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Abstract

ABSTRACT

In this work, we found the significant improvement of photoluminescence of zinc
tungstate doped with alkali metal salts.

First, this work focused on the different concentrations of potassium salts doped
ZnWOs. The samples were prepared by solid-state reaction using ZnO, WO3, KNO3, K>SOy,
and KCl as starting powders. The powders were mixed with the molar ratios of ZnO: WOs:
potassium salts = 1: 1: x (x =0, 0.02, 0.04, 0.1) and sintered at 800°C for 3 h in air. The zinc
tungstate phase was confirmed from the samples by X-ray diffraction. The emission peak of
photoluminescence excited at 275 nm was observed at 465 nm. With increasing potassium
salts content, the intensity increased reached its maximum at x = 0.02 and decreased. The order
of each maximum intensity was KNO3z > K>SO4 > KCI.

After that, alkali metal nitrate and sulfate doped ZnWO4 was prepared and investigated.
The samples were prepared in the same method as the previous experiment. From the samples,
the grain size of the doped samples was large compared with undoped one image. Lattice
parameters of zinc tungstate phase was calculated by Rietveld refinement and found that they
increased with increasing ionic radius of alkali metal ions. Compared with undoped sample,
the samples doped with alkali metal salts exhibited the higher emission intensity except
LiNOs3, Li2SO4, and Na;SO4 doping. It was considered that alkali metal ions replacing Zn ions
in the crystal lattice enhanced the intrinsic luminescence in the blue wavelength region.
Moreover, different anions doping had the different effect of the enhancement of the

luminescence.
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Chapter 1 — Introduction

CHAPTER 1

INTRODUCTION

1.1 GENERAL

The demands of photoluminescence devices continuously occur, while the
material resource is limited. Therefore, the improvement of the photoluminescence
device has become an alternative way because it will be better if the device have the
same size but higher performance. Generally, the doping method can be applied.

Furthermore, the major problem of photoluminescence projects, which are
challenging for researchers, is low performance. Hence, many studies about optical
properties including absorption, light yield, emission wavelength, and the afterglow
of luminescence have been investigated and reported [1, 2, 3]. Minh et al. [4] have
reported that doping phosphor material with Er** shows a significant optical
transition. Ishwar Prasad Sahu et al. [S] has reported that the photonic properties
such as photoluminescence intensity, afterglow, and mechanoluminescence
intensity significantly increased after Dy** co-doping on Sr,MgSi,O7:Eu?* phosphor

material. Jie et al. [6] have reported that compared with CaMoO4:Eu®** without
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charge compensation, charge compensated CaMoO.:Eu** phosphor material shows
the significant enhancement of red light emission excited at 393 and 467 nm
wavelength. Singh et al. [7] have reported that Luminescence intensity of
CaMoO.4:Eu’* increases significantly with co-doping of Gd*. Hee Sang Kang et al
[8] has reported that the photoluminescence intensities of co-doped (Ba,Sr)>Si104:Eu

phosphor material increased about 120~143% of the sample without co-dopant.

Dafinova et al. [9] have reported that the addition of ammonium and sodium salts
into the phosphor material leads to a substantial increase in the intensity of the
intrinsic blue emission. Sheng Deng et al. [10] reported that co-doping of Ca and
Dy showed higher UV absorption efficiency of the sample. For alkali metal and
alkali earth metal doping, it was reported that co-doping of Li, Sm and Bi improved
the white light emission which is the extrinsic photoluminescence properties of
phosphor material [11]. The enhanced luminescence comes from the improved
crystalline and from the charge compensation of Li* ions by the co-doping of Li and
Pr [12]. And for sodium salts doping, the decreasing of photoluminescence activities
in the phosphor material occurs because Na* hamper the transition [9].

For phosphor material, the scintillator is the famous application for these
fields. The scintillator is a material that exhibits scintillation when excited by
ionizing radiation.

Scintillators have also been used in many applications such as particle
detectors, x-ray security, computed tomography scanner, resource exploration such

as oil
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Generally, famous materials that are used in the scintillator application such
as Polyethylene naphthalate, Tl doped Nal, Tl doped CsI, Na doped
Csl, Csl, CsF, Tl doped KI, Eu doped Lil, BaF,, Eu doped CaF», Ag-doped ZnS, Ce
doped Y3AlsO12, bismuth germanate (BGO), Cerium doped Gadolinum ortho-

silicate (GSO) and lutetium oxyorthosilicate (LSO).

1.2 STATEMENT OF THE PROBLEMS

As mentioned in the previous section, there are three major problems that are
widely found when we use the famous materials which are aforementioned as

following items:

- Hygroscopic
- Toxic

- Cost

Hygroscopic property is the phenomena which absorb moisture into the
material. When they absorb moisture, some material surface has the possibility to
be damaged. Some materials such as Tl doped Nal, Na doped Csl, pure Csl, Tl

doped Csl, and BaF> have hygroscopic property.

For example, in Na doped Csl, the surface of the materials will be

deactivated by hydration. Damage which occurs from the small amount of hydration
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is not clearly seen but it affects in the photoluminescence properties at low energies.
Moreover, the drops of moisture or excessive condensation easily damage the
surface of pure Csl, T1 doped Csl, and BaF, which decrease the photoluminescence
properties of the material.

For the toxic problem, many heavy metal elements were used as starting
powder or dopant on the scintillator materials. Some heavy metal is toxic which is
a danger for human health or the environment. For example, thallium iodide as a
pure chemical is toxic. From MSDS datasheet, the amounts of more than 1 gram per
person can cause death.

For cost problem, Because of some famous scintillator material has a heavy
metal compound, the price of the materials is high.

For scintillator application, photoluminescence properties are important.
Many studies have been investigated about the improvement of photoluminescence
in various methods such as doping some material. Doping in the materials has been
investigated for a long time. Some dopant was doped in materials can improve its
performance in photonic fields but some cannot. Some researchers have been
reported that the photoluminescence was related to band gap and deformation of
materials. Kowalski et al. [13] explained that the introducing of additional levels to
the band gap of samples can make the material a good phosphor. The energy levels
of dopants needed for emission process must lie in the gap of the host material.
Kalinko et al. [14] reported that the deformation of the WOe® structure of the

samples was related to the enhancement of photoluminescence in the ZnWO4.
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The aforementioned problem has led to the intensive study of the new
material for replacing with other materials. ZnWO; is a good choice because it is
less hygroscopic, less toxic and cheaper than other materials, a widely used
scintillation crystal. To improve the performance of ZnWOs, the doping method is
chosen to use in this work. For dopant, alkali metal salts were chosen to use in this
work. From the related researches, alkali metal ions are supposed to substitute with
Zn** of ZnWOs. The charge difference between alkali metal ions (Li*, Na*, K*, Rb*,
Cs*) and Zn** has the possibility to distort the symmetric of the crystal structure and
the energy level for the photoluminescence which resulted to the enhancement of
photoluminescence of the samples.

Moreover, because ionic radius of alkali metal ions is larger than Zn>* [15,
16, 17, 18, 19, 20, 21]. Therefore, doping the ZnWO4 with alkali metal should
deform the crystal structure which might result in the increasing of

photoluminescence activities of ZnWOa.

1.3 RESEARCH OBJECTIVES

The purpose of this study is to improve the photoluminescence properties of

zinc tungstate. The study emphasizes the following objectives:

(1) To investigate the effect of alkali metal salts doping using nitrate,
sulfate, chloride on photoluminescence property of zinc tungstate.

(2) To make clear the effect of the alkali metal salts doping
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(3) To validate the performance of the photoluminescence activities.
(4) To determine the relationship between crystal structure and

photoluminescence of the samples.

1.4 ORGANIZATION OF THE DISSERTATION

The organization of the dissertation includes the following chapters:

Chapter 1 describes the overview of the photoluminescence and scintillator
device. The statement of the problem is realized and discussed. The objectives of
the study are also mentioned.

Chapter 2 explains briefly about the material background on the zinc
tungstate and equipment experimental.

In Chapter 3, the effect of potassium doping using nitrate, sulfate, chloride
on photoluminescence property of zinc tungstate was investigated and explained.
The analysis by SEM and XRD were carried out. The performance of the samples
was examined.

In Chapter 4, the effect of alkali metal doping using nitrate on
photoluminescence property of zinc tungstate was done and discussed. The analysis
by SEM and XRD were carried out. The performance of the samples was examined.

In Chapter 5, the effect of alkali metal doping using sulfate on
photoluminescence property of zinc tungstate was investigated and discussed. The
analysis by SEM and XRD were carried out. The performance of the samples was

examined.
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The conclusions of the research and recommendations for further research

are drawn in chapter 6.
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CHAPTER 2

FUNDAMENTAL ASPECT

2.1 ZINC TUNGSTATE

Zinc tungstate (ZnWOQy) is one of the famous materials which use for the
photonic field applications such as scintillators [1-4], laser host [5], photocatalyst
[6-8], and optical recording [9-10]. Its structure consists of ZnOs octahedral and
WOs octahedral or Wolframite crystal structure which has the intrinsic blue
emission wavelength between 460 and 490 nm [11]. In scintillation field, zinc
tungstate is interested as detectors. Generally, it is used in such principal
investigations as searches for neutrinoless double beta decay [12, 13] and searches
for dark matter [14-17] where the anisotropic properties of ZnWOj4 crystals are
used. Compared with other material which used for scintillation crystals, the main

advantages of ZnWO; are less hygroscopic, less toxic and low cost [11].

11
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2.1.1 STRUCTURE OF ZINC TUNGSTATES

Top view

Fig. 2.1 The crystal structure of ZnWOsu.

ZnWO4q consisting of ZnOs and WOQOg octahedral complexes (Wolframite

crystal structure) with Con point group symmetry and P 2/c space group. Fig. is the

top view of the unit cell. 1 unit cell consisting of 8 oxygen atoms, 2 tungsten atoms,

and 2 Zinc atoms. WOQOe octahedral has 2 shared oxygen. Its crystal structure is

monoclinic which has lattice parameters a = 4.69263 A, b=5.72129 A, ¢ = 4.92805

A and B =90.6321°[18]. Figure 2.1 shows that Zn and W cations are surrounded by

the hexagonal-close packed (hcp) 6 oxygen atoms with octahedral sites.

Table 2.1 The fundamental properties of Zinc tungstate

Formula weight 313.22
Appearance White p(')wder‘or
crystalline solid
Melting Point 1875 °C
Density 7.62 g/cm3
Crystal system Monoclinic
Water Solubility Insoluble in water

a=4.69 A

Lattice constant | b=15.72 A

c=493A
o =90.00"
axialangle | B =90.63"
v =90.00"

12
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2.1.2 PHOTOLUMINESCENCE OF ZINC TUNGSTATES

b=5700A

- -

Fig.2.2 WOs®~ complex structure of zinc tungstate. [11]

WO.®
T
1V
1TlU I
O
z}-lu
1V 1
| 3.1(13
I 1 1g
: |
: |
: |
: I
A vV

Fig.2.3 The energy level for the photoluminescence in the WOg®~

complex of zinc tungstate. [11]

13
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From zinc tungstate, photoluminescence of Zinc Tungstate occurs from the
presence of WQOs structures. WOg structure consists of W atom surrounded by 6
Oxygen atoms. 2 Oxygen atoms will share with other WOg and related with
emission as shown in Figure 2.2.

Generally, the emission occurs from a charge-transfer transition takes place
between the free d orbitals of W and the p orbitals of the O atoms of WOe®~ complex.
Figure 2.3 shows the energy level diagram for the photoluminescence in the WOg’~
complex of zinc tungstate [11]. Oosterhout [12] explained that the highest occupied
state with t1 symmetry is associated with the 2p orbital of the oxygen atom and the
excited state consists of an electron at the d orbital of tungsten atom with #,
symmetry. The absorption in the WO~ complex is assigned to the 'Ag—!T1, level
and emission is assigned to two *Ti,levels — A level. Moreover, the long decay
time of the photoluminescence of zinc tungstate may occur from the spin-forbidden
transitions are partly allowed by spin-orbit coupling. The deformation of the WOs
octahedron that leads to the changing in the site symmetry may result in 71,-levels

and effect to the photoluminescence properties in the long wavelength side.

2.2 SOLID-STATE REACTION METHOD

The solid-state reaction method is the important method for preparing the
polycrystalline solids from the mixture of solid starting materials which cannot have
the reaction between the starting materials at room temperature. Hence, they are
necessary to heat them at high temperature in order to the creating the reaction at an

appreciable rate.

14
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2.3 MATERIAL ANALYSIS METHOD

2.3.1 X-RAY DIFFRACTION (XRD)

X-ray diffraction (XRD) is a method that displays the crystallographic
structure of materials. This method uses X-ray beams to strikes on the surface of the
sample and detects the diffraction pattern of scattered beams. The angles (28) and
intensities of the scattered beams can show the density of electrons within the crystal
structure of samples which can explain their chemical bonds, their disorder and
other information.

For XRD principle, Bragg diffraction is the most important knowledge.
Bragg diffraction occurs when waves, which have a wavelength comparable to
atomic spacings, are scattered by the atoms and undergo constructive interference.
For a crystalline solid, the interplanar distance between planes (d) scatter the waves.
When x-ray wave strikes a crystalline solid, the difference between the path lengths

of the two x-ray waves is equal to an integer multiple with the wavelength (n A).

v

”

¥ dsing

Fig 2.4 Bragg diffraction

15
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From Fig. 2.4, the path difference between the two waves is equal to
2dsind, where 6 is the incident angle. From these phenomena, Bragg's law is

created to describes the condition on & for constructive interference.

n 7» = Zdhkl sin 9

, where n is an integer number, 4 is the wavelength of the x-ray wave and

hkl is lattice planes of the sample.

Generally, x-ray diffraction pattern shows the peak intensity vs. measured
diffraction angle 20. It has the series of peaks in the various intensities. Each XRD
peak is related to the x-rays which diffracted from lattice planes in the sample. The
peak intensity is related to the number of x-ray photons from beams which is
detected by the detector in each angle (20). The positions of the peaks (20) in x-ray
diffraction (XRD) pattern depend on the crystal structure of the sample.

Moreover, the size of particles of crystals in the form of powder can be
determined by the Scherrer equation which relates to the size of particles or

crystallites. It can be written as:

KA
e Bsin®

, where 7 is the crystalline size (A), K is a dimensionless shape factor which
has a typical value about 0.9, A is the X-ray wavelength (A), B is the FWHM
(degrees) and 0 is the Bragg angle (degrees).

16
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For XRD pattern analysis, the observed XRD pattern must be compared with
the standard XRD pattern to confirm their crystal structure and phase. The standard
XRD pattern is called that International Centre for Diffraction Data (ICDD) pattern.

The position of each peak of XRD pattern will show the lattice planes of the sample.

WO; :ZnO: KNO; , K;,SO, or KCI=1:1:0.1 mol
v a) Undope
|
1 | 1
N ‘J L.,-- L — L_),_.,. k,__M.AI\ _.\JQ\_JI'\,.JKA\A__.*.__AW\._J; s
| b) KNO;
l
[} '
=. N 4‘[ W\ |'a\_.\_._,’\~__,~.<_).\_‘u‘_._.‘\,}‘_A,f\l"‘u_a._‘&_‘ww‘il’%___‘k‘_ﬂ\‘__.___wv_
< ¢) K>SO,
N
~— A
.g ..ILL Jl U "rx__;l__j\___M_M_A_,‘t__;lbﬂ-_,.ﬂ\,\_.m_v__dmwﬂmgk__%«__..VJ»\.
g d) KCI
T ||
1 |
;u Jv‘ .l/« A A ok NS, “Il V‘» o I"l'*m I Y
ZnWO, ICDD
CODE: 89-0447
|| | I | il N | im 1 N ‘
20 30 40 50 60 70 80

20 (CuKa)/ degree
Fig. 2.5 XRD patterns and ICCD pattern

XRD instrument which use in this experiment is RIGAKU Multiflex.

2.3.2 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning Electron Microscopy (SEM) is used to observe the morphologies
of the samples. In this method, the SEM images of the sample are obtained from the

high-energy beam of electrons which interact with the atoms of the sample and
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produce signals which contain the details about the morphology of the sample such
as composition, surface microstructure, and topography. When electron incident

beams strike the sample, both photons and electrons are emitted.

Electron gun

Condenser lens

Beam deflector

Scan
Generator
Objective lens
DetectoM ™
Electrons C Samples
Video
Screen
PC

Fig. 2.6 Structure of SEM

Advantages and disadvantages of SEM
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Advantages

Detailed 3D and topographical imaging and the useful information

collected from different detectors are obtained.

* Works very fast.
- Can generate data in digital form.
- Require minimal actions for sample preparation.

Disadvantages

- Expensive and large.
- Need special training to operate.

+ Samples must be solid.

Fig. 2.7 SEM image of potassium sulfate doped zinc tungstate

SEM instrument which use in this experiment is JEOL JSM-5510.
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2.3.3 FLUORESCENCE SPECTROSCOPY

Fluorescence spectroscopy is an analytical tool for photoluminescence
properties. Its process consists of the excitation of molecules from low energy state
to high energy state with a high energy source (excitation process) and the recording
of the released energy when excited molecules move back to low energy state as

fluorescence energy (emission process).

2.3.3.1 Principle

Fluorescence spectroscopy consists of

- Light source

- Two monochromators for selection of the excitation wavelength and for

analysis of the emitted light

- Sample holder

- Detector

After the sample are excited by excitation wavelength, the light is emitted
in all directions from the sample and is detected by the detector. Normally, the lamp
source which emits radiation in the UV, visible and near-infrared regions is the
Xenon arc lamp. The light is released to the excitation monochromator, which
allows either preselection of wavelength or scanning of certain wavelength range.
When the excited wavelength impacts the sample, the sample in the sample holder
is excited and emit light. Light emitted is analyzed by the emission monochromator.
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The wavelength analysis of emitted light is carried out by measuring the intensity

of fluorescence.

Sample

Monochromator

Fluorescent

Excitation . Lightis

light source ‘ ‘ scattered

within the
sample

Monochromator

Detector

|

Output

Fig. 2.8 Structure of fluorescence spectroscopy
Fluorescence spectroscopy instrument which use in this experiment is

Hitachi F-7000.
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2.3.4 RIETVELD REFINEMENT

The Rietveld refinement is the method which refines the parameters to
minimize the difference between an observed XRD data (experimental pattern) and
theoretical XRD pattern (ICDD pattern) which comes from the model based on the

hypothesized crystal structure and the parameters of the instrument.

Rietveld refinement can do the quantitative phase analysis (crystalline and
amorphous), lattice parameters calculation, Atomic coordinates, and occupancies,

temperature vibrations, Grain size, stacking and twin faults and magnetic moments.

2.3.4.1 PROFEX

Profex is a graphical user interface for evaluating X-ray diffraction pattern
of the powder sample using Rietveld refinement. It can analyze the identification

and quantification of crystalline phases and crystal structure refinement.
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Fig. 2.9 Screenshot of profex program
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2.3.5 LASER RAMAN SPECTROSCOPY

Raman spectroscopy is a useful analytical technique which is used for the

identification of the materials.

In this technique, photons from infrared ray will interact with materials by
absorption or scattering processes. Scattering process can separate to Rayleigh
scattering (elastically scattering) and Raman scattering (inelastic scattering). The
photon of scattering disturbs the electron of the molecule and excited the molecular
vibrations, phonons or other excitations in the system to a virtual energy state. In
Rayleigh scattering, photons drop from virtual energy state to the same level of
incident photon state of vibrational energy state. Raman scattering or the Raman
effect is the inelastic scattering of a photon by molecules which are excited to higher
or lower vibrational or rotational energy levels. Raman shift is the frequency shift
related to the energy difference between the incident and scattered photon, as

following equations (1), (2):

—1N _ 1 _ 1
—1N _ 11 (107nm)
Aw (Cm ) o (AO (nm) A4 (nm)) (em) (2)

, where Aw is the Raman shift expressed in wavenumber, Ao is the

excitation wavelength, and A is the Raman spectrum wavelength.

In vibrational transitions, the wavenumber changes in proportion to k2 as
shown in Eq. (3)
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V= i(E)%
2t m 3)

, where v is the wavenumber, k is the force constant and m is mass.

Raman shift occurs as an up- or down-shift of the scattered photon frequency
which is related to the incident photon state. The down-shifted which the photons
drop from virtual energy state to a higher level of incident photon state of
vibrational energy state is called the stoke Raman scattering. And the up-shifted
which the photons drop from virtual state to lower level of incident photon state of
vibrational energy state is called anti-Stokes Raman scattering. Spectrum obtains
from the graph between the detected number of photons and Raman shift from the
incident laser energy. Raman spectra are the unique characteristic which shows

that different materials have different vibrational modes.

Virtual
energy = = = =T """ Ty T
states
4
Vibrational
energy states 4 \ 4
Rayleight Stokes Anti-Stokes
Scattering Raman Raman

Scattering Scattering

Fig. 2.10 Type of scattering
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In the present, lasers are used as a photon source because of their highly
monochromatic nature, and high beam fluxes. When the Raman effect is weak,
typically the Stokes lines are ~10° times weaker than the Rayleigh scattering, the

laser is an appropriate source to use.

Intensity (a.u.)

,._AA_J\_A,J\MAM

150 250 350 450 550 650 750 850 950 1050
Raman shift (cm1)

Fig. 2.11 The result of Laser Raman spectroscopy
Laser raman spectroscopy instrument which use in this experiment is

JASCO, NRS-7200.

2.3.6 X-RAY FLUORESCENCE

X-ray fluorescence (XRF) is an x-ray equipment used for analyzing the
material. It works on wavelength-dispersive spectroscopic principles that are nearly
the same as electron microprobe (EPMA). Normally XRF cannot generally analyze
at the small spot sizes (about 2-5 microns) but it is typically used for analyzing the

large geological materials.

25



Chapter 2 — Fundamental aspect

2.3.6.1 Principle of X-ray fluorescence

High energy X-rays from X-ray source irradiate at the sample. When X-
ray of sufficient energy, which is greater than the atom’s K or L shell binding
energy, hit an atom in the sample, an electron from the inner orbital shells of the
atom is displaced. To recover the stability, atom fills the vacancy left in the inner
orbital shell, which occur from displacement of electron, with an electron from the
higher energy orbital shells. When the electron moves to the lower energy state, it
releases a fluorescent X-ray. The energy of fluorescent X-ray is equal to the specific
difference in energy between two quantum states of the electron. The measurement

of this energy is the basis of XRF analysis.

For interpretation, most atoms have several electron orbitals such as K
shell, L shell, M shell. When x-ray energy causes electrons to transfer in and out of
these shell levels, XRF peaks with varying intensities are created and will be present
in the spectrum, a graphical representation of X-ray intensity peaks as a function of
energy peaks. The peak energy identifies the element, and the peak intensity is

generally indicative of its concentration.
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Fig. 2.12 Principle of an x-ray fluorescence

X-ray fluorescence instrument which use in this experiment is ZSX Primus

II.

2.3.7 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy (XPS) is a technique that measures and
analyzed the elemental composition at empirical formula, chemical state and electronic

state of the elements that exist within a material.
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XPS spectra are obtained by irradiating a material with a beam of X-rays while
simultaneously measuring the kinetic energy and number of electrons that escape from

the surface of the material being analyzed.
XPS concept

A monoenergetic x-ray beam emits photoelectrons from the from the surface
of the sample. The X-Rays either of two energies such as Al Ka (1486.6eV) and Mg
Ka (1253.6 eV). The x-ray photons The penetration about a micrometer of the sample.
The XPS spectrum contains information only about the top 10 - 100 A of the sample.
Ultrahigh vacuum environment to eliminate excessive surface contamination.
Cylindrical Mirror Analyzer (CMA) measures the KE of emitted e’s. The spectrum
plotted by the computer from the analyzer signal. The binding energies can be

determined from the peak positions and the elements present in the sample identified.

X-Ray source

lon source

Detector

SIMS —>
Analyzer Axial Electron Gun
Sample introduction Chamber //
\ I / I I
' C— el ——— >
I A\ I
Sample / \ ‘
Holder \ = AN
\—’—‘7 sample (;Ilg \/\
Roughing Pump —_—— Slits
— lon Pump

Fig. 2.13 Diagram of an X-ray photoelectron spectroscopy
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X-ray photoelectron spectroscopy instrument which use in this experiment is

JEOL JPS-9010TR.

2.3.8 UV VIS SPECTROPHOTOMETER

It is the instruments to measure the amount of light and intensity in the
range of UV and visible light which transmit or absorb. Wavelength is related to
the quantity and type of element in the samples, which can absorb the light in this

wavelength.

The absorbance properties of the samples occur when the suitable energy
of light in the wavelength of UV or visible light interacts with the molecules of the
sample. The electron inside the atom absorbs the light and change state to the higher
energy level. Then measure the amount of light which transmit or reflect from the
sample compared with light from the source base on Beer-Lambert law, absorbance
of samples is proportional with the amount of light absorbed molecules. Hence, the

type and amount of elements in the sample can be identified by this technique.

Generally, this technique can analyze in:

- Absorptance

- % Transmittance

- % Reflectance
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- Percent of the coefficient of transmittance )Diffuse %T)

- Percent of the coefficient of Reflectance )Diffuse %R)

- Percent of Variable Angle (%T)

- Percent of Specular Reflectance )Specular %R)

- Percent of Total Reflectance )Total %R)

2.3.8.1 Beer’s law

For the ray which is parallel beam and monochromatic radiation, the ray
transmits through the sample which is the homogeneous solution and has the same
pathlength. Absorbance is proportional with the concentration of the solution as

shown in below equation.

A a c
, where A is absorbance of sample, a is proportional symbol and c is the

concentration of sample (gL™)

2.3.8.2 Lambert’s law

For the ray which is parallel beam and monochromatic radiation, the ray
transmits through the sample which is the homogeneous solution and has the same
concentration. Absorbance is proportional with the pathlength as shown in below

equation.
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A ol
, where A is absorbance of sample, a is proportional symbol and 1 is the

thickness of the sample or pathlength (cm)

2.3.8.3 Beer-Lambert law

For the ray which is parallel beam and monochromatic radiation, the ray
transmits through the sample which is a homogeneous solution. Absorbance is
proportional with the pathlength and concentration of sample as shown in below

equation.

A = alc

, where a is the absorptivity of sample (L.g"'.cm™)

If concentration of sample is molarity (molL), absorptivity is called the

molar absorptivity (€) of solution which has the following equation:
Iy
A= —logT = logT = ¢lc

, where ¢ is concentration of sample (molL-1) and € is molar absorptivity

(L.cm™.mol™")

UV VIS spectrophotometer which use in this experiment is Solidspec -

3700DUV.
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2.3.9 VESTA [19]

VESTA is the program which displays the 3D visualization model for

crystal structure, volumetric data, and crystal morphologies.

2.3.9.1 Feature of VESTA

1. Visualization of structural models

1.1 For structural models

VESTA can present the crystal structures as ball & stick, space

filling, polyhedral, stick, and wireframe.

Fig. 2.14 Ball & stick of crystal structure [19]
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Fig. 2.15 Space filling of the crystal structure [19]

Fig. 2.16 Polyhedral of the crystal structure [19]
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AN

Fig. 2.18 Wireframe of the crystal structure [19]

Moreover, ball-and-stick, wireframe, and stick models can be

overlapped with dotted surfaces corresponding to van der Waals radii. For ball-and-
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stick and polyhedral models, thermal displacement of atoms can be presented as

ellipsoids.

Fig. 2.19 Ellipsoids of the crystal structure [19]

1.2 Display crystallographic information

Variety of crystallographic information can be displayed easily by
selecting the objects in the program. They consist of fractional coordinates,
symmetry operations and translation vectors, site multiplicities, Wyckoff letters,
site symmetry, information about principal axes and mean square displacements for
anisotropic thermal motion, interatomic distances, bond angles, and torsion angles,
information about coordination polyhedra including volumes, Baur's distortion
indices, quadratic elongations, bond angle variances, bond valence sums of central

metals, and bond lengths expected from bond valence parameters.

1.3 Lattice transformation

This program can convert general equivalent positions in a

conventional setting into those in a non-conventional one with a transformation
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matrix, which is also used for (primitive lattice)-(complex lattice) conversions and

for creating superstructures.

1.4 Vectors on atoms

The magnetic moments or directions of static displacements can be

attached to atoms.

2. For volumetric data

2.1 Visualization of volumetric data

Isosurfaces can be represented as smooth-shaded polygons,

wireframes, and dot surfaces.

2.2 Surface coloring

VESTA has an attractive feature to colorize isosurfaces, whose
typical application is to colorize isosurfaces of electron densities according to

electrostatic potentials.

2.3 Peak search

Peak values and positions in 3D pixel data can be listed in the Text

Area.

2.4 Display lattice planes
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Lattice planes with variable opacities can be inserted. For 3D pixel
data, both boundary sections and lattice planes are colorized on the basis of

numerical values on them.

2.5 2D color & contour map

With a 2D Data Display window, 2D distribution of a physical
quantity on a lattice plane can be visualized as a colored map with contour lines or

Bird's-eye view.

3. Visualization of Crystal Morphologies

Crystal morphologies can be drawn by inputting Miller indices of

faces.

The advantages of VESTA are:

- Deal with multiple structural models, volumetric data, and crystal

morphologies in the same window.

- Visualize interatomic distances and bond angles that are restrained in

Rietveld analysis.
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CHAPTER 3

FABRICATION OF POTASSIUM SALTS

DOPED ZINC TUNGSTATES PREPARED

WITH NITRATE, SULFATE, CHLORIDE
AND THEIR PHOTOLUMINESCENCE

PROPERTIES

ABSTRACT

In this work, we found the significant improvement of photoluminescence of
zinc tungstate doped with potassium salts. The samples were prepared by solid-state
reaction using ZnO, WOs3, KNOs3, K>SOys, and KCl as starting powders. The powders
were mixed with the molar ratios of ZnO: WO3: potassium salts = 1: 1: x and sintered
at 800°C for 3 h in air. The emission peak of photoluminescence excited at 275 nm
was observed at 465 nm. With increasing potassium salts content, the intensity
increased reached its maximum at x = 0.02 and decreased. The tendency of the
luminescence intensity for KCl doping was almost the same as KNOs; doping,

whereas, for K2SO4 doping, the tendency of the decrease was less steep than other
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doping. The order of each maximum intensity was KNO3 > K>SO4 > KCI. It was
considered that K replacing Zn in the crystal lattice enhanced the intrinsic
luminescence in the blue wavelength region. Moreover, different anions doping had

the different effect of the enhancement of the luminescence.

3.1 INTRODUCTION

Zinc tungstate (ZnWOs) has been studied as promising materials for the
photonic field such as scintillators [1-2], optical fiber [3], laser host [4],
photocatalyst [5], and optical recording [6]. It is the wolframite lattice compounds
having the intrinsic blue emission wavelength between 460 and 490 nm [7]. The
studies of optical properties including light yield, emission wavelength, and the
afterglow of ZnWQ, have been reported [1, 8]. In scintillation applications, zinc
tungstate crystals are very interesting and important detectors in fundamental
physics: they are used in such principal investigations as searches for neutrinoless
double beta decay [9, 10] and searches for dark matter [11] where the anisotropic
properties of ZnWOs crystals are used. The advantages of ZnWOQ4 are less
hygroscopic, less toxic and cheaper than other materials such as CsI(T1) and CdWOs,
a widely used scintillation crystals [7]. Single-crystal ZnWOy is usually grown by
Czochralski technique [12], whereas its powder is synthesized by solid state reaction
method [13].

Doping of ZnWO4 can improve the photoluminescence activities. Many

materials have been doped and investigated for their photoluminescence activities.
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Wen et al. [14] has reported that ZnWOs crystals doped with Eu** show a significant
energy transfer from WO, structure to Eu**ions. Dafinova et al. [15] has reported
that the addition of SO4*, F, and CI" ions from ammonium salts to the matrix leads
to a substantial increase in the intensity of the self-activated blue emission in ZnWO4.
Kraus et al. [16] reported that Ca-doped ZnWO4 could increase the scintillation light
yield of samples. For alkali metal doping, it was reported that co-doping of Li»COs3,
Sm, and B improved the extrinsic photoluminescence properties. And for Sodium
salts such as NaCl, Na,SO4 doping, the destruction of the WOg structures occurs,
which decreases the emission.

However, there have not been many studies of other alkali metals. In this
research, we investigated the doping material which improved photoluminescence
activities of ZnWO4 and found that potassium salts affected to improve the intrinsic

photoluminescence of zinc tungstate.

3.2 EXPERIMENTAL

Fig. 3.1 showed the sample preparation method in this experiment. ZnWO4
powders were synthesized by solid-state reaction technique using starting powders
of ZnO (99.99%, Furuuchi Chemical Co., Ltd.), WO3 (99.99%, Kojundo Chemical
Lab.), KNO3, K2SO4 and KCI (>99.00%, Junsei Chemical Co., Ltd.). The powders
were mixed with the molar ratios of ZnO: WOz3: potassium salts = 1: 1: x, where x
is from O to 0.1. At first, the powder mixtures were ground in distilled water to

dissolve salts for 20 minutes. After that, powders were mixed in 2-propanol for 2 h.
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After drying, the mixtures were pressed into pellet (diameter 10 mm) under 100 MPa.
The pellets were sintered at 800 °C for 3 h in air and ground into powders. The
powders were compacted in 2x2 cm glass holders for testing. The crystalline phase
was measured by X-ray diffractometer (XRD, RIGAKU Multiflex) using Cu Ka
radiation (Ko= 1.5418 A). The morphologies of the samples were observed using
scanning electron microscope (SEM, JEOL JSM-5510). The luminescence of the
samples was measured around 5-7 times using fluorescence spectrophotometer
(Hitachi F-7000). After that, the normalized emission intensity of each sample by

using following equation:

The highest of PL intensity of doped sample

Normalized PL intensity = 3.1)

The highest of PL intensity of undoped sample

Starting powder
Weighing WO; :Zn0O : KNO;, K,SO,0r KCl=1:1: x mol

‘ x=0-0.1

— 15t : in refine water for 20 min.
Mixing 2"d:in 2-proponal for 2 h

‘ by using mortar and pestle
Drying Infrared lamp

4

Diameter: 10 mm.

Pressmg Pressure: 100MPa
Sintering at 800°C for 3 h

Fig. 3.1 The sample preparation method
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3.3 RESULT AND DISCUSSION

Fig. 3.2 shows the SEM micrographs of undoped and doped samples after
sintering at 800°C. Undoped sample showed the formation of small crystals. The
grain size of the doped potassium salt increased with increasing salt contents. The
grain size of samples depended on the type of anions. The melting points of KNO3,
K>SOy4, KCl are 334, 1,069 and 770 °C, respectively. In general, the grain growth is
accelerated by the presence of liquid phase. For KNOs doping, some portion of
KNO; would vaporize during sintering because melting point is lower than sintering
temperature. Therefore, the grain size of 0.02 mol KNOs doping was smaller than
K>SO4 and KCl doping. But for 0.1 mol KNOs; doping, the large amount of dopant
was supposed to increase the grain size of samples rapidly. The melting point of
KCl is slightly lower than the sintering temperature, and the melting point of K>SO4
is higher than the sintering temperature. As a result, the crystallite size of KCI was

larger than K2>SOa.
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The XRD patterns for all sample powders prepared with different potassium
salt are shown in Fig. 3.3, 3.4, 3.5. All the peaks in the patterns were indexed on the
basis of the crystallographic data of ZnWQO4 (ICDD code 89-0774). In the XRD
pattern of the ZnWO4 powders, the peak was slightly shifted in 20 depending on salt
doping. Their lattice constants and unit cell volume were determined using XRD
peaks and Bragg’s law and shown in Fig. 4.6. From the data, with increasing content
of potassium salts, the lattice constant a decreased whereas b and c increased.
Moreover, the density of the samples was shown in Fig. 3.7. In this figure, the
density was increased when potassium salts doping contents were increased. XPS
data in Fig. 3.8 and Fig. 3.9 shows the content of Zn**, W¢*, O*, K*, and anions in
the samples. From the data of lattice parameter and XPS, potassium ions and anions
were considered to have dissolved into the samples after the sintering. Jenkins, et al.
[17] reported that the ionic radii of Zn**, W, K*, N*, S*, Cland O* were 0.074,
0.042,0.138,0.171, 0.184, 0.184 and 0.140 nm, respectively. It was considered that
the potassium ion, which is the cation, could be highly possible to substitute for Zn?*
of ZnWOs rather than W®" because the ionic radius for K* are larger than Zn>* and
much larger than W%, moreover and there is a huge charge difference between K*
and W, For N*, S*, CI" anions, they were supposed to substitute for O> of ZnWOs.
The ionic radii of N*, $%-, CI" is larger than O%, so that the shifting of XRD peak in
20 which result in the changing of lattice constants occurred. This result was

explained as same as fluorine [18] and chloride [19] anions doping.

48



Chapter 3 — Fabrication of potassium salts doped zinc tungstates
prepared with nitrate, sulfate, chloride and their photoluminescence properties

KNO,
= A l Jl | NPT N VW NS 0.02
S~
Z
e
A A o haa A o A L]
g A 0.04
A L AJ__L_A‘__L_LLL._.._“ - .
ZnWO, ICDD
CODE: 89-0447
| ll H :l u.l [ B I | 111“11LL L -
10 20 30 40 50 60 70 80 90
20 (CuKa) / degree

Fig. 3.3 XRD patterns f samples obtained under different KNOs3 doping contents.
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Fig. 3.4 XRD patterns of samples obtained under different K>SO4doping contents.
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Fig. 3.5 XRD patterns of samples obtained under different KCI doping contents.
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Fig. 3.7 Density of the potassium salts doped samples
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Fig. 3.8 Wide XPS scan of the potassium salts doped sample
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Fig. 3.9 Narrow XPS scan of the potassium salts doped sample

Photoluminescence activities such as excitation peak and the emission
peak of all samples are shown in Fig. 3.10. The result showed that emission peak
occurred at 465 nm, but excitation peak wavelength s appeared at 275-285 nm.
With increasing KNOs (a), the intensity increased reached its maximum at about
x = 0.02 and decreased as same as K>SO4 (b) and KCI (c) doping. From Fig.
3.11, the tendency of the intensity for KCI doping was almost the same as KNO3
doping. But for K>SO4 doping, the tendency of the decrease was less steep than
other doping. The order of each maximum photoluminescence intensity was
KNO3 > K>SO4 > KCI. From these results and Fig. 3.12, it is considered that the
excitation peak wavelength and the increasing of emission peak intensity were
depended on anions and doping content. Moreover, the fact that the emission

peak wavelength did not change suggested that emission mechanism was not
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changed by doping. Fig. 3.13 shows the relationship between normalized peak
intensity and FWHM of XRD which was estimated from the distance between
the curve points at the peak half maximum level of 11 1 peak. Compared with
undoped sample, doping with potassium salts had the lower FWHM which
reflected the increasing of the crystallinity in ZnWO4.

According to related researches [20], the WOs structure has 6 oxygen atoms
surrounding by tungsten atom. The crystal structure of ZnWOj is shown in Fig.3.14.
The positions of two shared oxygen atoms in the WOg structure were close to the
tungsten atom and participated in the optical transitions between W and O atoms.
Oosterhout [21] explained that the optical transition of WQOs structure occurred from
a charge transfer transition between the oxygen 2p-orbitals and the tungsten d-
orbitals. In this work, K and anions are considered to replace Zn>* and O%,
respectively. The K and anions are supposed to deform the WO structure which
increases the photoluminescence activities of ZnWOs. The fact that the emitted peak
intensity of the samples prepared with KNOs3, K2SO4 was higher than that prepared
with KCI suggests that the N* from nitrate and S* from sulfate penetrated into the
sample structure by replacing with O* of ZnWOs and affected the luminescence
more than CI". Moreover, when K* is inserted together with the respective anions in
the sample structure, it can maintain these optical transitions. However, the
increasing potassium salt doping contents could decrease the photoluminescence

because the destruction of the WQg structures occurred.
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Fig. 3.10 Emission and excitation spectra of all samples: (a) doped with KNO3; (b)

doped with K>SOys; (¢) doped with KCl, respectively.
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Fig. 3.11 Emission mechanism of all samples prepared with potassium nitrate,

potassium sulfate and potassium chloride.
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Fig. 3.12 Emission mechanism of all samples prepared with potassium nitrate,

potassium sulfate and potassium chloride.
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3.4 CONCLUSION

We have successfully fabricated potassium salts doped zinc tungstates
confirmed their structure and evaluated their optical properties. The powders were
mixed with the molar ratios of ZnO: WO3: potassium salts = 1: 1: x and sintered at
800°C for 3 h in air. The grain size of samples increased when potassium salts were
doped. Potassium and anions were considered to dissolve in ZnWO4 and change the
lattice constants. The photoluminescence intensity of the samples was significantly
increased when potassium salt content x was 0.02. The order of each maximum
photoluminescence intensity was KNOs, K>SO4, KCI. The different cations and
anions doping changed the structure of the sample and affected the emission peak
intensity. It could be concluded that the radiative transitions between tungsten and

oxygen can be enhanced by doping with potassium and anions.
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CHAPTER 4

SYNTHESIS AND PHOTOLUMINESCENCE

PROPERTIES OF ALKALI METAL-DOPED

ZINC TUNGSTATE PREPARED BY

NITRATE

ABSTRACT

In this work, the significant improvement of photoluminescence was
found by doping alkali metal nitrates in zinc tungstate. The samples were
prepared by solid state reaction at 800°C in air. The grain size of the doped
samples was large compared with undoped one. Lattice parameters of zinc
tungstate phase increased with increasing ionic radius of alkali metal ions. The
intrinsic emission peak of photoluminescence excited at 275 nm was observed
at 465 nm. Compared with undoped sample, the samples doped with alkali
metal nitrate exhibited the higher emission intensity except LiNOs doping. The
order of peak emission intensity was RbNO3; > CsNO3 > KNO; > NaNOs >

undoped > LiNOs;. The alkali metal ions and N* were considered to replace
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Zn** and O, respectively, and modify the crystallinity of ZnWQ., which
resulted in the changing of the luminescence activity. Moreover, an increase of
atomic ordering along c-axis and reduced emission was observed from LiNO;

doped sample.

4.1 INTRODUCTION

Zinc tungstate (ZnWOs) has been attracted the attention of researchers in
optical applications such as scintillators [1-2], optical fibers [3], laser hosts [4],
photocatalysts [5], and optical recording materials [6]. It is the wolframite
crystal structure having intrinsic blue emission wavelength between 460 and
490 nm [7]. In scintillation applications, the advantages of ZnWQ4 are non-
hygroscopic and non-toxic. Many studies about optical properties including
absorption, light yield, emission wavelength, and afterglow of ZnWQO4 have
been reported [1, 8]. Generally, pure ZnWOy4 crystals emit reasonably well
without any dopants but its photoluminescence properties are likely to be
enhanced by doping. Minh et al. [9] has reported that ZnWO4 crystals doped
with Er’** shows a significant optical transition from WO.* structure. Dafinova
et al. [10] has reported that the addition of ammonium and sodium salts into
the ZnWOys leads to a substantial increase in the intensity of the intrinsic blue
emission. Sheng Deng et al. [11] reported that co-doping of Ca and Dy showed
higher UV absorption efficiency of sample. For alkali metal and alkali earth

metal doping, it was reported that co-doping of Li, Sm and Bi improved the
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white light emission which is the extrinsic photoluminescence properties of
sample. The enhanced luminescence comes from the improved crystalline and
from the charge compensation of Li* ions by the co-doping of Li and Pr [12].
And for sodium salts doping, the decreasing of photoluminescence activities in
the samples occurs because Na* hamper the transition [10].

However, for other alkali metal salts, there have not been many studies yet.
In this research, we investigated the doping materials which would improve
photoluminescence activities and found that alkali metal nitrates had an effect

to improve the intrinsic blue-green photoluminescence of zinc tungstate.

4.2 EXPERIMENTAL

The sample preparation was shown in Fig. 4.1. Alkali metal nitrate doped
zinc tungstate samples were fabricated by solid state reaction technique. The
starting powders were ZnO (99.99%, Furuuchi Chemical Co., Ltd.), WOs
(99.99%, Kojundo Chemical Lab.), LiNO3, NaNO3, RbNO3, CsNO3 (>99.00%,
Wako Pure Chemical Industries, Ltd.) and KNOs3 (>99.00%, Junsei Chemical
Co., Ltd.). The powders were mixed in the molar ratios of Zn: W: alkali metal
= 1: 1: 0.02. At first, the powder mixtures were ground in distilled water to
dissolve the nitrate for 20 minutes, mixed in 2-propanol for 2 hours and dried
by using infrared lamp. After drying, the mixtures were pressed into pellet
(diameter 10 and 20 mm) under 100 and 400 MPa, respectively. and sintered at

800 °C for 3 h in air. The heating rate is 4°C per minute. After sintering, the
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morphologies of the 10 mm pellet samples were characterized using scanning
electron microscope (SEM, JEOL JSM-5510). Some 10 mm pellets were
ground into the powders. The powders were compacted in 2 x 2 cm? glass
holders for XRD and photoluminescence testing. The crystalline phase was
measured using X-ray diffractometer (XRD, RIGAKU Multiflex) with Cu Ka
radiation (A= 1.5418 A). XRD was operated at 30kV and 20mA in the 20 range
from  10° to 80° with a scan speed of 2° per minute. After that, the lattice
constants and unit cell volumes of samples were calculated using XRD results,

Bragg’s law and equations:

A=2d,,,;sinf (1)

-

1 h= k* 2hkcosf  1?
= + +— (2)

dZ.  a’sin’f  b2sin’f absin’fi = ¢

WV = abcsinf3 (3)

where A is the wavelength of the rays, duq is the spacing between layers of
atoms, 0 is the angle between the incident rays and the surface of the crystal, h,
k and I are miller indices of the samples, a, b and c are the lattice parameters of
the samples, B is the angle between a and ¢ and V is unit cell volume.

After lattice constants and unit cell volumes calculation, the content of
alkali metals in the 20 mm pellets was confirmed by X-ray fluorescence (XRF,
ZSX Primus II). The photoluminescence of the powder samples was measured

using fluorescence spectrophotometer (Hitachi F-7000).
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Starting powder
Weighing WO, :Zn0: MNO; =1:1:0.02

M : Alkaline metal [Li, Na, K, Rb, Cs]
15t : in refine water for 20 min.
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by using mortar and pestle
9

Drying by using Infrared lamp

¥

_ Diameter: 10 mm.
Pressing Pressure: 100MPa
. o
Sintering at 800°C for3 h

Figure 4.1 The sample preparation method
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4.3RESULT AND DISCUSSION

Fig. 4.2 shows the SEM micrographs of undoped and alkali metal nitrate doped
samples after sintering at 800°C. Doped sample showed the formation of crystals
with diameter lower than 1 pm. The grain size of the doped samples was large
compared with undoped sample. The grain size of doped samples appeared to
depend on boiling/melting points which are 600/255, 380/308, 400/334, 578/310
and -/414 °C for LiNO3, NaNOs, KNOs, RbNO3, CsNOs respectively, as shown in
Fig. 4.3. Generally, the grain growth is accelerated by the presence of liquid phase.
The fact that the grain size for LiNOs; doping was the largest among the samples
seems to be because of its wide temperature range between boiling and melting

points.

W : Zn: alkalimetal =1:1:0.02, sintering at 800°Cfor3 h

Undope sample

RbNO, CsNO,

5um

Figure 4.2 SEM images of samples doped with various alkali metal nitrates.
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Figure 4.3 Melting point and boiling point of various alkali metal nitrates.

Fig. 4.4 shows XRD patterns for all the sample powders prepared with
various alkali metal nitrates. The peaks in the patterns were indexed on the
basis of the crystallographic data of ZnWOQO4 (ICDD code 89-0774). For LiNOs
doped sample, the increase of h k 0 diffraction peak intensity was observed,
which implied the increase of atomic ordering along c-axis. XRD peaks were
slightly shifted in 20 depending on the alkali metal nitrate. Their lattice
constants and unit cell volumes were determined using eq. (1), (2) and (3) (Fig.
4.5). The lattice constants a, b, ¢ and the unit cell volume showed the tendency
of increasing with increasing ionic radius. XRF data in Fig.4.6 shows the
amount of K*, Rb*, Cs* content existed in the doped samples. Li* and Na*
cannot be detected because of the limitation of XRF equipment. From these

results, alkali metal nitrates were considered to dissolve in the samples.
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Jenkins, et al. [13] reported that the ionic radii of Zn**, W%, Li*, Na*, K*, Rb*,
Cs*, O* and N* were 0.074, 0.042, 0.076, 0.102, 0.138, 0.152, 0.167, 0.140
and 0.171 nm, respectively. The alkali metal ions (Li*, Na*, K*, Rb*, Cs*) are
possible to substitute for Zn?* of ZnWOs rather than W®", because the ionic
radii for alkali metal ions are nearly the same as or larger than Zn** and much
larger than W®. Moreover, charge difference of alkali metal ions from Zn>* is
smaller than that from W®". N3-anion of nitrate were supposed to substitute for
O* of ZnWOs since the ionic radii of N* is nearly the same as or larger than
O?%, so that the XRD peaks shift in 20. This was explained as same as other
anions doping such as chloride and fluoride ions [14, 15].

Photoluminescence activities of all the samples are shown in Fig.4.7. The
result showed that emission peak occurred at 465 nm and excitation peak
appeared at 275 nm. The fact that the emission peak wavelength did not
change suggested that emission mechanism was not changed by doping.
Compared with undoped sample, those doped with alkali metal nitrates
exhibited the higher emission intensity except LiNO3 doping as shown in Fig.
4.8. The order of peak emission intensity was RbNO3 > CsNOz; > KNO3 >
NaNO; > undoped > LiNOs. Fig. 4.9 shows the relationship between
normalized peak intensity and FWHM of XRD which was estimated from the
distance between the curve points at the peak half maximum level of T 11
peak. The order of FWHM was RbNO3; < CsNO3 = KNO3 < NaNO3 =

LiNOs<<undoped. Compared with undoped sample, doping with alkali metal
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nitrate had the lower FWHM which reflected the increasing of the crystallinity
in ZnWOsu.

According to related researches [16, 17, 18, 19], the emission of ZnWO; is
related to the intrinsic emission of WOe® complexes. The four shared oxygen
atoms in the WOs structure are close to the tungsten atom and participate
charge transfer between the O 2p orbitals and empty 5d W orbitals. It was
considered that the distance between W and O atoms and crystallinity of
ZnWOy4 has a significant impact on the instinct fluorescence intensity. The
increasing of instinct emission intensity occurs from the short distance between
W and O atoms and high crystallinity [16]. Fig.5.13 shows the relationship
between normalized photoluminescence intensity and distance between W and
Ou. From these results, all samples which can improve the photoluminescence
intensity have short distance between W and O atoms. From all results in this
work, it was considered that the alkali metal ions and N* ions replacing Zn>*
and O* modify the WO structure and crystallinity in ZnWOs, which resulted
in the increasing of the luminescence activity. For LiNOs doping, the
photoluminescence was weaker than the undoped sample and other doped
sample, which might be related to high atomic ordering along c-axis. Alkali
metal ions such as Na*, K*, Rb*, Cs* which ionic radii are larger than Zn>* may
gave a decrease in distance between O* and W%* and an increase of the optical
transition between the d orbitals of W and the p orbitals of the O. For RbNO3
doping, the highest photoluminescence intensity occurred because of the

highest crystallinity which showed the lowest FHWM.
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Figure 4.4 XRD patterns of samples doped with various alkali metal nitrates.
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4.4 CONCLUSION

We fabricated alkali metal nitrates doped ZnWOs, confirmed their
structure and evaluated their optical properties. For morphology, the grain size
of the samples after doping was increased, and the lattice parameter of zinc
tungstate phase changed. It was confirmed that dopant was dissolved into the
samples and changed their crystal structure. For photoluminescence properties,
the intrinsic emission peak of the samples excited at 275 nm was observed at
465 nm. The photoluminescence intensity of the samples was significantly

increased when NaNOsz;, KNO;, RbNO;3;, CsNOs; were used as dopants.
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Moreover, the different cation doping changed the crystal structure of sample
and affected the emission peak intensity. RbNO; doping gave the highest
crystallinity which resulted in the highest photoluminescence intensity. But
LiNOs doping gave the photoluminescence weaker than the undoped sample
and other doped sample, which may be related to the high atomic ordering
along c-axis. It could be concluded that the radiative transitions between
oxygen and tungsten can be enhanced by doping with alkali metal nitrates

except LiNOs.
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CHAPTER 5

FABRICATION OF ALKALI METAL

SULFATE-DOPED ZINC TUNGSTATE AND

THEIR PHOTOLUMINESCENCE

ABSTRACT

The enhancement of photoluminescence of alkali metal sulfate-doped zinc
tungstate was investigated. All samples were prepared by solid-state reaction at
800°C using ZnO, WOs, and alkali metal sulfates as starting powders. The zinc
tungstate phase was confirmed from the samples by X-ray diffraction. The
emission peak of the samples excited at 275 nm was observed at 465 nm. Rb2SO4
> K2S04 > Cs2SO4 > undoped > NaxSO4 > LioSO4 was the order of peak emission
intensity of alkali metal sulfate-doped samples. Alkali metals with a large ionic
radius (K, Rb, Cs) enhanced the emission of intrinsic luminescence in the blue
wavelength region. Moreover, sulfates had the potential to change the

luminescence activities of the samples.
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5.1 INTRODUCTION

Zinc tungstate (ZnWO4) is a promising material for optical applications
because of its luminescence and afterglow properties. It is normally studied and
used for scintillator [1, 2], lasers [3], acoustics [4], optical fibers [5] and gas
sensors for the detection of hydrogen gas [6]. In addition, zinc tungstate has the
advantage of not being hygroscopic and is much cheaper than those normally used
for scintillator materials such as BisGe;O12 (BGO). Kraus et al. [7] explained
that ZnWO4 exhibits a ~10% higher light yield scintillation at a low temperature
than CaWO, which indicates that ZnWOQO4 can be the suitable material for a
scintillator. Klamra et al. [8] investigated the scintillation properties of ZnWOy at
LN, temperature compared with room temperature and suggested that ZnWO4 has
good scintillation parameters at room temperature. In recent years, doping with
other materials has been investigated in order to improve the performance of
ZnWOs. The doping technique creates defects in the structure which resulted in
luminescence properties. The related researches [9, 10] explained that oxygen
vacancies which occurred from a defect in the structure create luminescence
centers whose emission is shifted to the red region in comparison with the main
band 470-500 nm at 355 nm excitation wavelength. For anions, Dafinova et al.
[11] explained that the addition of anions, such as SO4> , F, Br,, I and CI ions
from ammonium salts to the structure, can create an increase in the
photoluminescence intensity of the blue emission in ZnWQ4. Additionally, for

alkali metal and alkali metal earth doping, co-doping of Li and Pr improved the
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crystallinity of the samples and charge compensation of Li* ions which resulted in
enhanced luminescence [12]. For Na salts doping, the emission decreases because
of the destruction of the WOg structures [11]. An increase in the light yield has
been found in the scintillation properties after Ca was doped in the samples [13].
However, for alkali metals and anions, there are a few studies which
investigated the luminescence properties after doping in ZnWO4 [14]. In this
research, we doped ZnWOs with various alkali metal sulfates and found that alkali
metal with a large ionic radius and sulfates had an effect whereby the blue-green

intrinsic photoluminescence of zinc tungstate was enhanced.

5.2 EXPERIMENTAL

Fig. 5.1 shows the sample preparation methods. The samples were prepared
by solid-state reaction [14]. ZnO (99.99%, Furuuchi Chemical Co., Ltd.), WOs3
(99.99%, Kojundo Chemical Lab.), alkali metal sulfates (>99.00%, Junsei
Chemical Co., Ltd.) were mixed as the starting powders in the molar ratios of
Zn0 : WO3 : dopant (Li2SO4, NaxSOs, K2SO4, Rb2SO4 or Cs2SO4 ) =1 :1:0.02
which can obtain the highest improvement of photoluminescence as shown in our
previous research [14]. The starting powder mixtures were ground in distilled
water to dissolve salts for 20 minutes and were then mixed in 2-propanol for 2 h.
After mixing, the powder mixtures were pressed into 10 and 20 mm diameter
pellets under 100 and 300 MPa, respectively. The pellets were sintered at 800 °C
for 3 h in air. After that, the 10 mm diameter pellets were ground into powders

which were prepared in 2x2 cm glass holders for XRD and photoluminescence
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testing. The crystalline phase of the samples was measured by X-ray
diffractometer (XRD, RIGAKU Multiflex) using Cu Ka radiation (Ka= 1.5418 A).
The amount of dopant in the samples was confirmed by X-ray fluorescence (XRF,
ZSX Primus II). The morphologies of the samples were observed using a scanning
electron microscope (SEM, JEOL JSM-5510). Laser Raman spectroscopy (JASCO,
NRS-7200) was used to investigate the effects of structural order-disorder on the
properties of the samples. The photoluminescence of the samples was measured by
using a fluorescence spectrophotometer (Hitachi F-7000) and the normalized

photoluminescence emission intensity of each of the samples was calculated.

5.3 RESULT AND DISCUSSION

Fig. 5.2 shows the SEM micrographs of undoped and alkali metal sulfate-
doped samples after sintering at 800°C. The undoped sample shows the formation
of crystals with a diameter lower than 1 um. The grain size of the doped samples
was large compared with the undoped one. The melting points were 859, 884,
1069, 1050, and 1010 °C for LixSO4, NaSOs, K2SO4, Rb2SOs, Cs2SOs,
respectively. Generally, the grain growth is accelerated by the presence of the
liquid phase. Some portions of alkali metal sulfates would melt during sintering
and the grain size of the samples would increase rapidly. Moreover, the melting
points of all alkali metal sulfates were higher than the sintering temperature
(800°C). Hence, the grain growth of alkali metal sulfate doped samples is nearly

the same.
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Fig. 5.1 The sample preparation method
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Cs,S0,

Fig. 5.2 SEM of samples doped with various sulfates

Fig. 5.3 shows XRD patterns of the sample powders prepared with various
alkali metal sulfates. The peaks in the patterns were indexed on the basis of the
crystallographic data of ZnWOs (ICDD code 89-0774). All samples presented
well-defined diffraction peaks which were sharp and very clear peaks showing a

good degree of structural order. The peaks slightly shifted in 20 depending on the
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alkali metal sulfates. The structural analysis was calculated to observe the
structure of the sample by Profex program which is a graphical user interface for
Rietveld refinement of X-ray diffraction data of the powder samples. The lattice
constants and atomic coordinates of the samples were determined using XRD
peaks and Rietveld refinement, as shown in Table 5.1, 5.2. The lattice constants a,
b, ¢ and unit cell volume were increased and the atomic coordinates of atoms in
the samples were changed when alkali metal sulfates were doped, as shown in Fig.
5.4. From Table 5.2, the crystal structure of the samples was simulated using
VESTA program, as shown in Fig. 5.5. These results indicate that the octahedral
ZnO¢ and WOs complex were distorted which results in the generation of
structural disorder in the samples and the changing of the lengths for W—O bonds,
bonds between oxygen complex and the symmetry of the WO complex, as shown
in fig. 5.6 and table 5.3. Moreover, the XRF data in Fig. 5.7 shows the content of
K*, Rb*, Cs* and S in the samples. Li* and Na* cannot be detected because of the
limitation of the XRF equipment. From the data of lattice parameter and XRF,
alkali metal and sulfate ions were considered to have dissolved into the samples
after the sintering. The ionic radii of Zn**, W%, Li*, Na*, K*, Rb*, Cs*, O%, S*
were 0.074, 0.06, 0.076, 0.102, 0.138, 0.152, 0.167, 0.140, and 0.184 nm,
respectively. Li*, Na*, K*, Rb*, and Cs* were supposed to substitute for Zn*" of
ZnWOy rather than W®, because the difference of the ion charge between alkali
metal ions and Zn?* is smaller than W and the ionic radii for alkali metal ions are
nearly the same as or larger than Zn>* and much larger than W°*. S* anions were

supposed to substitute for O* of ZnWOs. The ionic radii of alkali metal and S* is
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larger than Zn>** and O%, so that the shifting of XRD peak in 20 occurred which

resulted in the change of lattice constants.
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Fig. 5.3 XRD patterns of samples doped with various alkali metal sulfates.
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Fig. 5.7 XRF of alkali metal and sulfate content in the doped samples.
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Figure 5.8 shows the laser Raman spectra of the samples which have the
vibrational Raman active modes between 50 and 1150 cm—1. For wolframite-type
monoclinic structures, the Raman spectra of tungstate structures will exhibit 18
active vibrational modes which can be classified into external modes, which
correspond to the movement of distorted ZnOs complex in the unit cell, and
internal modes, which correspond to the vibrations of distorted WOs complex.
From Fig. 5.8, for the well-defined Raman peaks, it is considered that the crystals
have good structural order in the same way as XRD data. From related researches
[15, 16], all Raman-active modes in the samples were designated as Ag or Bg. The
Raman bands observed at 905 and 344 cm™ correspond to the vibrations of W-O
bonds in the WO¢. The motions of the WQOs against Zn>* were observed at 707 and
675 cm™ while the bands ranging between 500 and 600 cm™' show the symmetry
of W-O-W in the stretching mode. However, when the particle size increases, an
effect on the vibrational transitions of the samples might occur. In vibrational

transitions, the wavenumber changes in proportion to k1/2 as shown in eq. (1)
SEERLN!
2mm
, where v is the wavenumber, k is the force constant and m is mass.
Consequently, the Raman bands shift towards a lower wavenumber due to the
decreasing force constants which resulted to bond distance, atomic coordinate in
the crystal structure of the samples and related to the disorder in the crystal

structure.

Fig. 5.9 shows the UV-Vis diffuse reflectance spectra of samples. From this
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result, absorption edge is investigated and found that absorption edge of all
samples occurred about 295 nm.

Fig. 5.10 shows there is photoluminescence intensity of all samples. The
emission peak occurred at 465 nm and excitation peak appeared at 275 nm.
Compared with the undoped sample, doping with alkali metal sulfates exhibited a
higher emission intensity except for Li2SOs, and Na>SO4 doping (as shown in Fig.
5.8). RbaSO4 > K»SO4 > Cs2SO4 > undoped > NaxSO4 > LirSO4 was the order of
peak emission intensity of alkali metal sulfate-doped samples. When investigated
the effect between ionic radius of dopant and photoluminescence intensity, Fig.
5.11 shows the increasing photoluminescence intensity of the sample with the
increasing ionic radius of dopants. Fig. 5.12 shows the relationship of normalized
peak intensity and FWHM of XRD 1 1 1 peak. The order of FWHM of sulfate
was RbaSOs < KzSO4 < Cs2S04 < NaxSO4 < LixSO4 << undoped. Compared with
the undoped sample, doping with alkali metal sulfate had a lower FWHM which
resulted in the crystallinity in ZnWOs4 and photoluminescence properties to
increase. Morevoer, fig.5.13 shows the relationship between normalized
photoluminescence intensity and distance between W and Oun. According to related
researches [16, 17, 18, 19], the four shared oxygen atoms surrounding the tungsten
atom in the WOQOgs structure participate in charge transfer between the O 2p orbitals
and empty 5d W orbitals. It was considered that the distance between W and O,
crystallinity and oxygen vacancy of ZnWO4 has a significant impact on the
photoluminescence intensity. Increasing instinct emission intensity occurs from the

short distance between W and O, high crystallinity and some simultaneous order-
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disorder in the system while the decrease of emission occurs from the total
disorder or highly crystalline structures [16]. Some researches [9, 10, 20, 21, 22]
have explained that the photoluminescence of tungstate system occurred as a result
of the defects, such as oxygen vacancies and interstitial atoms. From all of the
results in this work, it is considered that the alkali metal ions replacing Zn?*, which
created the oxygen vacancy from charge compensation, deform the WOs structure
and crystallinity in ZnWQ4, which resulted in the changing of the luminescence
activity. From the related research [16], oxygen vacancies can appear in different
charge states in the disordered lattice, such as [WOs-V,* ] and [ZnOs-V,*] or
[WO4:2V,*] and [Zn0O4-2V,*], where the vacancies donate electrons and are neutral
in relation to the lattice. These oxygen vacancies induce the generation of new
energy states in the band gap attributed to the [WOs] and [ZnOg] structure. For Li
and Na doping, the photoluminescence was weaker than the undoped sample and
other doped samples, which might be related to the changing of the crystal
structure which is shown in Rietveld refinement (Fig. 5.3, 5.4 ,5.5). Alkali metal
ions such as K*, Rb*, Cs* which have a larger ionic radius than Zn** may provide a
symmetrical W-O structure and short distance between W and O atoms which was
shown in Rietveld refinement (Table 5.2, Fig. 5.5 and Fig. 5.13), increased the
crystallinity which affects the optical transition between the d orbitals of W and
the p orbitals of the O atoms. For Rb doping, the highest photoluminescence
intensity occurred because of the highest crystallinity which showed the lowest
FHWM. However, for Li2SO4 and Na>SO4 doping, the distortion of WOs complex
as a non-symmetrical structure which is shown from Rietveld refinement (Table
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5.1, 5.2 and Fig. 5.5) had an effect of decreasing the photoluminescence of the
sample. It is considered that different cations will give different enhancement in
the luminescence activities of the samples. This result was explained in the same
way as results in related research [11]. Moreover, the S* from sulfate penetrated
the structure by replacing with O* and affected the photoluminescence activities

of the samples.

5.4 CONCLUSION

In this study, we fabricated alkali metal sulfate-doped ZnWOQs, confirmed
their structure and evaluated their optical properties. The photoluminescence
intensity of the samples was significantly increased when K>SO4, Rb2SOy4, Cs2SO4
were used as dopants. Moreover, the different cation and anion doping changed the
crystal structure of the sample and affected the emission peak intensity. It could be
concluded that doping alkali metal sulfates could change the optical transition
between tungsten and oxygen which resulted in higher photoluminescence
intensity of the samples. Alkali metal sulfates, except Li and Na, could enhance

the photoluminescence of the samples.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

This study aimed to develop the zinc tungstate by doping with other
materials. In the first part of this thesis, potassium salts in different contents were
added into zinc tungstate. After that, the samples were investigated the effect in
photoluminescence properties of the sample and confirm the highest content which
obtains the highest photoluminescence intensity. In the second part of this thesis,
zinc tungstate was doped with alkali metal salts. By using the data from the first
part, the alkali metal salts contents were decided.

Alkali metal salts doped zinc tungstates were confirmed for their structure
and were evaluated for their optical properties. First, for potassium salts doping,
the powders were mixed with the molar ratios of ZnO: WOs3: potassium salts = 1:
1: x and sintered at 800°C for 3 h in air. The grain size of samples increased when
potassium salts were doped. Potassium and anions were considered to dissolve in
ZnWOQOy4 and change the lattice constants. The photoluminescence intensity of the
samples was significantly increased when potassium salt content x was 0.02. The

order of each maximum photoluminescence intensity was KNOs, K2SO4, KCI. The
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different cations and anions doping changed the structure of the sample and
affected the emission peak intensity. It could be concluded that the radiative
transitions between tungsten and oxygen can be enhanced by doping with
potassium and anions.

For alkali metal nitrate and sulfate, the grain size and the lattice parameter
of the samples was increased after doping. It was confirmed that dopant was
dissolved into the samples and changed the crystal structure. For
photoluminescence properties, the intrinsic emission peak of the samples excited
at 275 nm was observed at 465 nm. The photoluminescence intensity of the
samples was significantly increased when NaNOs;, KNO3;, RbNO3, CsNO; were
used as dopants. Moreover, the different cation doping changed the crystal
structure of the sample and affected the emission peak intensity. RbNO; doping
gave the highest crystallinity which resulted in the highest photoluminescence
intensity. But LiNO3 doping gave the photoluminescence weaker than the undoped
sample and other doped samples, which may be related to the high atomic ordering
along c-axis. For alkali metal sulfate doping, the photoluminescence intensity of
the samples was significantly increased when K>SOs4, Rb2SO4, Cs2SO4 were used
as dopants.

Moreover, the different cation and anion doping changed the crystal
structure of the sample and affected the emission peak intensity. It could be
concluded that the doping alkali metal salts could change the optical transition
between tungsten and oxygen which resulted in the photoluminescence intensity of

the samples.
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6.2 RECOMMENDATIONS FOR FURTHER RESEARCH

(1) Other luminescence activities such as absorptance, transmittance, band
gap after alkali metal doping.
(2) Investigate more the photoluminescence mechanism of ZnWOQO4 by

using Rietveld refinement to analyze.
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