magnpetic properties of the materials but also the performances of those material-
based devices for applications. Recently, maﬁy efforts have been made to synthesize
tungstate crystals with controlled morphologies because of their excellent luminescent

properties and promising applications.
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1.4 Crystal Structure of PP WO,

At room temperature, PbWO;4 has two different possible polymorphs, tetragonal
stolzite or scheelite structure with space group I4;/a and monoclinic wolframite or
raspite structure with space group P2i/c [32]. Two different crystal structures of

PbWO, are shown in below image.

| JPH* oW* Q@O*
(a) scheelite (b) raspite

[Ref. M. Itch and M. Fujita, Physical Review B, Vol. 62, Number 19]

1.4.1 Scheelite

In the scheelite structure, W ions are in tetrahedral O-ion cages and isolated from each
other. Bach Pb?* cation is surrounded by eight oxygen ions. The connection between
cation Pb*" and anion W02 is fonic and the connection between W* and O in the

oxianion complex is covalent.
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1.4.2 Raspite

In the raspite structure, the coordination number of W is six and WOZ octahedra
form a chain by edge sharing. Each Pb** cation is coordinated to seven oxygen ions.
The monoclinic form of PbWO, (raspite-type) can be treated as é distortion of the
tetragonal form of PbWO, (scheelite-type). It is known that the raspite phase is a
metastablé and minority form under normal conditions [33]. The raspite PbWOy has
not yet been successfully prepared in the vlaboratoryn and is obtained as a natural crystal
except by C.Zheng [34].

From the structure point of view, in spite of the very small volume
difference of 0.53% between the raspite and scheelite forms, the difference in the
cation coordination is remarkable. As displayed in Fig.l; which gives the atomic
structures of both raspite and scheelite, the W atoms in the scheelite structure are at
the tetrahedral O-atom cages and isolated from one another, whereas in the raspite
phase, two W atoms share two O ions to form a chain of edge-shared octahedra. Each
Pb ion is surrounded by séven O ions in the raspite structure, whereas in the scheelite
structure, the number of the surrounding O ions to each Pb ion is eight [35]. It was
reported that displacement of O ions in such a phase transformation is considered
small, while tﬁat of the cations is relatively large. The body-center primitive
tetragonal (Z = 4) of PbWOy the total number of degrees of freedom for the atomic
vibrations is 3N = 72. In PbWOQ,, the Pb>" ions and the tetrahedral [WO4]* ions are at

the S4~symmetry crystallographic positions [36].
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1.5 Doping with Trivalent Rare Earth Ions (RE*)

In order to use PbWO, crystal as scintillation detector its radiation hardness should
~ have high value.The radiation damage in PbWO, crystals is caused by hosf structural
defects'called color centers e.g. Oxygen vacancies (V,) and Lead vacancies (Vpp) [37].
Such vacancies are produced due to high synthesis temperature during crystal growth
which introduces local charge imbalance. So to improve radiation hardness by
decreasing concentration of these vacancies, low temperature hydrothermal method is
preferable. To balance charge these vacancies act asv charge traps centers. ¥, and Vp,
act as electron and hole traps respectively. Out of these two, V, is mainly responsible
for radiation damage in PbWO. So in order to decrease V,, post-growth annealing at
high temperature is required.

Doping with triyalent tare earth ion is another approach which minimizes
the charge imbalance produced by vacancies. In 1997, Kobayashi et al. first reported
that La** doping into PbWO, could improve both the radiation hardness and the
transmittance in the short-wavelength region [38]. Since then, doping with different
impurity ions, especially rare-earth ions (RE*"), has become the focus of studies to

ameliorate its scintillating characteristics.
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1.5.1 Cerium

Cerium is the most abundant member of the series of elements known as lanthanides
or rare earths. Cerium is characterized chemically by having two stable valence states
one is Ce**, ceric, and the other is Ce®*,cerous. The ceric ion is a powerful oxidizing

» agent but when associated with the strongly coordinating ligand, oxygen, is
completely stabilized and induced cerium oxide, Ce4+02, (also called ceria) is the
form éf cerinm most widely used. The ground state of all the Lanthanide aioms is
probably either [Xe] 4£°5d' or [Xe] 4f ™! where the increase in n from 0 to 14
corresponds to the change from La (Z=57) through to Lu (Z=71).

Cerium is the second and most reactive member of the lanthanides series. It is
electro-positive in nature and become predominantly chemically reactive due to the
low ionization potential for the removal of the three most weakly bound electrons. For
all lanthanides the most stable state is a trivalent one, Ln**, with [XeJ4f"; i.e. for ce*,
[XeJ4f'. Rare earth ions have unfilled optically active 4f electrons screened by outer

'electronic filled shells. Because of these unfilled shells, this kind of jon is usually.
called paramagnetic ions.

The rare earth (RE) ions most comm‘only used for applibations as phosphors,
lasers, and amplifiers. The cerium atom (Z=58), Which has an outer electronic
configuration 55> 5p° 5d' 4f' 65, These atoms are usually incorporated in crystals as
divalent or trivalent cations. In trivalent ions 5d, 6s, and some 4f electrons are
removed and so (RE)** ions deal with transitions between electronic energy sublevels
of the 4f" electronic configuration. Divalent lanthanide ions contain one more f
electron (for instance, the Bu®* ion has the same electronic cohﬁguration as the Gd*"

ion, the next element in the periodic table but, at variance with trivalent ions, they to
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show f—d inter-configurational optical transitions. This aspect leads to quite different

“spectroscopic properties between divalent and trivalent ions. The 4f" electrons are, in
fact, the valence electrons that are responsible for the optical transitions.

The number of 4f electrons (n) in trivalent lanthanide ions

Ion ' n
ce*t ' 1
Pr* | 2
| Nd&** 3
Pm* 4
Sm’* 5
o | 6
cli 7
Tb3+ . 8
Dy* . 9
Ho o 10
Er** 11
Tm* | 12
Yb** 13

These valence electrons are shielded by the 5s and 5p outer electrons of the 5s° 5p°
less energetic configurations. Because of this shielding effect, the valence_'electrons of
Ce** jon are weakly affected by the ligand ions in PbWOy crystals; a situation results
the case of a weak crystalline field. For Weak crystalline field: Her € Hso, Hee, Ho.
Consequently, the spin—orbit interaction term of the free Ce®" ion Hamiltonian is

dominant over the crystalline field Hamiltonian term. In this case, the energy levels
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of the free Ce®* ion are only slightly perturbed (shifted and split) by the crystalline
field. This causes the *5*'L; states of the (RE)’* ions to be slightly perturbed when
- these ions are incorporated in crystals. The effept of the crystal field is to produce a
slight shift in the energy of these states and to cause additional level éplitting.
However, the amount of this shift and the splitting_ energy are much smaller than the
spin-orbit splitting, and"thus, the optical spectra of (RE)** ions are fairly similar to
those expected for free ions. The free ion wavefunctions are then used as basis
functions to apply perturbation theory, Hcr being the perturbation Hamiltonian over
the 25*'L; states (where S and.L are the spin and orbital angular momenta and
J=L + 8). This approach is generally applied to describe the energy levels of trivalent
rarc;z earth ions, since for these ions the 4f valence electrons are screened by the outer
5s” 5p° electrons. These electrons partially shield the crfstaﬂine field created by the B .

ions.
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