Persistent luminescence mechanism of tantalite
phosphors

By
Luyanda Lunga Noto

(M.Sc. Physics)

This thesis is submitted in fulfilment of the requrements for the degree

Doctor of Philosophy

in the
Faculty of Natural and Agricultural Sciences
Department of Physics

Bloemfontein campus
at the

UNIVERSITY OF THE FREE STATE

Promoter: Prof. H.C. Swart

Co — Promoter: Prof. O.M. Ntwaeaborwa

November 2014



“Poverty and life difficulties are never an obsta@nough to stop one from

pursuing his goal.”

— Nobenza Ruth Noto

“I do not think there is any other quality so ess&lrito success of any kind as the

guality of perseverance. It overcomes almost elergt even nature.”

— John D. Rockefeller



Acknowledgements

“When we give cheerfully and accept gratefully,rggae is blessed.”

— Maya Angelou

| have been much honored to be in the midst of reévesearchers who blessed my life in

several ways and shaped my research aptitude skading sincere gratitude to:

1.

Prof. Hendrik C. Swart(promoter) for opening the door for me to enter torld of
research, and for his guidance along the lengtmypostgraduate studies. Thank you

for helping me access funding for the studies aadihg me with care and patience.

Prof. Odireleng M. Ntwaeaborw#&Co — promoter) for all the valuable inputs ingheg

me organize my ideas.

Prof. Roosfor his valuable advices on X-ray PhotoelectroncBpscopy.

Dr. SKK Shaat and Dr. MYA Yagoufor the lovely collaboration we had.

Dr. E. Coetzee-Hugo and M.M. Duvenhader the XPS and ToF-SIMS measurements.

Prof. Makaiko Chithambofrom the University of Rhodes for his valuable asice in

thermoluminescence spectroscopy.

University of Free State Physics department staifi d&ellow students from both

Bloemfontein and Qwaqwa campus, for all the valeal$cussions.

Thank you to South African National Research Fotindafor funding my research

work.

Most importantly | am sending the deepest gratitt@lé&sod, to my late grandmother
Nobenza Ruth Notq1935 September 25 — 2008 April 22) and the reshypfamily for

all that | am.



Abstract

Pr* ion doped ZnT#s, SrTa0s, CaTaOs and ZnTaGa@phosphors, which display persistent
luminescence were prepared by solid state chemmattion at 120°C for 4 hours. A
ZnTa0s:Pr** phosphor that resembled an orthorhombic singlse@has obtained, as identified
by X-ray diffraction (XRD). ZnTgOg:Pr* displayed both blue and red emission, with the blu
emission spectral line observed at 448 nm from°Mae— °H, transition, and the red spectral
lines observed at 608, 619 and 639 nm from'he— *H., °Py — *Hs and*Py — *F, transitions,
respectively. For different concentrations of‘Pr concentration of 0.4 mol% ¥rproved
suitable to generate a phosphor displaying onlyeragssion with the Commission Internationale
de I'Eclairage (CIE) coordinates matching thoseaofideal red color. Enhancement of the
luminescence intensity of ZnT@e:Pr** phosphor was achieved by preparing it in the presef
Li, SO, and LbCO;, which act as flux agents. The strong absorpbipithe defect levels due to
the flux was observed from the diffused reflectaspectra. Pr exists in both3Prand Pt*
oxidation states as revealed by the X-ray photoelecspectroscopy data. The presence df Pr
increased, while Pt decreased in the samples prepared in the presércux. The increased
absorption by the defect levels and the reductibRrd in the samples prepared using a flux
resulted in the enhancement of the Iluminescencensity as observed from the
photoluminescence spectra. The lifetime of theigtenst luminescence of ZnI@e:Pr* prepared

in a flux was calculated using a second order egptial decay curve from the measured
phosphorescence decay curves. This showed an emhantin the lifetime of the persistent
luminescence of the fluxed sample, which is atteduo the additional electron trapping centres
induced by the flux as observed from the thermohastence glow curves. Additional means of
enhancing the lifetime of the persistent lumineseenere achieved by co-doping ZnDgPr*
with Li*, Na, K" or C< ions, and by also incorporating gallium ions tenfoa new host
ZnTaGa:Pr*. The scanning electron microscopy (SEM) imagesvsiothat particles were of
irregular shape and with different sizes. The praf@n with the fluxing material showed and
increased particle sizes. The SEM images of ZnT&pashowed a surface morphology that is
composed of particles with different shapes, inclgdhe irregular, rhombus and rod shapes.
The distribution of the ions in the material wasdstigated using the Time of Flight Secondary

iv



lon Mass Spectroscopy (ToF SIMS) surface maps, wkiowed that the ions were uniformly
distributed throughout the matrix. This showed ssstul incorporation of the ions.*Pexhibits
prominent red emission in most oxide phosphorscvigomes from théD, — ®H, transition,
and greenish-blue emission frofil, — *H, s transitions is normally less intense. However, a
greenish-blue emission was observed from the @2ar'* oxide phosphor prepared by solid
state reaction at 1208C. A combination of emission coming frofD, and 3P, levels was
observed, with the blue emission from the lattecimmore prominent. Upon investigating the
thermoluminescence properties of the phosphorglbw curves showed the presence of three
different types of electron trapping centres. lesting properties of the trapping centres, such as
the competition between the trapping centres, adetion effects and the calculation of the
activation energy were studied. The phosphorescaetemmay curves showed long lasting
afterglow. Three SrTh:®¢Pr* phosphor samples with persistent emission pra=ertiere
prepared by solid state reaction at 1200, 1400 E@D°C. The crystal structure formation
improved with an increase in temperature as idedtifoy XRD. The scanning electron
microscopy images showed that the particles optiesphor were agglomerated and co-melting
was induced by increasing the synthesis temperafine ion distribution in the phosphors was
determined using the time of flight secondary ioass spectroscopy. The red emission was
obtained from théD, — ®H, and the’P, — Hs transitions at 608 and 619 nm, respectively. The
main absorption occurred at 225 nm (5.5 eV), aredodnd gap (§ calculations confirmed that

it corresponds to band-to-band excitation. Tha&ipant emission time parameters (260 — 296 s)
were calculated from the phosphorescence decayesunging the second order exponential
decay equation. The corresponding electron trappiegtres were identified using the
thermoluminescence spectroscopy, and the activai@igy was determined using the initial
rise method.
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Introduction

1.1. The sources of light

Household lighting devices have always been an itappbcomponent of life and continue to
provide us with light beyond sunset. These devam#inue to be improved frequently to
allow ease of use. There is a great differencenms of efficiency and ease of use from the
earliest documented device by Aime Argand in 1%Bd,draught oil lamp [1], to the latest
and mostly used tungsten electric light bulbs T2je pursuit to further develop the lighting
devices continues daily in order to develop cheapedrmuch more efficient devices that rely
on renewable energy for operation, like phosphdd&Hluorescent tubes and other phosphor

based devices continues [3].

The difference between the tungsten electric balb the fluorescent tubes lies in the origin
of light from the two devices. Tungsten electrighli bulbs emit visible electromagnetic
waves under the continuous heating of the filanpgnfrhis phenomenon is referred to as the
incandescence or blackbody radiation [4]. On thentremy, fluorescent tubes are
manufactured with a powder material (phosphor) #ratts electromagnetic waves by re-
emitting absorbed external radiation [5]. Theasbed radiation brings about transition of
electrons from the valence band to the conductamdpand when the electrons return to their
natural ground state in the valence band, they alobg converting their energy to
electromagnetic waves [5].

Luminescent materials are often differentiated gidime lifetime of their emission. Those

with an emission that is only detectable in thespnee of the excitation source are referred to
as fluorescent. Those with an emission that coasinior a considerable period after the
excitation source has been removed are referreab tphosphorescent [5,6]. Fluorescence
occurs when an electron is excited to a highee dtain where it de-excites to ground state
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by photon emission, without undergoing much nonatace relaxation between the vibration
states of the excited level. The life time of theited state in fluorescent materials is less
than 10 sec [6]. The non-radiative relaxation between theational states of the excited
level brings about change in the photon energyhef éxcitation source and the emitted
photon energy, and the phenomenon is referred ®t@ses shift. The Stokes shift is also

applicable to phosphorescent materials [7].

Phosphorescence on the other hand is an emissabmstbharacterised by an afterglow that
lasts approximately for 10to 10 secs [6]. Additionally, there is also an ssion that lasts

for a couple of minutes, up to several hours afber source is removed, and it is called
persistent luminescence [8]. The persistent emmssias first reported for a bologna stone
(BaSQ), and the underlying phenomenon was by then nbtunderstood. Some of the early

persistent materials are ZnS doped with Cu or esdiee lanthanides [8].

In the modern times from 1995, there appeared agewration of persistent luminescence
phosphors, such as 8gSib,O;:EW",R** (where R is any rare earth ion) [8],
MAI,0.EU*R**; M = Ca and Sr [8], CaTigPr* [9], ZnsGaGe010:Cr* [10], etc. These

materials are researched in different laboratdineslifferent applications, such as: security
signage, emergency route signs, traffic signagajicak diagnostics, luminous paints [10]
and airplane cabin floors [8]. The additional ietris to combine the rare earth ions
rendering different colour emissions to producehatevglowing persistent phosphor. Such a

phosphor would have great use in solid state ighdipplications [8].

The mechanisms underlying the mechanism of phosghence is not yet clearly understood,
and this opens up an opportunity for fundamentséaechers to research on the topic. The
focus has mainly been on developing new phosphods hoping that they do meet the
requirements of persistent phosphorescence emissgraeably is that good phosphorescent
materials have been oxide compounds such as kdiede [8]. Swart et al [11] present the
mechanism of the persistent phosphorescent emis§iSnALOsELW**,Dy**, and suggest that

it is caused by the trapping of electrons by thggex related vacancies, upon exciting the
phosphor with an ultraviolet light. These electrams then ambient thermally bleached back
to the 5d level of El, from where they will radiatively de-excite to tdé level of EG".
According to the mechanism the long route traveligdhe electrons from the 5d of Euo

the oxygen vacancies and then back to thé" Hs the main cause of the persistent
phosphorescence [11].
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1.2. Problem statement and aim

The persistent luminescence is a subject of intéaesly, particularly to the researchers that
strongly intend to make contribution to its lessdewstood mechanism. Apart from
understanding the mechanism, there are severaicapphs that drive the research of
materials that display persistent luminescenceh Snaterials are set to answer the need for
energy conservation. A typical example of such asphor would be one that can absorb
energy from the sunlight during the day, and camirto glow longer than 12 hrs in the
absence of the excitation source. Such a phospifidead to cost-effective lighting of street

and houses.

The strong persistent luminescence properties fave long time been associated with
silicate and aluminate phosphors. A recent achieve is the research done on Cafip"

[9] and ZnGaGe0.;:Cr* [10], (Y, La or Gd)Ta@Pr* [5] phosphors, which show
persistent luminescence from different hosts othan the silicate and aluminate phosphors.
The main contribution of the present work is to tctwute valuable work that will increase
the understanding of the phosphorescence mechanisfocus is on enhancing the quantity
of the electron trapping centres inside the mdiearad to generate different phosphor with a
persistent luminescence using tantalite based bloosp

1.3. Objectives of the study

> To prepare new phosphors by doping Zs0z CaTaOg, SrTa0Os and
ZnTaGaQ@ with Pr*via solid state chemical route.

> Use XRD to identify the phase change and straitherhost, and SEM to
identify change in the surface morphology, duertt icorporation

> To probe the luminescence properties of the phaspinw using PL, PLE and
UV/Vis spectroscopies that arise in the uniquetatyfgeld of the new hosts.

> To map the elements in the material using ToF-SIMSidentify Pr*
distribution in the host.

> Use the TL spectroscopy to investigate the energjyiloution of the electron
trapping centres and how they change as a resBif bincorporation.

> Use XPS to investigate the chemical state of thtase of the host material
and the oxidation state of Pwhen the phosphor is prepared under different

environments
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> Enhance the phosphorescence decay time by preprengample in the
presence of fluxing agents.

> Enhance phosphorescence decay time by disorddrengri/stal structure to
generate more oxygen vacancies, by adding diffexidati metals.

1.4. Organisation of the thesis

1.4.1. Supervision

The work was supervised by Professor Hendrik C. r5wad co-supervised by
Professor Odireleng M. Ntwaeaborwa, both from theiversity of Free State,
Bloemfontein Campus in South Africa. Additional tdioution to the work was from
Professor Makaiko L. Chithambo from the UniversifyRhodes, South Africa, with

the thermoluminescence spectroscopy and analysine afata.

1.4.2. Collaboration

* The University of Rhodes with the thermal stimutatéuminescence
measurements for the analysis of the energy digiob of the electron
trapping centres.

» The Centre for Microscopy at the University of Fr&tate for the

measurements of SEM images.

1.4.3. Additional contributors

* Dr. Elizabeth Coetzee-Hugo for the XPS measurements

» Prof. Wiets D. Roos for the XPS analysis.

e Dr. Mart-Mari Duvenhage for the TOF-SIMS measuretsen
* Dr. Mubarak Y.A. Yagoub for the luminescence medsran

* Dr. Samy K.K. Shaat for the mixed phase samplegregjon.

* Prof. M. Chithambo for the thermoluminescence.
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1.4.4. Layout of the chapters

Chapter 1: The present chapter introduced the @brafepersistent emission and
its current/future applications, the factors thattinated the study, the
factors to be addressed, the collaboration witlerstlscientists, and the

layout of the thesis.

Chapter 2: This chapter describes the phenomehlummescence by describing
the different types of luminescent materials and tlbey emit light.

Additionally, the basic concept of thermolumineszrs introduced.

Chapter 3: Description of the characterization megphes that are used to probe

information from the luminescent materials thatiakestigated.
Chapter 4: Introduces the luminescence and themmokscence properties of
ZnTa0s:Pr.

Chapter 5: Enhancement of the photoluminesceneasity of ZnTaOgPr*

Phosphor.

Chapter 6: Enhancement of persistent luminesceh@m Ba,Os:Pr* by addition
Li*, Na', K" and C$ions.

Chapter 7: Enhancement of luminescent intensity pedsistent emission of

ZnTa,0s:Pr* phosphor by adding fluxing agents.
Chapter 8: Persistent luminescence study ZnTa@a0
Chapter 9: The blue emission and TL propertiesa¥f&0s:Pr*.

Chapter 10:  Photoluminescence and persistent emis$iSrTaOg:Pr".

Chapter 11: Summary, future work, publications eodferences.
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“Men love to wonder, and that is the seed of saehc

— Ralph Waldo Emerson
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Luminescence Mechanism

2.1. Introduction.

Light forms the basis of the human life and it eeded on a daily basis to carry out activities
when the sun sets. There are several forms of, liginging from candles, gas lighting,

incandescent lighting, and luminescence based iightLuminescence is known as cold

emission, and the materials that emit this kindigift are referred to as phosphors. Applications
of a phosphor material are in the modern LEDs, vigien screens, cell phone screens, lighting
watches, emergency route signage, biological intagétc. This chapter aims to illustrate the
phenomenon of luminescence, ranging from absorplioninescence dynamics of the activator

and the mechanism of persistent emission.
2.2. Luminescence.

A phosphor is a luminescent material that has thiityato absorb energy from external

radiation, and re-emit it as electromagnetic waMds The emission is observed due to the
electronic transitions between the intrinsic defecel states [2], or the luminescence states from
the levels of an extrinsic defect [1]. ZnO is a goexample of a material with emission

originating from intrinsic defects. This occurs wiha radiation is absorbed (Figure 2.1) and
electrons are excited to the conduction band f@nfwhere they are de-excited to the donor
level (intrinsic defects with a positive chargehdathe holes are attracted by accepter level
(intrinsic defects with negative charge). The twapasite charges, electrons and the holes, will

exist in a temporary bound state, which is follovegd-adiative recombination [2,3].
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Phosphors that are made by an incorporation of divator (extrinsic defect) into a host

material, the activator acts as the luminescentreeffrigure 2.2) and the host is any alloy
compound [1]. Often the lanthanide ions are empmlolgeact as the luminescent centres. The
lanthanide ions give rise to discrete energy lewvdthin the host (Figure 2.1), which are the
centre from where luminescence emanates. The es&atps are positioned within the band gap,

such that the electrons de-excited from the highéne lower states radiatively [1].

CB 9 o e . .
: : ' v v
Donor level L o—

q
% . Acceptor Ievel——? CA)—
VB O ® & ® O

Figure 2.1: Schematic representation of the elaatrstructure of an intrinsic defect

based phosphor.

In the latter type of phosphor, the major energyhef excitation source is absorbed by the host
material. This energy is eventually transferredtite luminescent centre, from where the

emission will originate. The negatively chargedcttens that are excited to the conduction band
(CB), when the irradiation is absorbed, leave belpasitive charge (holes) in the valence band
(VB). The electrons in the conduction band de-extitthe highest state of the activator that is
within the band gap (£ and the holes are attracted by the lowest sthtbe activator. The

electrons in the luminescent state de-excite flioenhtighest to the lowest by radiatively emitting
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light. This is as illustrated in Figure 2.2 by ugiRP" ion activator, where the blue is emission
from theP, — °H, transition and red emission is observed from'te— °Ha, *Py — *Hg and
3Py — 3F, transitions [1,4].

4f5d

llllllllllllllllllllllllllllllllllllllllllllllll» .

CB

P
<

3PO

1D,

Pr3* States

O
(@I

VB

Figure 2.2: Schematic representation of the elamrgtructure of an extrinsic defect based
phosphor.

In a situation where a phosphor has co-doped a&otvan one host, they will either emit
independently or one will transfer energy to anothree. In the later phenomenon emission will
come only from the ion that receives the energyl tre earlier method is applicable when
emission with different wavelengths are requiregb]5This usually used in generating a
phosphor that emits white light [5]. In the latrosphor, the ion which transfers energy to the
other one is referred to as a sensitizer and lgsisoonly to absorb irradiation and transmit it to
the other ion (activator). This occurs when thession position of the sensitizer overlaps with
the absorption energy position of the activator. idhis is interesting for enhancement of the
luminescence intensity of a phosphor [4,6].
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The important processes that are to be discussddha involve luminescence mechanism are
absorption (Section 2.2.1), emission by the lantteions (Section 2.2.2), and the mechanism of
persistent emission (2.2.3.). In this chapter, otilg mechanism of persistent emission is
discussed and later in the experimental chaptetserb&nowledge is established on how
persistence emission can be enhanced. Finally, deintbat is employed to reveal the defect

levels leading to the phosphorescence mechanisbevdiscussed (Section 2.2.4).

2.2.1. Absorption.

Different types of semiconductor materials are @ygdl in a variety of applications, like:
photodiodes, photovoltaic cells and others. Wheeraiconductor material is directed upon by
an energetic radiation, the accompanying energeiticles may be absorbed, reflected or
scattered by the heavy nucleus of the atoms. lergérthe spectral response of practical devices
depends on the energy band gap and the absormigfficent of the material, and those of
higher absorption coefficient absorb more energynmared to those of lower coefficient [7].

Focus is directed on the absorption of photons.

Optical absorptionin semiconductor materials is mainly a mechanisat tirings about the

electronic transition from the valence band stétethe states in the conduction band. In such
kind of absorption, the wavelength of the incidelgctromagnetic radiation plays a big role in
the absorption coefficient. As the energy of thei@tion source increases, more electrons
become excited to the states in the valence bardltlerefore bring about increased photon
absorption [7]. Equation 2.1 explains the relatlmetween the absorption coefficient and the

wavelength of the material.
a =4mk/2 [2.1]

where a is the absorption coefficient, is the wavelength of the incoming electromagnetic
radiation, and is the extinction coefficient, which is a factbat determines how much light of
a particular wavelength a material can absorb [7A8lsorption may change the luminescent
properties of a material enormously depending om mamber of impurities that may be

introduced into it, and also the size of the petiaised to enhance luminescence.
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hf

Configurational Coordinates

Figure 2.3: Luminescence condition for absorbedatamh energy: (a) potential curves to explain

light emission, (b) potential curves used to exptaienching.

The energy absorbed from incident radiation byraiescent material may be dissipated by an
emission of light or may even be quenched (i.e.-ramliative transition as a result of losing

energy to heat). The condition for luminescencexplained using potential energy curves of
both the ground and excited state that have minifiis a stable energy position can be
attained. At or near room temperature, the miniinéne excited and ground state do not occur
at the same configuration coordinate, because afrtal vibrations that increase interactions

between the luminescent centre and its environii®nt

Figure 2.3a; absorption of an incident radiatioimdps about transition from poi# — A'. Since
the latter position is not stable, the carriers enak non-radiative transition to a stable
configuration (poinB). When de-excitation takes place, the system @guodsr a transition from

B — B' by an emission of electromagnetic radiation (phsfoThe system then again attains a
stable configuration in the ground state (pdijtirom an unstable one (poiBt) by undergoing
non-radiative transition [9].

Figure 2.3b; as a result of increased thermal titoma, the minimum of the excited state is

positioned completely beyond the interaction wittoumd state potential curve. After the
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transition A — A", system tends to shift towards a stable configamafpoint D). However,
before this is achieved, most energy is quenchaesast of the non-radiatively transition from

C — A due to the strong coupling of the two potentiadves [9].

However the miss alignment of the potential of ¢éxeited state and that of the ground state is
not the only factor that may suppress luminesceh@hosphor materials. Luminescence may be

suppressed by the excess amount of atoms dopethetwst (concentration quenching) [10].
2.2.2.0ptical properties of the lanthanide ions.

The phosphor presented in this thesis involves farisfrom the 4f — 4f electron transitions of
the excited lanthanide group induced luminescentres. These transitions are possible because
the ground state configuration of the lanthanideslways half filled [11]. Initially the phosphor

is excited using photons, electrons, voltage, graher source [1,11]. The excitation is either to
the host material or the lanthanide, dependinghenehergy of the excitation source. However,
direct excitation to the lanthanide does not resuleffective absorption as the host material
does, and eventually leading to emission with mie$s intensity as compared the host
absorption [1]. The energy absorbed by the hodemad is eventually transferred to the
luminescence centre non-radiatively [1,11].

The emission of the lanthanide ions originateseeitfom the 4f — 4f transitions or from the 5d —
4f transitions. Lanthanides with an emission ioagng from 5d — 4f transition have an
emission wavelength that changes from one hoshathar [12,13,14], because such transitions
are symmetry dependent [12]. This effect is atteduto the stronger interaction of the 5d
orbitals with the ligands of the host than the dfitals, which leads the splitting of the 5d state
into several energy levels [12]. The stronger thestal field, the wider the split of these 5d
levels, and the smaller the energy difference betwtbe lowest 5d state and the 4f level [15].

Thus different crystal field strength will resuthessions with different wavelengths [15].
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Figure 2.4: Electron configuration schematic diag{a8].

Such transitions have a spectrum with a broad paaked by electron phonon coupling induced
by the interaction of the 5d orbitals with the hostterial [16]. Additionally, these transitions are
very fast because of the strong electron—phonormloca@u interaction, which forces internal
relaxation with the 5d configuration to be high J[1This effect leads to the population of
electrons accumulating fast on the 5d edge, frorarvtthey will immediately de-excite to the

the 4f level [17]. Such transitions are responsibtehe fluorescence emission [17].

The 4f — 4f transitions are identical in differdmst materials. If there is a change, then it ry ve
slight, because such transitions are not synmmedpgdent [11]. This effect is attributed to the
shielding of the electrons in the 4f shell by theeo 5s, 5d and 6s shells (Figure2.4), which are
completely filled [11]. The electrons of the 4f Brare not influenced by the outer environment,
which leads to electrons de-exciting from one stateanother without losing energy to the

environment. This leads to them having spectra shtirp peaks [17].
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Figure 2.5: Splitting of energy levels df4electronic configuration due to: | — Coulomb
interaction; Il — spin-orbit interaction; 11l — cstal-field interaction.

The variety of states of the 4f levels that spraemgbss the band gap of a material (Figure 2.2) is
caused by the splitting of the"4b ** * I because of the columbic interactions from thautsipe
forces that exists between the electrons in thesh#il. S and L are the quantum numbers
associated with the total spin and the total orb#agular momentum of the electrons.
Furthermore, the electromagnetic interaction betwte electron spin and the magnetic field
created by the electron’s motion causes furthéttisgl to each of thé® * L levels into® * ',
states that are (2J + 1) in quantity. J is the tywmnnumber associated with total angular
momentum. Finally, the slight interaction of theedéctrons with the crystal field causes a split
of each of thé>* L, states intd®* L,y manifolds that are (2J + 1) in quantity [11].

The above mentioned states can be related fdidts as?** L energy levels denoted as S, P, |,
D, G, F and H states (Figure 2.6). T1é 1L, states are denoted as fit, *Hs, andHg, which

are all split intd®™* 15,y manifolds denoted &141y *Ha(z). ... and®*Ha). Typical sharp emission

lines of Pf* are observed from tH®, to ®*H, and*P, to *H, transitions with wavelengths fixed at
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349 + 3 and 613 £ 3 nm, respectively [1]. Thesefixexl because of the strong shield of the 4f
shell by the outer 5s, 5d and 6s shells [11].
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Figure 2.6: The energy level Scheme of Rans.

The role of the host material above is limitedhe trystal, field which determines the nature of
the emission of the lanthanide ion. In this sectie extend the role of the host material to
effects of the intrinsic defect levels, particathe oxygen vacancies, which have a role of

attracting the electrons and releasing them graduahding to persistent emission [1].
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2.2.3. The mechanism of persistent luminescence.
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Figure 2.7: Schematic diagram to illustrate thengimeenon of persistent emission.

Oxide materials have oxygen vacancies, which haeegy states that overlap with the energy of
the band gap (Figure 2.7). These states are posdtiat the donor level and are written aslihe
or V, centres, with the former denoting double positharge and the latter a single positive
charge. Their positive charge exerts a coulombicefdo the electrons in the conduction band
and attracts them to donor level [1]. The persisteminescence will only be supported by the
traps that are shallow enough to have the trapjestrens, excited back to the conduction band
by thermal energy that is equal to room temperatarem the conduction band they will then

de-excite to the luminescent centres from wheregion will emanate [18].

The phenomenon of persistent emission is enhantesoh ihe density of the shallow electron
trapping centres is increased [19]. The electrbas d@re trapped within deeper electron trapping
centres, require temperatures higher than room deatyre in order to stimulate the electrons
back to the conduction band. Thermal bleaching d@leetron trapping centres using higher

temperature is significant in quantifying the etent trapping centres present in a particular

Luminescence mechanism Page 17



material. This phenomenon, which is known as théummmescence is discussed in the

following section (2.2.4).

2.2.4. Thermoluminescence mechanism

Thermoluminescence is the thermally stimulated simis of light from an insulator or a
semiconductor following the previous absorption esfergy from ionizing radiation. Upon
radiating a material with ionizing radiation suck @V, alpha, beta & gamma particles, the
electrons that are excited from the valence bang lmeatrapped by the electron traps and some
are trapped when they de-excite from the condudiaord. The electrons that are trapped within
the trap centres will remain in the traps untilytlaee supplied with sufficient energy to stimulate
and release them from traps. The electrons stieditet the conduction band, then recombine at
the recombination centres which are point defestsgave luminescence (as illustrated in Figure
2.7) [20,21,22,23].

The energy (activation energy) required to exdit eélectrons from the traps to the conduction
band, is used to trace the energy distribution tfdep the traps) of the trap centres. There are
several methods that have been adopted to apprtxiima depth of the electron traps, such as
[23,24]:

1. Initial rise method

2. Chen’s peak shape method

3. Variable heating rate method

4

. Glow curve deconvolution methods

Along with these methods; an important aspectdlatvs us to choose which method to use in
evaluating these traps depends on the nature etiésnwhich are followed by the electrons
when they are detrapped. Possible kinetics ar@423,

1. First order Kinetics

2. Second order Kinetics

3. General order kinetics which can be both First secbnd order Kinetics or none of the

two.
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The first order (monomolecular) kinetics assumenteraction between the trapping centres and
the second order (bimolecular) kinetics assumeant®mn of trapping centres, which leads to
electron retrapping [25,26]. As mentioned aboveydghare several methods by which a glow
curve can be analyzed to obtain the activationgnand the detrapping kinetics. This section
focuses more on the theoretical background of niteali rise (IR), Chen’s peak shape method

and the variable heating rate method.

2.2.4.1. Initial rise method

For any typical experiment of thermally stimulatethinescence, the sample is heated inside the
system at a linear heating raj £ dT/d). The electrons that radiatively recombine witke th
holes at the recombination centres give light wvath intensity that is equal to the rate of
recombination, which is given by (Eq. 2.2):

dn,
dt
where ne corresponds to the number of the trapped electfaffs According to the Randal-

I(t) = —

[2.2]

Wilkins model [24], the thermoluminescence intensian also be expressed by Eq. 2.3 for the

first order kinetics.

dne —E/
= ——= kT
I(t) 1 = nse [2.3]

E is the activation energy of the electrons witlia trap centres is the pre exponential factor,
which is constant anét is Boltzmann constant [24]. Garlick and Gibson][24tended this

concept further by supplying an expression (Eq) o4 the thermoluminescence emission for

the low temperature interval of the glow curve, ethis independent of the kinetic order.

I(t) < e Ikt [2.4]
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Figure 2.8: A figure illustrating the region of thtial rise method

The expression is valid under the condition th@fis constant at low temperature of the glow
curve, since it is not dependent ©nn that region. This assumption is valid upto mperature
(T¢) corresponding to TL intensityd below 15% of the maximum intensiti)as illustrated in
Figure 2.8 [24].

This allows us to obtain the activation energy frtim slope of the linear curve obtained by
plotting In() vsLl/KT, whose slope iskE-[21]. The model of analysis is then called initiele
method.

2.2.4.2. Chen’s peak shape method

The peak shape method can be used to determiraetiliation energy and the nature of kinetics

based on the geometrical factor (/@ = (T— Tw)/(To— Ty)) parameters obtained from a glow

Luminescence mechanism
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curve (Figure 2.9). Along with the geometrical tactthe monotonic factor (b) can be

determined, which provides us with the informataiout the order of kinetics [24].

The activation energy (Eq 2.5) can be approximétexh the geometric factors either working
with the FWHM @), lower temperature parametad) or the upper temperature paramet@r (
from Eq. 2.5 [20,24]:

|

|

|

|

|

|

|

|
>

|

|

|

|

T, Ty To

Figure 2.9: Figure showing the geometrical ploisgi€hen’s peak shape method

kTZ,
a

E, = A, ( ) — 2bkT,, [2.5]

The geometric parameters that are used in the adapya&tion are incorporated in Chen’s general
equation of the activation energy (Eq. 2.5) usipgand b,asconstants whekecan either be,

 or d to give the following assumptions [20,24]:

A;=151+3(u-0.42) accompanied hy.58 + 4.2 (1 - 0.42)

A;=0.976 + 7.3 (1 -0.42) accompanied by 0

A,=252+10.2 (1 -0.42) accompanied pyid
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2.2.4.3. Variable heating rate

The variable heating rat@)(method allows the approximation of the activaterergy E) by
considering the temperatur@,() at maximum intensity position shift when the hegtrate
changes by which the sample is heated. Various Isi¢dere been reported upon working with
this model by Mckeever [24], beginning from the os@table for first order kinetics by
Christodoulides and Ettinger going to the one medibby Chen and Winer for general order.
The latter requires prior knowledge of the ordekioktics before computing for the activation

energy. Hoogenstraten showed that the activati@rggncan be obtained from the plot of

In (%)vs 1/kTM’ from which the slope iE [20,24].

2.3. Synthesis Method.

The samples used in the process were prepared lioyssate chemical reaction, and a short
description about is given in this section. Sokdsibit the most condense phase that is unified
into a crystal structure that is often crowded mpurities. The molecular behaviour of the
different phases of matter is different in thategafave molecules that randomly wander in
space. When energy is removed from such molechieg tondense to a liquid phase, and
similarly liquids condense to solids when their rgiyeis removed. Solids have their atoms
closely packed into a rigid structure that may lregular geometric latticeifystalline solid or

an irregular geometric latticafiorphous solig[27].

Solid state reaction is the fabrication of solidtenals either by direct transformation of a single
solid material from one phase to another one thradgcomposition, or by directly mixing a
solid material with other substancemsges, liquids or other soliighrough ion interdiffusion to
create multi component solid materials, at venhhegmperature. The solid state reaction may be
prepared in the presence of the a fluxing agentabis in facilitating crystal structure formation
and also helps in achieving doping processes §t legr temperature. The fluxing component
has an additional ability of improving the surfag®rphology of the crystals. Solid state
reactions are known to fabricate complete prodatts single phase due their high temperature
[27, 28].
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“All | have seen teaches me to trust the creatorafbl have not seen.”

— Ralph Waldo Emerson
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3

Experimental Techniques

The phosphors were prepared by solid state reactiod their luminescence dynamics were
probed using spectroscopic techniques to yield nestence information. Several experimental
techniques were used to achieve this goal, suclX-asy diffraction, Scanning electron
microscopy, Photoluminescence spectroscopy, Themmaokscence spectroscopy, Ultraviolet-
visible absorption spectroscopy, X-ray photoelacti®pectroscopy and the Time of flight
secondary ion mass spectroscopy. The aim of ttapteh is to provide better understanding of
these techniques.

3.1. X-ray Diffraction

X-ray diffraction is an analytical technique printamused for phase identification of crystalline

compounds, and it can also be used to provide rivdton of the unit cell dimensions.

Information provided by this technique is basedconstructive interference of monochromatic
X-rays that are generated within an X-ray tube aratystalline sample that is mounted on the
sample holder (figure 3.1). The waves of the x-riaigsdent to the crystal compound create an
oscillating electric field that interacts with elems of the compound atoms. The electrons
coherently scatter the incoming electromagneticatamh. Diffraction occurs when the atoms

arranged in a periodic array scatter radiationpacsic angles [1]. The rays that interact to
produce constructive interference consequentlylr@suBragg peaks observed on the pattern.
The X-rays are produced inside an X-ray tube (Xgayrce in figure 3.1) that contains a copper

block that is cooled down using water. A metaltia@hed to the copper, which forms an anode,
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and a cathode made of tungsten filament is plappdsite to the anode. The tungsten filament is
heated up and a potential difference is appliedvéen the anode the tungsten cathode to
accelerate electrons from the warm tungsten filan@rhe anode. The gkand K, Cu X-rays
with 1.39 and 1.54 A wavelengths, respectively, preduced when the electrons strike the
anode. A Nickel filament, which absorbs wavelengtalw 1.5 A is used filter thegadiation.
The K, X-rays are finally used to characterise the samphe detector produces an electrical

signal when exposed to radiation, which is convkiméo a pattern [2,3].

o,

%
X-ray A-ray
Source = detector

=
- -
i e

Figure 3.1: The X-ray diffraction system: D8 Advarigruker [2]

3.2. Scanning Electron Microscopy

Scanning electron microscopy is a surface technitpa¢ is essentially designed to capture
images of three dimensional objects on specimefiaces. Secondary and backscattered
electrons emerge from the specimen surface, whismpitobed by a primary electron beam with
energy between 5 — 30 keV from the electron gur gdittmary electrons are focused into a fine
spot using the condenser and objective lenses€figi2), which is then scanned across a certain
area, from where the secondary electrons are tetle®hen secondary electrons arrive at the

secondary electron detector, they converted intonage is formed. The secondary electrons are
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used to extract topographic contrast, and baclkseattelectron images are used to extract
compositional differences on the surface [4]. Fheondary electron images are of importance

in this study to identify possible particle aggloateon.

Electron gun

| X ]

Condenser lens

Detectors SE -\ Amp
BSE om— e '

Sample m——

Figure 3.2: Schematic diagram showing the eledtesam column in Secondary Electron

Microscopy [5].

3.3. Photoluminescence Spectroscopy

Photoluminescence is a resulting optical transitidmen a material (e.g. phosphor) absorbs
electromagnetic waves of sufficient energy to exatectrons from the valence band to the
conduction band. These electrons will de-exciteh® luminescence centres, from where the

electron de-excite radiatively from higher statedawer states to recombine with the holes. A
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techniqgue used to characterize such propertiesefisrred to as photoluminescence (PL)

spectroscopy.
Xenon
Lamp
Monochromator——>
PMT
Detector [€ <€ Qe
5

Figure 3.3: Varian Carry-Eclipse spectroscoflourtensetup schematic [8].

Such a system can be achieved using a laser, axamp or synchrotron radiation to generate

the electron hole pairs in the electron structdra sample, and a photon detector to analyze the
light from the sample. The output spectrum of tetedted emission is displayed as PL intensity

as a function of the emitted light wavelength. Madvanced PL spectroscopy techniques can be
used to measure photoluminescence, photolumineseatation centres and phosphorescent
lifetimes. Amongst such techniques is the VarianrZ Eclipse system (Figure 3.3), which uses

a xenon lamp as a source of excitation [6,7], ahdtgmultiplier tube (PMT) to detect the

emission from the sample .

Experimental techniques Page 29



3.4. Thermoluminescence Spectroscopy

ca \

Electron traps
P Pr* Centre

v |

Figure 3.4: Mechanism behind thermoluminescence.

It is a natural ability of materials fabricatedhagh temperatures, especially the oxides to have
defects in their lattice structure. These defeetsegate localized energy levels positioned within
the forbidden band gap of a material and they adtaps of both the holes and electrons upon
excitation (Figure 3.4). When the material is hdasdter it had been irradiated, the trapped
carriers accumulate sufficient energy to jump duthe trap sites. These released carriers will
then eventually reach the luminescence centre J9]llle resulting luminescence is used to
approximate the depth of the trap levels within fwbidden region, and thermoluminescence
spectroscopy is used to reveal such informatiorchSaoformation is extracted from the glow

curve which is the resulting thermoluminescencession as function of temperature [9,10].
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Figure 3.5: Schematic representation of the TLesystomponents.

The thermoluminescence spectroscopy systems whitk wsed in this study were the Riso -
TL/OSL-DA-20 that is equipped with a beta partidiesn °°Sr beta radiation source with a dose
rate of 0.1028 Gy/s. The luminescence detection ther TL/OSL system consists of a
photomultiplier tube (PMT) with a U340 Schott filt¢hat is effective in the 340-380 nm
wavelengths. The system had a heater, which coeiéd tpp to 700C. The chamber, which
housed the PMT was cooled to almosi0using a chilled nitrogen gas. A typical setuptraf
Riso - TL/OSL-DA-20 is illustrated in Figure 3.5.h& other system was a TL 10091,
NUCLEONIX spectroscopy, which used a 254 nm UV laamgl had a heater that heated upto
600°C.

When the electromagnetic radiation in a certainiorads projected towards a solid material, the
light waves are reflected, absorbed or transmittedhe waves are incident on a metallic
material, they are specular (Figure 3.6) refledtadkwards upon arrival at the surface. Non —
metallic materials may simultaneously absorb arfteete or absorb, reflect and transmit the
incoming waves. The latter applies to material$ &éna sufficiently transparent to allow a certain
portion of the light waves to pass through theincure. The ability of materials to absorb and
reflect is an important parameter that is used gy WV/Vis spectroscopy to identify how

phosphor materials respond to electromagnetic tiadiaLight reflection by solids occurs in
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several ways. However of importance in the contexdiffuse reflectance (Figure 3.6), which

occurs when light is projected onto rough surfditesthat of powder materials [11,12].

3.5. Ultraviolet-Visible absorption Spectroscopy

Diffuse Reflection

A

Incident
Light

Specular

Reflection

Figure 3.6: Incident light reflection on the sudamn a solid material.

The UV/Visible spectroscopy is equipped with twairee lamps: Deuterium (from about 10 nm
to 330 nm) and Tungsten lamps (300 nm to waveleggthter than 3000 nm). The lamps are
used to irradiate the sample, with the Deuteriuedusom 200 nm up to 319 and then shift to
Tungsten up to 1000 nm. Upon irradiating the santple source beam is split into two beams.
One beam is directed to the sample and the othseris to the detector as a reference. The
sample is positioned inside an integrating sphEigu(e 3.7) that collects the diffusely scattered

light (Figure 3.6), by the sample. Some of thedeai light is absorbed by sample. The collected
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light eventually falls onto the detector, which sabts the collected light from the source light to
determine the amount that has been absorbed. Teetals used in this system are the PbS and
PMT which measuring the near infrared region, attda\dolet and visible region, respectively.

This technique allows determination of the absotkarharacteristics of phosphor materials [13].

Incident beam

[ Rafarmca light

S;ample

Figure 3.7: Schematic of the integrating sphereriat.

3.6. X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS) is anipie used to probe elemental composition
and the chemical state on the surface of a specjilgnXPS PHI 5000 versaprobe using 100
um, 25 W and 15 kV Al monochromatic x-ray beam (fFgB.8) was used to probe such
information in the present study. During an analyan Aluminum X-ray beam is irradiated on
the surface of the specimen, and it ionized theq#ectron, which is knocked off the surface
and into the vacuum (Figure 3.9). This electrothisn attracted to the detector of the system
using potential difference and accelerated alorey emispherical analyser from where its
kinetic energy will be used to determine the bigdemergy of the surface of the specimen. Such

is obtained using equation 3.5 [15,16]
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Figure 3.8:Schematic showing the photo electron path fromispatto the detector [17].

Ebinding: Ephoton - Exinetic— 2 [3.1]

where the binding energy is that of an electronttehias result of electron configuration within
the atom, the photon energy being that of the X-usgd, kinetic energy is that of the

photoelectron an@ is the work function of the detector [16]. Thediimg energy of each atom is

unique; hence the energy peaks of different atcawe Wifferent heights.

XPS earned its popularity by its high ability ofechical analysis. It is a surface sensitive in
that it analysis at 2nm depth, and its lateral ltggm is greater than 150m. However it is
limited in elemental composition in that it canmtgtect H and He, because their electrons

come from the valence band. This causes them ri@\e unique energy peaks [15,18].
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Figure 3.9: Mechanism behind the operation of XPS.

3.7. Time of Flight Secondary lon Mass Spectroscopy

The Time of Flight Secondary lon Mass Spectrosd@mfF — SIMS) shown in Figure 3.10 is a

surface technigue that is used to identify elementshe surface, do elemental mapping and
depth profiling. Bi ion beam is used as the primary source to probeitinface of a sample,

from an ion gun that is operated at 30 000V witteam size of 200 nm in the imaging mode
and 5um in the spectroscopy mode. During an amsalygulsed (less than one nanosecond)
Bi* ion beam is irradiated onto the surface of thepd@apwhere it dissociates the outermost
surface layer (0.3 — 1 nm) of the sample. Thisddadhe removal of the ions (secondary ions)
forming the outer layer on the surface, which &entaccelerated into a column where they fly

a distance that is approximately two meters ta@éte detector.
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Figure 3.10: ToF-SIMS schematic from IONTOF [25].

lons of different elements have different massas, taerefore have different times of flight.

The difference in the time of flight allows the éetior to identify the elements present on the

surface. The analysis is carried out over an afd®@ x 100 um area, where the ion beam is

rastered to produce the map of the elements owléfired area. The maps are obtained by

rastering the ion beam over a certain area fronrevtiee secondary ions are mapped to form

an image representing the distribution of ionshm $ample. The ability of the system to focus

its beam into a fine spot allows it to have a veigh later resolution such that it can resolve

particles with a distance of 60 nm [19,20].
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“Do your duty and a little more and the future wglke care of itself.

— Andrew Carnegie
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- 4
Photoluminescence and
thermoluminescence properties of
Pr** doped ZnT&0s phosphor

4.1. Introduction

Zinc tantalite is a compound that exhibits excell@icrowave dielectric properties, such as high
quality factor and high dielectric constant [1]. eTlcompound is mainly developed for
applications in microwave frequency devices suchrem®nators and mobile communication
systems [2]. It has been prepared using severahiché routes to establish lower preparation
temperatures to make it economically viable forcpcal applications and ease of preparation
[1,3]. The chemical stability of the tantalite gpoof compounds makes the phosphor suitable for
future practical applications [4]. The interest axide materials aroused because of their
excellent long afterglow properties as reported Nl ,O4:Eu, Dy (M = Ca, Sr, Ba) [5] and
CaTiGs[6]. The oxide materials have the ability to getermany positively charged oxygen
vacancies residing in the forbidden region of thadstructure [7]. These oxygen vacancies that
are generated during the synthesis process arendlji@ contributors to the phosphorescence
behavior of many oxide-based phosphors [7,8]. THé&iBn is an important ion for generating
red light because it has shown an emission witburotoordinates (x = 0.68, y = 0.31), which
are close to those of an ideal red light when ripeated in CaTi@host [9]. The single red
emission of PY ion in CaTiQ host material is attributed to the virtual changasfer from the
lower lying intervalence charge transfer. The \dttcharge exchange betwe# and’D, states

via the intervalence charge transfer leads to apbete depopulation of théP, state by

transferring all its charge to thB, state [10]. In this study we present a new red phosthat is
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prepared by solid state chemical reaction. We pitdaeninescence properties and the transitions
leading to the observable emission wavelengthscaleulated the band width of ZnZ2 and
we determined the phosphorescence lifetime andeldetron traps responsible for the long

afterglow of the phosphor.
4.2. Experimental

ZnTa0s doped with 1 mol Bf phosphor was prepared by solid state reactionadetly mixing
stochiometric amounts of 7@s, ZnO and PrGlinto a slurry mixture using ethanol. The mixture
was dried at 106C for 10 hrs and was then fired at 120D for 4hrs, resulting in a white
powder. The photoluminescence emission (PL) andtatkmn (PLE) of the powder were
measured using the Varian Carry-Eclipse fluoreseespectrometer. Phosphorescence lifetime
measurements were achieved by irradiating the sarfigpl5 minutes using a UV lamp, and
immediately after switching the lamp off, a PMT walbwed to measure the phosphorescence
signal at room temperature, with an approximatelhydéme of 1 second. A PerkinElmer
Lambda 950 UV/VIS spectrometer was used to redoedliffuse reflectance spectra. The phase
and surface morphology were identified using a BrukXS D8 Advance X-ray diffractometer
(XRD) and Scanning electron microscopy (SEM) (Shima SSX-550, Kyoto, Japan),
respectively. The glow curves were acquired by rmfmduminescence spectroscopy (Riso
TL/OSL reader — model TL/OSL-DA-20), after irradieg the phosphor using beta particles
from °°Sr beta radiation source at a dose rate of 0.1328 G'he luminescence detection for the
TL/OSL system consists of a photomultiplier (PMTijwa U340 Schott filter that is effective in
the 340 — 380 nm wavelengths.

4.3. Results and Discussion

The SEM micrograph of ZnF@s:Pr** is presented in figure 4.1 and it shows an aggiation

of small spherical particles, which is a uniquec#raof particles prepared at very high
temperatures [11]. The XRD pattern of ZaDgaPr* that matches that of a standard pattern of
orthorombic ZnTg0e referenced in ISCD card number 36289 [12] are shmwiigure 2. This
suggests that a single phase was crystallized ciiystallite sizes were approximated to be 270

nm using the diffraction peaks measured and Sateequation (Eq. 4.1) [13]:
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Figure 4.1: The SEM micrograph with 500 nm field view.
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Figure 4.2: The XRD patterns of Zns:Pr".
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K
$= Bcoso’

[4.1]

wheres is the average crystallite size of the Zg@g (5.4 x 10%rad.) is the full-width-at-half-
maximum of the diffraction at ang0.262 rad.)k is the shape factor that is approximately

0.89 andi (1.54 nm) is the wavelength of the X-rays usedharacterise the compounds [13].
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Figure 4.3: PLE and PL spectra of Za®gPr** phosphor.

The photoluminescence emission spectrum (Figurk af.ZnTa0e:Pr** phosphor shows blue
and red emission lines from>Pupon exciting with 259 nm ultraviolet light sourc&he blue
emission attributed t8P, — °H, transition is positioned at 447 — 449 nm, andréteemission
lines attributed tdD, — *Ha, *Py — *Hg and®Py — F; transitions are positioned at 608, 119 and
639 nm, respectively [14]. There are two more miemnission lines attributed t®, — *Hs g
transitions positioned at 721 and 820, respectiy&h}. The PLE spectrum was acquired to

evaluate the position of the excitation bands, taedmost prominent absorption band is situated
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at 259 nm and was used to excite the phosphoreTikelso an additional absorption band at
330 nm that may correspond to the intrinsic defdzdorption or the virtual charge transfer
reported by Boutinaud et al. [10] for*Pions. The photoluminescence behavior of Rray be
affected by the distance betweeri*Ro 7 ions, and this factor may be the one leading o th
more prominent red emission from D states thanblbbe emission from the P states as it is
expected from orthorhombic and cubic phase, as dbiserved to completely quench P state
emission in CaTi@[15,16].
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Figure 4.4: Diffuse reflectance spectrum of ZsOa Pr".

The diffuse reflectance spectrum (Figure 4.4) shalsorption at 260 nm and at lower
wavelengths, at 330 nm and in the 450 — 500 nnonegf the spectrum, upon exciting the
material with 259 nm wavelength source. The strabgorption bands with wavelengths lower
than 260 nm may be due to band to band transittathase within the conduction band upon
exciting the material [17]. The broad absorption380 nm, which is consistent with that

observed in the PLE spectrum (Figure 4.3) may keetduntrinsic defect absorption or virtual
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charge transfer [10]. The weaker absorption pedak458 to 500 nm correspond to f — f
transitions of P¥ [18].
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Figure 4.5: Energy band estimation from diffusée@hnce.

The prominent absorption band observed at 259 nimeifPLE spectrum possibly emanates from
intrinsic defect levels close enough to the conidacband or it may be from band to band
transition as demonstrated below [18]. Figure hbws the energy band emission from the
diffused reflectance spectrum (Figure 4.4) of ZiOgPr*, transformed by the Kubelka—Munk
function (Eq. 4.2):

(1-R)?

FR) = — 52—

[4.2]

whereF(R) is the reflectance factor that is transformed ediog to the Kubelka — Munk from
the reflectancdR. the value ofR is obtained by subtracting the system’s backgrooiiziined

using BaSO, standard, from the reflectance of the sample [ITHuc’s relation is then
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reconstructed using the Kubelka — Munk relatiooltain (Eq. 4.3) from which the energy band

gap Egy) of the material can be obtained [19]:
(F(R) hv)?> =C(hv - E,), [4.3]

where thehv is the photon energy ard is a proportionality constant [19]. From the riglat
given by Eq. 4.3, a curve ¢F(R) hv )? vshv is then constructed, from which a tangent line is
fitted at its point of inflection. The point at wdhi the tangent line intersects with the is
equivalent to the energy band gap of the matef@a].[ The F of ZnTa0g:Pr* of is then
approximated to 4.43 + 0.02 eV according to thenpat which the tangent line intersects kive
axis. The value obtained fog E4.43 eV) is equivalent to the major absorptioig(Fe 4.2) at 4.6
eV, this is a verification that the major absorpticomes from band to band excitation of the

material.
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Figure 4.6: Phosphorescence decay curve of Zdgar’™.
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The phosphorescence lifetime of the Zsa Pr* was investigated by exciting the phosphor for
five minutes, followed by measuring the emissiotemsity after removing the UV excitation
source 2 seconds later. The decay profile is pteden figure 4.6 and it is made up of two
components; namely the fast and the slow compomenith correspond to the lifetime coming
from PP* emission and trapped electrons within oxygen veieanrespectively [9,21]. The time
it takes for each component to decay was extrauyefitting the profile using the second order

decaying exponential curve (Eq. 4.4) [22]:
I(t) = Ae /"1 4 Be t/%2 [4.4]

wherel is the luminescence intensi#,& B are constantd,is the phosphorescence timeand

7, are the decay times of the first and the secontponents, respectively [22].

The phosphorescence decay times were determinge 56.9 + 0.6 us and 570 £ 15 secstfor
andr,, respectively. The oxygen vacancies have beerrtezpas the major source for the long
afterglow that is observed in most materials [Zljese centres capture electrons and gradually
release them to luminescent centres [9] and whey licombine with electrons centres then is
the long afterglow luminescence is observed [2Bf @epth of the traps centres determines how
long the afterglow emission lasts, and the deepertriaps the longer the phenomena will last
[23][21].

Thermoluminescence anaylsis was used to investipateslectron trap distribution within the
material, from which the energy required to thetynatimulate the electrons from an electron
traps is used to determine the depth of the eledtaps [24]. The glow curves were measured by
varying the heating rate by which the samples aadud from 0.5, 1, 2, 3, 4 andG/s for the
ZnTa0s:Pr**'sample exposed to 370 Gy. The glow curves (Figufe)dshow that as the heating
rate increases, the TL intensity of the peaks dese® withTy, shifting to higher temperatures.
The earlier effect is attributed to thermal quenghi25], and the latter is attributed the
recombination that is slowing down [26]. The aatigon energy can be approximated using Eg.
4.5 [25]:

Th

E=In (7) KTy [4.5]
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Figure 4.7: (a) shows the glow curves of the vadeiddeating rates, and (b) the slope for

activation energy approximation.
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whereE is the activation energy,v is temperature at the maximum intensity of thewgboirve,

p is the heating rate, aridis Boltzmann’s constant. The activation energyhisn extracted
2
directly from the slope otn (%M) VS 1/kTM [25] as shown in Figure 4.7b, from which the

corresponding activation energy was found to b8 &.0.03 eV.
4.4.  Conclusion

A new red long afterglow phosphor was prepared dyyirjZnTa0s with 1 mol% P, It was
observed that the orthorhombic Zn®g host promotes red emission from*Pions, with
spectral lines at 608, 119 and 639 nm friba — °H., °Py — *Hg and>P, — °F, transitions,
respectively. The phosphor mostly absorbs the iegizadiation by band to band excitation, as
confirmed by calculations of the energy band g&he phosphorescence was measured and the
decay times were approximated to be 56.9 + 0.6nas540 + 15 secs for the fast and slow
components, respectively. The depth of the electtompping centres that lead to

phosphorescence was approximated to be 0.48 .03
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“If you hear a voice within you saying “you canrmint,” then by all means
paint and that voice will be silenced.”

—Vincent Van Gogh
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N 5
Enhancement of the
photoluminescent intensity of
ZnTa,OgPr>* phosphor

5.1. Introduction

Until today, commercially available red glowing mgipbors are limited, whereas the blue and
green phosphors have been much more commercidlizedhis is attributed to red glowing
phosphors lacking the application quality [1], hesza of their inefficient luminescence intensity
and long afterglow [2]. Research to enhance lunc@ese intensity is currently approached in
several ways, such as varying the concentratigheoflopant ion in the host material [1], adding
charge compensators [3] and using different syrgheasthods [4]. Another strong emphasis of
research on red glowing phosphors is to achieveoaghor that glows with a pure red emission.
In the display technology, )0s:EU** is presently adopted as a red phosphor, becatitesfarp
intensity from the’Dy, — F, transition of the Ef ion. In true sense, the emission coming from
this phosphor is not entirely red, but close tongea[5]. For application purposes, the emission
of Y,O3:EUW** undergoes an expensive process of filtering togkats color index from (0.65,
0.35) [5,6] that is close to orange, to (0.67, P[dBthat resemble the color of an ideal red light
as defined using the Commission Internationale'Eeldirage(CIE) chromaticity coordinates
[5]. Red phosphors have attracted attention forliegppns in medical imaging, self-lit
emergency signs, soft illumination and several o&pplications [8,9]. Bf ions have emerged
as suitable candidates to assist in generatingpapbtor that glows with an almost certainly red

emission [9]. This is as observed from the singlé emission of CaTigPr" phosphor with
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colour coordinates (0.68, 0.31) [4].%Pis reported to emit efficiently in the blue anck tred
regions of the electromagnetic spectrum, dependmgheir concentration and also the host
material in which it is doped [10]. In CaTiQit glows with a single red emission that is
attributed to the electron population cross-ovenfithe®P, level to the'D, level as a result of
the virtual charge transfer mechanism (IVCT) betwdee Pf* and Tf* ions [8]. This leads to
complete quenching of the blue emission from3Pe— *H, transition, and leading to a single
red emission from th&D, — *H, transition [8]. This non radiative process hasvproto be of
great importance in that it reveals the capabift{r* to be used as a standard dopant to prepare
red phosphor for commercial purposes in futuregdneral non radiative processes are desirable
for the research on phonon-electron coupling strelagd relaxation rates of different optical
transitions of a rare-earth ion [11]. These proesesdso have drawbacks in that they can limit
the luminescence intensity by reducing the efficienf the radiative transitions [11]. In this
work, we present the optimisation of the luminesdetensity of the ZnT#Ds:Pr** phosphor by
varying the concentration of Prions from 0.1, 0.2, 0.4 to 1.2 mol%. We also iniggge the
photoluminescent properties of the phosphor andhdmeegeous distribution of the dopant ion as

the concentration is varied.
5.2.  Experimental

ZnTa0g: Pr** phosphor was prepared by solid state reactioh2@®°C for 4 hrs, and the Pr
ion concentration were varied from 0.1 to 1.2 molRhe crystalline phase was identified by a
Bruker AXS D8 Advance X-Ray diffractometer using &u radiation. Thescanning electron
microscopy(SEM) images were captured using 8femadzu SSX-550 SEM from Kyoto, Japan.
The photoluminescence (PL) emission and excitafRIcE) properties of the phosphor were
probed using the Varian Carry-Eclipse fluorescesmectrophotometer. The distribution of Pr
ions in the phosphors was checked from the surizes obtained from the ION-TOF SIMS 5
model. The Biion gun with 1 pA beam current was used to prblesstrface.

5.3. Results and Discussion

The measured X-ray diffraction (XRD) patterns of #nTaOs:Pr* (Figure 5.1a) matches that
of the standard orthorhombic Zn phase referenced in the ICSD card number 3628P [12

This suggests that we have crystallized a singleodnombic phase of ZnJ@s. The phase
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purity was not affected by Brdoping. The SEM image (Figure 5.1b) shows theigastthat are
agglomerated together with isolated particles gdlyeappearing circular, implying a spherical
shape.

(131}

0.1 mol% Pr’* [

LA .

-

= (061)

[ (132)
F(261)

1.2 mol% Pr’* [
| N .lll T ”

Intensity (a.u.)

1
—
.

rrrrrru

Ll 1 1 11

ICSD 36289
'-l' | w t M@mm
20 40 60 80
2Theta ()

Figure 5.1: (a) XRD patterns of Znf@s with different P¥* ion concentration, (b) SEM image of
ZnTa0s:Pr.
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Figure 5.2: A three colour overlay chemical ima§@.4 mol% Pt in ZnTa0.

The SIMS-TOF analysis was done to investigate tis&ilution of the PY ions inside the

phosphor. The compositional identification was aebd from the mass spectra (not shown) that

were acquired at the surface of the phosphor frdniclwPr, Zn" and TaO peaks were used to

obtain the maps. The chemical imaging of the tlwas was correlated by colour overlay plots

to investigate the distribution of Prions inside the phosphor (Figure 5.2 & 5.3). T8 fim x
100 um images of Piblue), Zi (red) and TaO(green) were taken and overlaid on each other.

Figure 5.2 and 5.3 show the image overlay of 0d &2 mol% of the Bf ions in ZnTaOs,
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respectively. In both images a homogeneous disioibwf the Pt' is evident, as revealed by
Chakraborty et al [14]. When comparing the two VIS images, it is clear that there are less
Pr* ions for 0.1 mol% Pt concentration (Figure 5.2) than in 1.2 mol%*Rroncentration
(Figure 5.3) as expected. The high concentratiothe latter phosphor leads to shortened

distances between Piions as reported by De Mello Donega et al [11].
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Figure 5.3: A three colour overlay chemical ima§é&.a@ mol % PT" in ZnT&0s.
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The absorption characteristics of the phosphorpaeeented in Figure 5.4 and 5.5. Figure 5.4
shows the PLE of the Zn¥@s:Pr* phosphor at different concentrations of 'PfrThe PLE
intensity changed with concentration and it washigiest for the 0.4 mol% Prdoping. For all
the bands obtained at differentPconcentrations, the major absorption band wassatrin.
This band corresponds to the lowest reflectancegpéage in the diffused reflectance spectrum

of the phosphor (Figure 5.5).

400 -
~ 350- ——0.1mol% Pr" |
= " 0 3+ -
5.“:- 300 - —— 0.2 mol% Prj K
> 55p - —— 0.4 mol% Pr~ }
@ ] —— 0.6 mol% Pr" [
g 200 7 ——— 0.8 mol% Pr” n
-uEJ 150 - —— 1Lomol% Pr” |

B 0 3+ =

d 100_ 1.2 mol% Pr [
50 -

0 - M

-50 T ——

200 250 300 350 400
Wavelength (nm)

Figure 5.4: PLE spectrum for Zn¥as:Pr** phosphor with different concentrations of Pr

Figure 5.5 shows the diffuse reflectance of ZiDgz0.4PF* with absorption bands &80 nm to
500 nm that correspond to the 4f — Afl{— 3Py, Ylg, °P1, °P2) levels of P [3]. The major
absorption is positioned at 259 nm and correspémdsat of the PLE spectra (Figure 5.4.). The
band is positioned in a region that has been asdigmband — band excitatio84,10].
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Figure 5.5: Diffused reflectance spectrum for Zs0g0.4PF* phosphor.

The PL spectra of Zn@s:Pr’* measured at different Prconcentrations are presented in Figure
5.6a. The variation of PL intensity with*concentration is presented in Figure 5.6b. Botte bl
and red emissions were obtained from the Z@F#r" phosphor, with red emission more
prominent than the blue emission. The blue spetiral from the®P, — °H, transition was
observed at 448 nm and the more prominent red rsppéoes were observed at 608, 619 and 639

nm from the'D, —3Ha, 3Py — *Hg and®Py — >F; transitions, respectively [11].

The PL intensity of the red emission increased ffbinmol% to 0.4 mol% Bt from where it
began to decrease systematically as tf& d@ncentration increased to 1.2 mol% (Figure 5.6b).
The increase of the Prions in the host reduced the distance betweemeanijaons, and this lead
to cross relaxations between the*Apns. This eventually led to reduction of luminesce
intensity as a result of the concentration querghiom the cross relaxation process [11].
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Figure 5.6: (a) PL spectrum for Znia:Pr** phosphor with different concentrations of Pi(b)

PL intensity of the red emission changes with déffe PF* concentrations and the insert shows

the blue emission increment with the incrementhefRF* concentration.
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An interesting observation is the increase of thes emission at 448 nm with the increase in
Pr** concentration (inset of Figure 5.6b), even whenred emission intensity decreased for 0.6
to 1.2 mol% P¥. As reported by De Mello Donega et al. [11], crosaxation is more efficient
in quenching théD; level than théP, level. As the quenching increased for tbe state, energy
was transferred to th#, level to support théP, — *H, transition. This is evident in the inset of
Figure 5.6b, which shows a rapid increase of the leimission from 0.8 to 1.2 mol%°PrThis

is also illustrated in the schematic energy levajchms of P¥* (Figure 5.7).

3P0 3P0
1D2 1D2
After cross relaxation
!l 3, ‘ { *,
\ 4 \ 4 \ 4
3 3
- ]- Hase } Hase
\ 4 A\ 4 \ 4
0.1 mol% Pr3* 1.2 mol% Pr3*

Figure 5.7: Schematic energy level diagrams showitayved transitions at 0.1 and 1.2 mol%

Pr* concentrations.

Figure 5.8 shows the CIE coordinates plot for th#&0g:Pr** phosphor with 0.4 and 1.2 mol%
of the dopant ion, which are at (0.67, 0.33) an@X00.35), respectively. The CIE coordinates
were obtained using the software by Broadbent [&Bhilar plots were obtained for 0.1, 0.2, 0.6,
0.8 and 1.0 mol% of Pt and the corresponding coordinates were (0.68)0(8.68, 0.33),
(0.67, 0.33), (0.67, 0.33) and (0.65, 0.34), respely. The coordinates for 0.4, 0.6 and 0.8
mol% correspond to those of an ideal red emisssareported by Lu et al [4]. The ideal nature of
the red emission is removed by the presence dbltieemission when the concentration of Pr

increases.

Figure 5.9 and 5.10 show the phosphorescence droags of ZnTgOs doped with different
concentrations of Pt and ZnTaOs:Pr* (0.4 mol %) fitted by a second order decay curve,

respectively. The phosphorescence decay curves statthere are two components responsible

Noto et al, Powder Technol. 247 (2013) 147 Page 61



for the luminescence; the fast and the slow comporihe fast component is attributed to the
luminescence of the f — f transitions of the"Pion [3], which occurs within the first few
seconds. The slow component is attributed to tlheeydd emission (persistent luminescence) due
to the trapping and detrapping of the carriersiHeydxygen vacancies [3]. The phosphorescence
decay curves of the ZnT@s:Pr** phosphor were fitted with the second order deogpeential
decay function (Eg. 5.1) to extract the time paramseas presented in table 5.1.

520

Figure 5.8: CIE coordinates plot for ZnsGa:Pr* phosphor with 0.4 (left) and 1.2 (right)
mol%Pr*,

I(t) = Ae /"1 4 Be t/m [5.1]

I(t) is the luminescence intensi,andB are constants artds the time. The first term on the
right side of the equation describes the decayunfitescence from the Prion, and whose
lifetime is presented by, (Table 1). The second term describes the decahefpersistent

luminescence, and its lifetime is representeaiyfable 5.1) [3,10].
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Figure 5.9: Phosphorescence decay curves of Zgldoped with different concentrations of
P,

The decay time corresponding to the trapping antlapling of carriers 7)) by oxygen
vacancies, increased with an increase in ti& dancentration (table 5.1). This is attributed to
more oxygen vacancy probably formed with the inseesf Pt* ions inside the host [3].

Table 5.1: Decay times{andr,) of ZnTa0gs dope with different Bf concentrations.

Pr* Conc. 7 2

mol% (us) (s)

0.1 31.2+0.2 523 +£10
0.2 294 +0.1 529 + 13
0.4 32.1+0.1 540+ 11
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0.6 31.2+0.1 552 +15

0.8 33.4+0.2 561 + 19
1.0 32.0+0.3 570 + 26
1.2 14.8 +0.2 216 +13
'l ’ L l L l L l A I 'l
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Figure 5.10: Phosphorescence decay curve of Z»TRr* (0.4 mol %) fitted with a second

order decay curve.
5.4. Conclusion

A red emitting ZnTgOe:Pr* phosphor was prepared at 128D for 4 hours by solid state
reaction with different concentrations of’Pions. The main structure was not affected by the
incorporation of Pf as confirmed by the X-ray diffraction. The f —r&rsitions were observed

from direct PT* excitation at 420 to 500 nm, and the major absmmpvas at 259 nm from band
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to band excitation. The blue emission fréfg — *H, transition was absent for 0.1 to 0.8 mol%
Pr* and was detected at 1.0 and 1.2 mol% df Bnd this is attributed to cross relaxation
between'D, and®P, states of Pf ions. The clustering of Prions at higher concentrations was
confirmed by TOF-SIMS imaging. The absence of e emission lead to pure red emission
calculated using the CIE coordinate plots. The phosescence decay times were calculated

from the corresponding decay curves, and it wasalexd that they increase with an increase in
Pr* concentration in the matrix.
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6
Enhancement of persistent
luminescence of ZnTaOs:Pr>" by
adding Li*, Na', K", Cs" ions

6.1. Introduction

The persistent luminescence is a subject of intdatsly, particularly to the researchers that
strongly intend to make contribution to its lesslerstood mechanism. Apart from understanding
the mechanism, there are several applicationsdinat the research of materials that display
persistent luminescence. Such materials are sahdwer the need for energy conservation. A
typical example of such a phosphor would be oné¢ tha absorb energy from the sunlight
during the day, and continue to glow longer tharhdin the absence of the excitation source.
Such a phosphor will lead to cost-effective liggtiof street and houses. The additional
applications for such materials involve phosphaorsnhedical diagnosis, self-lit emergency and
security signs [1]. Until today the true mechanisnterlying the persistent emission is yet not
clearly understood [2]. By definition, the phosptgrence emission is generally referred to as
the emission lasting from one millisecond to tecosels at room temperature after the excitation
source has been removed [3]. It is attributed ® ititersystem crossing due to vibrational
coupling between the excited singlet and tripleitest This process brings about delayed
fluorescence emission, which is referred to as phoescence [3]. When luminescence persists
longer than the defined phosphorescence, it is thé&rred to as persistent luminescence or
rather long afterglow [1,2]. Such luminescence @ngk to minutes and may extend to several
hours in other phosphors as reported for SBAEL?*, Dy*" [2], CaTiO;:Pr*, In** [4] and
ZnsGa,Ge010: CP* [1]. The persistent emission is so far understmobe associated with the

presence of electron trapping centres inside armgtevhich originate from the existence of
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oxygen vacancies. The trapping and release of lderens delays the electrons temporarily
before they reach the luminescence centre [4]. §hothe mechanism is not yet fully
understood, there are several methods that haveusssl to try and enhance the lifetime of the
persistence luminescence. Noto et al [4], co-doped ions in CaTi@Pr* as charge
compensators, to suppress the quenching centresnarehse the quantity of the electron
trapping centres. The resulting effect was enharoednescence intensity and enhanced
lifetime of the persistent emission. Swart et gl [&port on the persistent luminescence of
SrAlLOLEUW, Dy**, and attributed it to the delay of electrons bgcabn trapping centres
associated with oxygen vacancies, before they reheh5d state of E{i from where
luminescence emanates. Lin et al [6], suggeststhigapersistent emission from Sy@k:EL*",
Dy*" is due to the increased quantity of electron tirspmentres generated by co-doping with

Dy** ions.

In this work, we investigate the effects of ioniésatdering to the host by co-doping
ZnTa0s:Pr** phosphor with alkali metal ions of different iomidius. The Li, Na', K* or C§
ions with the ionic radii of 0.073, 0.113, 0.151dd@h184 nm, respectively [7], were used as co-

dopants.
6.2. Experimental

ZnTa0g: PP (0.4 mol%) phosphor co-doped with 0.4 mol% of, INa’, K* or C< ions, was
prepared by solid state reaction. The samples preqgared by mixing ZnO, }@s and PrC{ in
stoichiometric amounts. Additionally, 4G0;, NaNG;, K,CO; or CsF were added in
stochoimetric amounts to give 0.4 mol% as a co-dbpehe reagents were mixed into a slurry
using methol, which was pre-heated at 10Cor 10 hrs and later sintered at 12@0for 4 hrs.
The product was allowed to cool down to room terapee and was ground into powder. The
crystalline phase was identified by a Bruker AXS B8vance X-Ray diffractometer (XRD)
using CuKa radiation. The photoluminescence (PL) emissionexuitation (PLE) properties of
the phosphor were probed using the Varian CarripEelfluorescence spectrophotometer. The
scanning electron microscopy (SEM) image was obthinsing the Shimadzu SSX-550 SEM
from Kyoto, Japan. The surface maps showing theiloligion of the ions, were obtained using
the time of flight secondary ion mass spectrosq@@fF — SIMS 5). The Biion gun with 1 pA
beam current was used to probe the surface of hbsphor, and was operated in the imaging




mode. The phosphorescence decay curves for theure@@ant of the persistent emission
lifetime were measured by exciting the phosphohwait ultraviolet source for 5 minutes, then
measuring the time it takes for the emission tcaglacsing a photomultiplier tube (PMT). The
glow curves were measured using a 254 nm ultravsmarce for excitation and the TL were
measured using a TL 10091, NUCLEONIX spectrometer.

6.3. Results and Discussion

The measured XRD patterns (Figure 6.1(a)) show plae phase and crystalline particles of
ZnTa06:Pr* were prepared, even in the presence of the contligas. The pattern is consistent

with the standard orthorhombic Znx phase referenced in the ICSD card number 36289 [8]
However, the XRD peaks of the samples with the @padt show a shift to the higher angles

(Figure 6.1(b)), and this may be an indication ttieg co-dopants introduce strain within the

material [9].
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Figure 6.1: (@) Comparison of the XRD pattern offZ&®0s:Pr** with that of co-doped samples.
(b) Shows the shifting of the (131) XRD peak of teedoped samples. (c) Hall-Williamson plot

for microstrain analysis.
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Table 6.1: Strain comparison

lon Co-dopant Normalised Strain
Sample ionic radius
nm

ZnTa0sPr' 0.024 +0.001
ZnTa06:Pr* Li* Li* 0.073 0.029 + 0.003
ZnTa0sPr* Na' Na' 0.113 0.031 + 0.009
ZnTa0sPr* K" K* 0.151 0.035 + 0.008
ZnTa0sPr*,Cs cs 0.184 0.041 + 0.005

The microstrain experienced by the material andptimticle sizes were approximated using the
Hall-Williamsons’ equation (EqQ. 6.1):

BCos(6) 1 &Sin(0)

A D A

[6.1]

whereg (Corrected as B in figure 6.1(c)) is the Full vindit half maximumg angle of the
diffraction peak in degrees, (1.54 A) is the wavelength of the correspondingays,D is the
crystalline size, and is the percentage of the strain in the materi@l.[The corresponding
strain values as a result of the co-dopant, whidhbtained as a slope of the fit in the data plotte
in Figure 6.1(c) are listed in Table 6.1. Accordiogthe calculations, the strain on the material

systematically increases with an increase in theeimadii of the co-dopant ion.

Figure 6.2 shows the crystal structure of Zsadrawn using the Diamond 3.0 software
package [11]The ionic radii of ZA* and T&" are 0.074 and 0.078 nm, respectively, and the
bigger ionic radii of N&(0.113 nm), K (0.151 nm) and Cg0.184 nm) are likely to substitute in
the site of a bigger ion (79 within the octahedron cage of Znilg (Figure 6.3) [7]. On the
contrary, the ions of ['i((0.073 nm) have an ionic radius that is smallantthat of both the Z#

and T&" ions [7]. It can therefore substitute both in thte ©f the T&" ions within the
octahedron cage or the Zrsite within the pyramid cage. The strain pickedbypthe sample

upon incorporating the co-dopant ion may be duthéobigger ions substituting in the smaller
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sites in the case of NaK®, Cs, and due to the collapse of the cages when thdlesma’
substitutes for either Zhor T&".

Figure 6.2: ZnTg0g structure drawn with the Diamond crystal structoregram.

The intercept valu€(1/D) according to Eq. 6.1) was obtained approximatslyY)®06 for all
samples from the fit, and was used to calculatethstallite sizes, which were approximated to
be around 257 nm. Figure 6.3 shows the SEM of ZBFRr" phosphor from a 5 um field of
view image. The particles show different irregidhapes and sizes, and mostly are agglomerated
due to the high preparation temperature [4,10].
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Figure 6.3: SEM image of Zn¥as:Pr* showing in a 5 um field of view.

ToF-SIMS images were obtained for the samples @edavith Li', Na', K" and C$, and are
shown in Figure 6.4 (a), (b), (c) and (d). The dstribution on the surface is shown using a red
colour for ZnOH ions, a green colour for Té@ons and a blue colour for either Prar (LiO",
NaO', KO", or CsO). The mapping was obtained over an area of 100xph®0 pm on the
surface of the samples. The ZnQHaO, PrO" and LiO", NaO', KO" and CsO ions obtained
upon probing the sample are used to reflect thelligion of the corresponding Zinc, Tantalum,
Oxygen, Praseodymium, Lithium, Sodium, Potassium &aesium ions inside the phosphor
samples, respectively. The overlay mapping shoegslistribution of the ions in the samples. In
all samples, the Praseodymium ions appear to derony distributed, and this is an indication
of its successful incorporation in the host latti@: the contrary, Lithium ions appear to have
clustered in smaller areas as observed in the aw@mhTaOs: Pr*Li* sample (Figure 6.3(a)).
Na’, K*, Cs'ions are uniformly distributed in their corresparglisamples as observed in Figure
6.4 (b), (c) and (d), respectively.
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Figure 6.4 (a): ToF — SIMS surface mapping of ZiTgaPr*", Li".
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Figure 6.4 (b): ToF — SIMS surface mapping of ZsOgPr**, Na'.

Noto et al, J. Lumin. 2014, submitted Page 76



100 x100 pm?

ZnOH+

TaO+

Pro+

100 x100 pym?2

ZnOH+

TaO+

KO+

Figure 6.4 (c): ToF — SIMS surface mapping of ZsQgPr”, K*.
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Figure 6.4 (d): ToF — SIMS surface mapping of ZsOgPr*, Cs.
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Figure 6.5: (a) PL and PLE of Zn¥s:Pr** and ZnTaOs:Pr*, Li* phosphor samples. (b)

Maximum luminescence intensity comparison for thifedent co-doped ions.
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The photoluminescence emission spectrum (Figur@)g.5f ZnTaOg:Pr** (0.4 mol%) phosphor
shows only red emission lines fronPapon exciting with 259 nm ultraviolet light sourc&he
red emission lines attributed 19, — *H,, *Py — *Hg and®Py — °F, transitions are at 608, 619
and 639 nm, respectively [11]. There is additionallminor emission line at 720 nm, which is
attributed to'D, — 3Hs transition [4,12]. The PLE spectrum was acquiredet@luate the
position of the excitation bands, and the most jment absorption band is situated at 259,
which corresponds to band to band excitation [T2f incorporation of the Lithium ions into
ZnTa06:Pr* partly hinders the luminescence intensity, as shawFigure 6.4. Similarly, the
incorporation of N& K*, Cs ions into the phosphor result in a decrease inifastence
intensity (Figure 6.5(b)). This may be an indicattbat the addition of the co-dopants introduces

the defect centres that act as quenching centrlesniiescence.
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Figure 6.6: Phosphorescence decay curve of ZBgar* co-doped with Li,Na’, K" and C&.
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Table 6.2: The decay time parameteigndz..

Sample 71(S) T2 (S)

ZnTa0sPr* 29.0 +0.6 540 + 31
ZnTa0sPr Li* 30.1+0.5 589 + 21
ZnTa,0s:Pr* Na 29.5+0.7 619 +23
ZnTa0sPr* K" 30.6 £ 0.6 650 + 19
ZnTa0s:Pr*,Cs 31.9+0.6 679 25

The phosphorescence decay curves were measurdtiefdd samples in order to determine
lifetime of the persistent emission. All samplesevexcited for five minutes with an ultraviolet
lamp of 254 nm wavelength, followed by monitoringet emission intensity with a
photomultiplier tube after removing the excitatisource. The decay profiles are presented in
Figure 6.6 and the corresponding time parametergeaesented in Table 6.2. The profiles are
presented in a linear scale for ease of compariaod,the inset (Figure 6.6 inset) shows the
decay profile of ZnT#s: PF*,Cs' in the log scale to show the number of decay comapts.
The profile appears to have two components; nanfeyfast and the slow components which
correspond to the lifetime coming from>Premission and trapped electrons within oxygen
vacancies, respectively [4,10]. The time it takesdach component to decay was extracted by

fitting the profile using the second order decayexgonential curve (Eq. 6.2) [4]:
I(t) = Ae t/™ + Be /72, [6.2]

wherel is the luminescence intensi#,& B are constantg,is the phosphorescence timeand

7, are the decay times of the first and the secomdpoments, respectively [4]. The persistent
emission £,) lifetime increases with the incorporation of teedopant ions, compared to that of

a phosphor without a co-dopant (570 + 15 secsgpsrted by Noto et. al. [12]. The increase

continues with an increase in the ionic radiushef ¢o-dopant ion. The electron trapping centres

are reported as the main source for the persigemssion [4,10,12], and the increase of the
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persistent emission lifetime with the ionic radiogy be an indication that the bigger co-dopant

ions promote more formation of the electron tragmantres.
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Figure 6.7: Glow curves of Zn¥as:Pr* obtained after exposing the material to differdose

times.

The increase of the electron trapping centres withincrease in the ionic radius of the co-
dopant was further investigated with the thermohescence spectroscopy. The TL glow curves
(Figure 6.7) for ZnT#s: Pr* exposed to different amounts of UV radiation desagere
measured. The glow curves were measured usingtagpeate of 2 K/sec, and the irradiation
period was 2 minutes for each sample. A systensdtift to higher temperature of the peak
maximum is observed with an increase in the ex@otore from the plotted curves (Figure 6.7).
The increase to higher temperatures is an indicatikinetics which are neither first nor second
order, but of general order [10]. The kinetics o samples co-doped with"LiNa’, K" and C$

were also treated as the general order.
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Figure 6.8: T, —Tsop Measurements for ZnJ@e:Pr™.

The corresponding number of the electron trapmegtres was revealed from the:-Tsiop
measurements (Figure 6.8), which suggested themresof five prominent electron trapping
centres. The measurement of the Tk involved irradiating the sample for 2 minutesgrth
heating it until a certain temperaturgodand then recording the temperaturg)(¢orresponding
to the maximum intensity. The same procedure ieatgul by shifting the ¢, to higher

temperatures, until the whole glow curve is recdrde

The glow curves of all samples were deconvoluted B thermal peaks (Figure 6.9), which
correspond to the quasi continuous distributiorle€tron trapping centres that have a very close
energy distribution within the forbidden region [18]. The deconvolution was performed by the
computerised glow curve deconvolution (CGCD) fromsoftware package (TLAnal) developed
by Chung et al [15]. The general order kineticated functions were used to compute for the
activation energy (Eg. 6.3), frequency factor (Bgl) and the concentration of the electrons

trapped within electron trapping centres (Eq. 6.5).
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stb—1) (T

I(T) = sn,exp (—k—E;,> Il + g exp (— E) dT] -1 [6.5]

To

where Iy and Ty are the TL intensity and temperature (K) at the glowalpanaximum
respectivelyE is the activation energy (e\,is the Boltzmann constarjt,is the heating ratey,

is the concentration of the trapped electrons énds the kinetic parameter [13]. The
corresponding kinetic parameters for all samplesligted in Tables 6.3, 6.4, 6.5 6.6 and 6.7.
The data shows an increase in concentration otrdpped electrons with the increase in the
ionic radius of the co-dopant ion. This is an iadiien of the material generating more oxygen

vacancies as it undergoes more strain caused lmpthepant ions.

Table 6.3: The kinetic parameters associated witflafs:Pr* glow curve, which were

obtained using the CGCD procedure.

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) n (cm’®) s (8Y)

1 341 1.13 3.71x10 6.77x10’

2 373 1.36 5.64x10 5.67x10’

3 399 1.40 1.48x£0 7.81x10’

4 415 1.48 9.34x10 9.99x10°

5 594 1.71 3.92x10 5.94x10’

Table 6.4: The kinetic parameters associated \ittgtow curve of ZnT#e:Pr* Li*.

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) n (cm®) s (8Y)

1 334 0.98 2.91x10 1.37x10’

2 375 1.34 6.70xT0 1.58x10’

3 397 1.41 6.52x10 1.06x10’

4 415 1.49 7.90x10 1.19x10’

5 490 1.70 2.81xT0 1.37x10’
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Table 6.5: The kinetic parameters associated \ittgtow curve of ZnT#e:Pr**,Na'.

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) n, (cm®) s (s

1 329 0.96 3.93x10 1.58x10’

2 363 1.22 6.84x10 1.09x10’

3 386 1.39 2.98x£0 1.00x10’

4 409 1.43 8.45x10 1.32x10’

5 490 1.72 3.22x10 1.16x10’

Table 6.6: The kinetic parameters associated \Witgtow curve of ZnT#e:Pr* K"

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) n, (cm®) s (8Y)

1 331 1.97 1.71x10 6.77x10’

2 363 1.21 5.12x10 5.67x10’

3 386 1.40 7.48x£0 7.81x107

4 409 1.42 9.74x10 9.99x10°

5 491 1.72 3.52x10 5.94x10’

Table 6.7: The kinetic parameters associated \Witgtow curve of ZnT#e:Pr*,Cs’.

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) n, (cm®) s (8Y)

1 347 1.14 4.71x10 6.77x10’

2 382 1.36 8.64x10 5.67x10’

3 404 1.42 6.48xF0 7.81x107

4 427 1.51 7.14xF0 9.99x10°

5 485 1.67 3.92x10 5.94x10’
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6.4. Conclusion

The incorporation of the alkali metals (Li, Na, KacaCs) as co-doponts in Zn:Pr*
phosphor improved the lifetime of the persistentission. The XRD showed pure phase
formation, indicating successful synthesis of thegphor by solid state route at 12D for 4
hrs. The ToF-SIMS imaging further showed homogesedistribution of all ions in the
phosphor. Incorporation of the co-dopant ions fertintroduced the strain in ZnXas:Pr,
which increased with the increase in the ionicuadBSimilarly, the persistent emission and the
guantity of the electron trapping centres increasgl an increase in the ionic radius of the co-
dopant ion. The trend was observed from the phagghent decay curves and the TL glow

curve analysis, respectively.
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“When something is important enough, you do it @iéme odds are not in your

favor.”

— Elon Musk
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0 7
Enhancement of luminescent
Intensity and persistent emission of
ZnTa,0¢:Pr** phosphor by adding
fluxing agents ]

7.1. Introduction

Rare earth ions play a crucial role when they aaaants in a luminescent material (phosphor).
They enable cost effective production of phospHatisand save energy, because some are
excitable by sunlight2]. PP* ions provide a possibility to generate a phosphat glows with

an emission similar to that of an ideal red light [P*** ions doped in CaTi@result in a
phosphor that glows with a red emission that heslaur index with coordinates (0.68,0.33),[
which are very close to the coordinates (0.67,)0088ne ideal red emission][ according to the
Commission Internationale de I'Eclairage (CIE) aoslondexing b]. This unique single red
emission is aided by the intervalence charge tearisétween Bf ions that reside within the
inner octahedron of CaTiand the Ti" ions that reside within the oxygen cages of th&iOa
[6,7]. The result is complete quenching of the bluession from the’P, — °H, transition,
leading to a single red emission from th& — *H, transition [78,9]. Even though the red
emission of P¥ in a phosphor may be close to that of an ideala@dur, its luminescence
intensity still requires to be improved consideyabl order to be regarded suitable for the
commercial sector, such as the blue and green iegifthosphors 1[2]. The subject of
enhancing the luminescence intensity has been agiped in several ways by various
researchers. An enhanced down-converted green iemisssociated with théDs— 'Fs
transitions of TB" ions was observed from ZnM,:Ce* Tb** powders with different

concentrations of Gé and TB[10]. It was inferred from fluorescence decay dtat the
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enhancement was due to energy transfer froffi ©eTb*™* by a down-conversion process. Noto
et. al. [11] demonstrated how to increase the photimescence intensity of CaTi®r*
phosphor by co-doping with h The If* ions acted as charge compensators that suppriggsed
formation of point defects that act as luminescemoenching centres. Ahmed et al [12] showed
enhancement of luminescence efficiency of Tactivator doped in LaFby co-doping with
Ce*, which acts as a sensitizer. The role of the §ieasiion is to absorb energy from the
excitation source and transfer it to the activator and thereby improving the luminescent
intensity of the phosphor. Popovici et al [13] skeoMuminescence improvement by using a flux
agent to prepare YTab®*" phosphor. The flux agent facilitates and increakeschemical
reaction rate without reacting with the final protluDuring the reaction, the flux ensures
complete reaction of the reagents at lower tempe¥at{13], and prevents the formation of point
defects that may be created by the unreacted resaged]). The point defects may act as
guenching centres that reduce the luminescencaesf@ly [10]. Eventually the energy transfer
from the host material to the activator will be leg, and the luminescence intensity increases
[14]. The present study aims to improve the lumieese intensity of ZnT&s:Pr* phosphor by
using LbSO, and LpCO; as flux agents. The effect of the flux on theaatf the P¥ to P#* in

the phosphor was investigated by X-ray photo edecspectroscopy (XPS) and the influence of

the flux on the electron trapping centres was saithy thermoluminescence (TL) spectroscopy.

7.2  Experimental

ZnTa0s: Pr* (0.4 mol%) phosphor was prepared by solid stasetien in the presence of
different concentrations of £$0, and LbCOs acting as flux agents. The samples were prepared
by mixing ZnO, TaOs, PrCk and one of the flux materials in stoichiometriccamts. The
reagents were mixed into a slurry using Ethanok $hirry was preheated at 180 for 10 hrs
and later sintered sintered at 120for 4 hrs. The product was allowed to cool dowmdom
temperature and then grounded into a powder. Thelpowas washed with distilled water to
remove the flux compounds from the phosphor. Thapses were prepared using different
concentrations of the flux, and the measurementshef X-ray diffraction (XRD) patterns,
scanning electron microscopy (SEM) images, diffuestiectance, XPS, TL and Decay curves

were done for the samples that yielded the optiplabtoluminescence (PL) intensity.
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ZnTa0s:Pr*, ZnTa0sPr* prepared with 9 wt% of LSO, and 3 wt% of LiCO; gave the
optimum PL intensities. The crystalline phase wieniified by a Bruker AXS D8 Advance X-
Ray diffractometer using CKa radiation. The PL emission and excitation (PLEQparties of
the phosphor were probed using a Varian Carry-EeliffJuorescence spectrophotometer. The
SEM images were obtained usingSaimadzu SSX-550 SEM. A PerkinElmer Lambda 950
UV/VIS spectrometer was used to record the diffeflectance spectra. The chemical state was
probed using a PHI 5000ersa-probeXPS spectrometer. The X-ray source was operatd® at
kV and 25 W. The Al monochromatic X-ray bealw£1486.6 eV) had a spot size of 100 pm.
For higher resolution spectra, the hemisphericeloseanalyzer pass energy was maintained at
11.8 eV for the O 1s, C 1s, Zn 2p and Ta 4f pelhkgas changed to 58.7 eV for the analysis of
the Pr 3d peak, because Pr is present within tlspgstor in very small quantities compared to
other ions.The instrument work function was calibrated toegéavbinding energy of 83.95 eV for
the Au 4f,; line and the spectrometer dispersion was adjust882.63 eV for the Cu 2p peak.
The charge neutralizer was used on all specimgmscta have been charge corrected to the
main line of the adventitious carbon 1s spectrutrie@84.5 eV. Detail spectra were analysed
using the PHI MultiPak software (version 9). Durithg fitting procedure, Shirley background
was used, the peak shapes were 100 % Gaussiaheafdltwidth at half maximum (FWHM)
for Ta 4f, Zn 2p, Pr 3d and O 1s peaks were kept same in all three samplefhe
phosphorescence decay curves to determine thestgatsemission lifetime were measured after
exciting the phosphor with an ultraviolet source $aminutes, then monitoring the time it takes
for the emission to decay using a photomultiplidret (PMT). The glow curves were obtained
using a 254 nm ultraviolet source for excitationd aneasuring the TL using a TL 10091,
NUCLEONIX spectrometer.

7.3. Results and Discussion

The XRD patterns of Znt@s:Pr* (Figure 7.1), ZnT#0s:Pr*" prepared with 9 wit% of LSO,
(Figure 7.2) and 3 wt% of kCO; (Figure 7.3) along with those of the standard diatan ICSD
card No. 36289 [15] are presented. The patternhiefsample prepared without a flux match

those of the standard file, and proving that a plmase compound was synthesized.
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Figure 7.1: XRD patterns of Zn@: Pr*and the ICSD 36289 standard.
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Figure 7.2: XRD pattern Zn3@s:Pr* prepared with 9 wt% of LSO, Li.SO, and the
ICSD 36289 standard.
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Figure 7.4: SEM images of (a) Znfa:Pr*, (b) ZnTaOs:Pr** prepared in the presence of
Li,SOy and (c) ZnTa0e:Pr* prepared in the presence ofCD;. (Measured at a 4.9 x 3.6 pm
field of view).
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The samples prepared using the flux agents resep#a&s that correspond to,80, and

Li,CO; species which were not washed away completely fioenphosphor samples. Figure
7.4(a), (b) and (c) show SEM images, which arepmesentation of the images with the same
trend taken at random positions on the sample. Hmw that the phosphors consisted of

particles with different shapes and sizes, whiehkeund to each other.

The latter effect is correlated with the high tenapeares involved in solid state reactions [16].
The three SEM images show that the particles ok#imeples grow with the incorporation of the
flux. The average particle size was approximatélQ 5m for the non-fluxed samples (Figure
7.4(a)), 1.4 um for the sample prepared wit)s}, (Figure 7.4(b)), and 966 nm for the samples
prepared using kCOs.

The PL emission spectrum (Figure 7.5(a) and (b)}hef ZnTaOgPr** phosphor shows red
emission lines when it was excited with a 259 ntraulolet light source. The red emission lines
are attributed to théD, — *Hg, °Po — *Hs and’Py — °F, transitions at 608, 619 and 639 nm,
respectively [17]. There are also two minor emisslmes attributed to théD, — °Hsg

transitions at 721 and 820 nm, respectively [17].

The PLE spectrum was acquired to evaluate theiposif the excitation bands, and the most
prominent absorption band is situated at 259 nmveasl used to excite the phosphor. There is
also an additional absorption band at 330 nm thay morrespond to the intrinsic defect
absorption or the virtual charge transfer repotigdBoutinaud et al [18]. The spectra (Figure
7.5(a) and (b)) of the samples prepared in theepiess of a flux (LISO, and LbCOgs), show an
occurrence of a blue emission at 505 nm that iibated to the’P, — °H, transition, and an
enhancement of the red emission intensity from ®e— *Hg transition. Additionally, the
luminescence intensity has almost doubled. Thefsetsfof the flux material on luminescent
intensity are not unusual, Popovici et al [13], oalseeported great improvement of the
luminescence intensity of YTaOb phosphor when it was prepared in the preseh&® avt%

of Li,SOs. Whilst Popovici investigated the effects of the«f we investigate the actual chemical
changes that take place during the reaction byipgdior chemical changes using XPS as shown
below.
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Figure 7.5: (a) Luminescence spectra of Z@k&Pr* prepared using LBOs. (b) Luminescence
spectra of ZnT#:Pr* prepared using kCOs. (c) Comparison of PL intensity prepared at the

different flux concentrations.

Different concentrations of k50, and LbCO; flux, and the corresponding effects on the
luminescence intensity are shown in Figure 7.5[{tle decrease in the luminescent intensity
upon increasing the concentration of the flux, ntey due to the fluxes reacting with the
phosphor and thus generating additional phasesathas quenching centres. The XRD spectra

(Figure 7.2 and 7.3) show evidence of the additiphases that formed during the reaction.

The diffuse reflectance spectrum (Figure 7.6) shetmsng absorption at 259 nm, which is a
region that corresponds to the band-to-band tiansjL9], and it is in agreement with the PLE
spectrum (Figure 7.5(a) and (b)). The strong alisor@mt 330 nm may be due to intervalence
charge transfer or charge transfer (CT) to thansitt defect levels in the material [19]. The
charge transfer absorption is observed to be strofog the samples prepared in the presence of
the flux materials. No emission is observed in rigion corresponding to the CT was present,

and this may be an indication that the absorbedgeha transferred to the luminescent centre, to
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reinforce the emission intensity. The additionatdsmobserved at 420 to 500 nm correspond to
f—f transitions of Pf [10,19].

90 - f-f absorption of P_r3+ -
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o
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Figure 7.6: Diffused Reflectance spectra of ZiOgPr*, ZnTa0gPr* prepared in the
presence of LBO, and ZnTaOs Pr* prepared in the presence o§COs.

XPS analysis was performed to investigate the cot&mchanges that occurred when
ZnTa0s:Pr** was prepared in the presence of the flux matenahéch may have caused the
doubling of the luminescence intensity. Figure &),7(b) and (c) show the Zn 2p XPS peaks of
ZnTa0s:Pr*, ZnTaOsPr** prepared in the presence ofCD; and ZnTaOs prepared in the
presence of LBQ,, respectively. The Zn 2p signal is split into tyweaks (2p. at higher and
2ps/2 at lower binding energies) as a result of spintalitting [20,21]. The 2p, and 2, were
deconvoluted into two sets of peaks. The firstpsrditioned at 1044.9 and 1021.8 eV (Figure
7.7(a)) that are less prominent, which correspandrt 2p contribution from ZnO [22,23]. The
most prominent set at 1043.1 and 1020.9 eV (Figuré)), is assigned to a contribution of Zn

2p from the main compound, Zn&. The peaks associated with Zn 2p from Z1® enhanced
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for the samples prepared with flux (Figure 7.7(l éc)), which may be an indication that less
ZnTa0s was formed and that the ZnO and.@areacted with the flux agents, or some did not
react. Hence the intensity of the Zn 2p peaks aassatwith ZnTaOg peaks decreased and those

associated with ZnO increased.

Figure 7.8(a), (b) and (c) show the Ta 4f XPS pedk&nTa0s:Pr*, ZnTa0sPr* prepared in
the presence of i£O;and ZnTaOg prepared in the presence 0b&0y, respectively. The Ta 4f
signal is also split into two peaks; the,4at higher binding energies and,4ft lower binding
energies. The less prominent peaks (Figure 7.8ta8.8 eV and 26.8 eV correspond to Ta
contribution from TgOs [24,25], and we assign the most prominent petR3.& and 25.9 eV to
the Ta contribution from ZnT®s. Figure 7.8 (b) shows that the Ta contributiomfréanT&a0g
reduces with an increase in Ta contribution frorgOgaand also a formation of a new compound
at 25.7 and 24.2 eV, due to the reaction ofOsaand LLCOs. The new compound labelled as
TaGC; has binding energies close to the two carbon igeficarbides, Tagss [26] and TaGos
[27].
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Figure 7.7: The Zn 2p and 2p;; peaks for ZnT#sPr* (a) without flux, (b) with 3 wt%

Li,COs and (c) with 9 wt% LiSOy.
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Similarly, the sample prepared in the presenceigh@ (Figure 7.8 (c)) shows that the Ta
contribution from ZnTg0s reduces with an increase in Ta contribution froaOE. There are
two additional peaks from pure Ta at 24.10 and 22/1[28], and a contribution from an
additional species at 25.1 and 23.6 eV, which spoads to Tag29], due to the reaction of
TapOs and LbSOy.

Figure 7.9 (a), (b) and (c) show the O 1s XPS pe&l&nTa0Pr**, ZnTa0sPr* prepared in
the presence of CO; and ZnTaOg prepared in the presence of,&0,, respectively. The
oxygen peak of ZnT®sPr* (Fig 7.9(a)) is deconvoluted into three peaks tpmsd at 530.6,
530.2 and 529.3 eV, which are a contribution fromGCE [30], ZnO [31] and ZnT#Ds,
respectively. There are additional peaks at 53hd® %82.1 eV for samples prepared in the
presence of a flux (Fig 7.9(b) and (c)), comingrirbi,CO; [32] and LpSO, [33] species.
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Figure 7.8: The 4f, and 4§, Ta peaks of ZnT®s:Pr** (a) without flux, (b) with 3 wt%
Li,COs and (c) with 9 wt% LiSO..
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Figure 7.9: The O 1s peak of Znsa:Pr* (a) without flux, (b) with 3 wt% LiCO; and
(c) with 9 wt% LpSQO.

Figure 7.10(a), (b) and (c) show the Pr 3d XPS peak ZnTaOgPr" and ZnTaOgPr"
prepared in the presence of,CD; and ZnTaOgPr* prepared in the presence of,$0;,
respectively. The Pr 3d peak is also split into peaks; the 3gb at higher binding energies and
3ds, at lower binding energies. The peaks are decotealimto three peaks; from“®pxidation
state at 952.0 and 935.1 eV [32,35], and two pEipeaks from Pf oxidation state at 953.0 and
932.5 eV [36,37] that is the most prominent an@48.9 and 927.9 eV [36,37]. The doublet of
the PF* peak due to spin orbit coupling [35,36,37]. Th&"Preak decreases relative to th&"Pr
peaks for the samples prepared in the presencéwf éFigure 7.10(b) and (c)). The decrease in
the Pf*, which acts as a quenching centre in the mat¢si&], may be the reason for the

increase in the luminescence intensity (Figure aga) (b)) for the fluxed samples.
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Figure 7.10: Pr 3gb and 3@, peaks of ZnT#s:Pr* (a) without flux, (b) with 3 wt%

Li,COs and (c) with 9 wt% LiSO..
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The electron trapping centres in the material wevestigated using the TL spectroscopy. The
trapping centres which originate from the formatiminoxygen vacancies inside the material,
may assume different depths within the energy @&b. [The different depths are attributed to
different orientations of the oxygen vacancies [38e ZnTaOg:Pr** sample was exposed to

different doses of the ultraviolet irradiation (&g 7.11). The peaks are systematically shifting
to higher temperatures as the dose increases,hidstan indication of kinetics which are

neither first nor second order, but of general pfd8]. The kinetics for the samples prepared in

the presence of a flux were also treated as geoetat.

The broad nature of the acquired glow curves (eigudl) is attributed to several other peaks
that are overlapping coming from electron trappoegtres with very close depth distribution.
The underlying peaks can be resolved by deconvgjutie measured peak using computerised
glow curve deconvolution (CGCD) [41, 43] as showrkrigure 7.13.
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The deconvolution process is assisted by te-Tls,op measurements to search for the possible
number of thermal peaks [41]. The measurements veamied out for ZnT#gPr,
ZnTa0s:Pr* prepared in the presence ofCD; and ZnTaOg:Pr** prepared in the presence of
Li SOy, respectively (Figure 7.12).The method involveatimg a specimen that is pre-irradiated
by UV radiation, to a specific temperaturesJ1) and then recording the temperature)(T

corresponding to the maximum intensity of the cgpomding glow curve.

The same sample is cooled down, and then re-itextiend then followed by heating the sample
to a specific temperature ¢dp 2 > Tsop 1), Which is higher than the previous Tempera(likg),

and then followed by recordingyT The same measurements are repeated over untititble
glow curve is recorded, with eachf recorded at a higher temperature than the prevooes
This is followed by plotting % as a function of §o, and each flat region in the plot is an
indication of the prominent electron trapping cenrhe number of the revealed trapping centres
is then used to deconvolute the glow curves (Figui8) [41]. The measurements showed 5 flat
regions for ZnTg0e:Pr* (Figure 12 a), and 8 flat regions for ZrDg:Pr’* in the presence of
flux (Figure 7.12 b & c).

The TL glow curves were acquired for ZnDg:Pr** (Figure 13(a)), ZnT&s:Pr* prepared in
the presence of kCO; (Figure 7.13(b)) and ZnE@s prepared in the presence o5&, (Figure
7.13(c)). The heating rate for all samples was l@°K/sec, and the irradiation period was 2
minutes for each sample. The ZnDaPr* sample has a narrow glow curve, which is
deconvoluted into 5 thermal peaks, which correspnthe distribution of electron trapping
centres with close depth [39]. (Figure 7.13(a))e Thow curves of the samples prepared in the
presence of flux show new additional traps at loveenperatures, which are induced by both
Li,CO; (Figure 7.13(b)) and k8O, (Figure 7.13(c)). The glow curves of these samplese
deconvoluted into 8 thermal peaks.

The glow curves were deconvoluted using the connizeie glow curve deconvolution (CGCD)
from a software package (TLAnal) developed by Chah@l [42]. The general order kinetics
related functions were used to compute for thevatitin energy (Eg. 7.1), frequency factor (Eq.

7.2) and the concentration of the electrons trappé#dn electron trapping centres (Eg. 7.3).
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Figure 7.13: The TL glow curves for Zni@:Pr** (a) without flux, (b) with 3 wt% LiCO; and
(c) with 9 wt% LpSO.

Table 7.1: The kinetic parameters associated witffafs:Pr* glow curve, which were
obtained using the CGCD procedure.

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) n, (cm®) s (s)

1 341 1.13 3.71x10 6.77x10’

2 373 1.36 5.64x10 5.67x10’

3 399 1.40 1.48x10 7.81x10’

4 415 1.48 6.34x1D 9.99x10°

5 594 1.71 3.92x10 5.94x10’

Noto et al. Sci. Adv. Mater.7 (2015) 1 Page 114



Table 7.2: The kinetic parameters associated ighglow curve of ZnT#e:Pr** prepared in

the presence of kCO;, which were obtained using the CGCD procedure.

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) ny (cm®) s (sY
1 299 0.98 1.91x10 1.37x10’
2 321 1.06 2.70x10 1.58x10’
3 340 1.13 5.40%x10 2.10x10’
4 393 1.20 1.81x10 3.87x10’
5 423 1.40 4.20x10 1.03x10’
6 450 1.60 4.52x10 1.06x10’
7 481 1.70 3.90x16 1.19x10’
8 508 1.79 1.81x10 1.37x10’

Table 7.3: The kinetic parameters associated ighglow curve of ZnT#e:Pr** prepared in

the presence of k$0,, which were obtained using the CGCD procedure.

Trap T max Trap depth Concentration Frequency factor
(K) E(eV) n, (cm®) s (s)
1 315 1.12 2.19x10 1.58x10’
2 343 1.20 7.84x10 1.09%x10’
3 378 1.33 2.98x10 1.00x10’
4 403 1.41 3.44x10 1.19%x10’
5 427 1.50 2.80x10 1.02x10’
6 449 1.58 2.93x10 2.20x10’
7 473 1.68 3.45x10 1.32x10’
8 500 1.76 3.22x10 1.16x10’
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where Iy and Ty are the TL intensity and temperature (K) at the glowalpanaximum
respectivelyE is the activation energy (e\,is the Boltzmann constarjt,is the heating ratey,

is the concentration of the trapped electronslargdthe kinetic parameter [43]. The parameters
of the traps are presented in tables 7.1, 7.2 ahdo¥ ZnTa0e:Pr*, ZnTa0sPr* prepared in
the presence of fCO; and ZnTaOg prepared in the presence 0530,

The data are plotted in the log scale to show tthatcurves have two components; the fast and
the slow component. The fast component can bebatéil to the decay time of Premission,
and the slow component can be attributed to pergiggmission as a result of trapping and
detrapping of charge carriers [19,39]. The traglewmay be more than one in this system, and
amongst them are the oxygen vacanclésund V) that are responsible for electron trapping
[6,39]. The curves were fitted (as shown Figur®47insert) with a second order exponential
equation (Eq. 7.4):

I(t) = Ae’™* + Be'™ [7.4]
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Figure 7.14: Phosphorescence decay curv@no&0s:Pr** and the samples prepared in the
presence of flux. The insert shows the fitted demaye of ZnTaOs:Pr** sample.

Table 7.4: The decay times parametersndz,, for the ZnTaOg:Pr* sample, and the ones
prepared in the presence of a flux.

sample 71(S) T2 (S)

ZnTaO0gPrt 30.1+0.6 550 + 10
ZNnTa06 P with Li,SO, 31.1+0.6 620 + 11
ZnTa06 P with Li,COs 30.2+0.6 690 + 10

I(t) is the luminescence intensity, A and B are constantlt is the time. The first term on the
right side of the equation describes the decaywiinescence from the dopant ion, and whose
lifetime is presented by;. The second term describes the decay of the pmrsiemission and
whose lifetime is presented by (Table 7.1) [19,39]. The corresponding time paramse; and

7p) are presented in table 7.4. The second time permcreases with the addition of the flux
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in the material; this effect is attributed to timereased electron trapping centres (Figure 7.13)

that are induced by preparing the samples in tesgpice of the flux.

Figure 7.15 is a luminescent mechanism proposedpitain the effects of a flux to ZnT@e:Pr**
phosphors. According to this illustration, upon ieedton; there is band to band excitation and
charge transfer (CT) to the defect levels of ZiTsaresiding at the donor level. The electrons
which are excited to these two states are evegtdaHexcited to the luminescent centres 6f Pr
non-radiatively. This is as revealed by the PLEg(Fe 7.5(a) and (b)) and the diffused
reflectance (Figure 7.6) spectra. Prior to the graton in the presence of a flux, the luminescent
emission intensity of ZnB®s:Pr** is limited to the red emitting transitions frdim, — 3Hg, *Py

— 3Hg and®P, — 3F, at 608, 619 and 639 nm, respectively (Presentatéygolid red arrows).

LR L BETTTTTTITPTT eIy T I I >@® 4f5d
CB , — ® :
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H 2
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Figure 7.15: A schematic diagram to present therleatent mechanism involved in the
phosphors prepared in the presence of a flux.
Preparing with the flux introduced the blue emiss{presented in a dashed arrow) at 505 nm
that is attributed to th&, — °H, transition, and strongly enhanced the red emisat®19 nm
from 3Py — >Hg transition. This effect is introduced by the sgtynimproved charge transfer
(Figure 7.6) to the donor levels, due to the flwhich reinforces charge transfer from these
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levels to the luminescent centres o PThe XPS data (Figure 7.10) reveals that the Rteas
Pr* and Pt oxidation states, with the latter state actingagienching centre from where non-
radiative recombination is induced. For the samplepared in the presence of a flux, the
relative intensity Pf peak is reduced compared to that of Rwhich is an indication that there
is less P¥. The reduced quenching centre of Prinforces the transfer of carriers to the
luminescent centres of Pr This is an additional factor that contributeshe introduction of the

blue emission and the strongly enhanced red emissio

The electrons trapped within the electron trappiegtres follow neither first nor second, but
general order kinetics when they are stimulatethéoconduction band. The TL spectra (Figure
7.13) reveal additional trap centres at lower terafpees (marked with a horizontal dashed line)
due to the preparation in the presence of a fllhe Generation of additional trap centres has

caused the persistent emission to increase fromdb690 seconds.
7.4. Conclusion

ZnTa0s:Pr** phosphor was prepared at 12@via the solid state route, and two other samples
were prepared in the presence ofQ®; and LbSOs. The flux materials greatly improved the
luminescence intensity of the phosphor. This wdseaed by reinforcing energy transfer to the
Pr* luminescence centres by strengthening the mab$oration through the charge transfer
state and by suppressing thé"Rquenching centres. This is as observed from tffasdd
reflectance and the XPS spectra. The persistergseni was also improved by the flux by
promoting the formation of additional electron pap centres as observed from the TL glow

curves.
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Persistent luminescence study of
ZnTaGaOs:Pr*

8.1. Introduction

The persistent luminescence is recently receivittgnaon because of the demand in
applications in the bio imaging for medical diagngshigh energy radiation detection,
thermal sensors, self-lit road lines and emergesiggs [1,2,3]. Such luminescence is one
that continues after the removal of the excitatsmurce, due to the stored energy from
absorption being gradually released as visiblet liggf2]. Good persistent phosphors continue
to glow for several hours in the absence of thetatxan source [1]. Such phosphors include
Zn;GaGe0.g: Cr* with an emission lasting longer than 300 hoursicviis attributed to
electron tunnelling back and forth between thetedectrapping centres and the chromium
luminescence centre [1]. Persistent luminescefi@rAl,0,EL?*, Dy** was reported to be
attributed to the delay of electrons by electrompping centres associated with oxygen
vacancies, before they reach the 5d state &f Eom where luminescence emanates [3].
Our research is mostly directed in tantalite phosph The chemical stability and the
persistent luminescence lasting more than ten mgénwtere reported for YTa®r",
LaTaQ;:Pr* and GdTa@Pr* phosphors having multiple electron trapping canfés5]. The
chemical stability was investigated by prolongesctbn beam irradiation on the sample at 1
x 10° Torr O, pressure [4]. A new red emitting phosphor ZsOgPr** was reported with a
persistent emission lasting longer than nine mmafeer it was excited for five minutes using
an ultraviolet lamp [6]. When 0.4 mol % doping af‘Pwas used in ZnT:®e host, emission
resulted in a pure red colour coming from tBe — *H,, °Py — *Hs and®Py — 3F, transitions

at 608, 619 and 639 nm, respectively, accordingdte coordinate plots [7]. CaT@s:Pr,
with a greenish blue emission constituting of einisdines coming from théP, — °H,

transition at 487 and 498 nm in the blue regiothefelectromagnetic spectrum, and at 530,
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543 and 556 nm fronP, — 3Hs transition in the green region of the electromdaigne
spectrum. Addtitionally, there were spectral linesthe red region of the electromagnetic
spectrum at 597 and 610 nm frd®, — H, transition, at 620 and 627 nm frotify — *Hg
transition, and at 656 nm are attributedRe— >F, transition. The phosphor had a persistent
luminescence lasting longer than 26 minutes afteulraviolet irradiation for five minutes
[8]. In the search of developing new phosphorsaveepresenting ZnGaTa®r**, which is
prepared by combining ZnT@s and ZnGg0, structures into a new compound. ZnGa
compound is spinel type of an oxide, which crystafi either into a normal spinel or mixed
spinel [9]. In the normal spinel the Zn ion occupithe tetrahedral site and the Ga ion
occupies the octahedral site, whereas in a mix@telsthe Zn and Ga ions are randomly
distributed between in the tetrahedral and thehedeal sites [9]. The compound exhibits
strong blue emission attributed to the transitietween the Ga and O defect levels, and has
been reported to have applications in low voltag¢h@doluminesce and liquid crystal
displays [9]. In the current paper we are introdgcZnGaTa@Pr*, the luminescence
properties and the energy distribution of the etect trapping centres. Further
characterization was done to investigate ion distron and was investigated with the ToF—
SIMS.

8.2. Experimental

ZnTaGa@: PP (0.4 mol %) phosphor was prepared by solid s&aetion by mixing ZnO,
Ta0s, Ga03z and Pr({ in stoichiometric amounts. The reagents were mixeal a slurry
using Ethanol. The slurry was preheated at°@ér 10 hrs and later sintered at 12Q0for

4 hrs. The product was allowed to cool down to raemperature and then grounded into a
powder. The powder was washed with distilled wadeemove the flux compounds from the
phosphor. The crystalline phase was identified braker AXS D8 Advance X-Ray
diffractometer using C« radiation. The PL emission and excitation (PLE)panrties of the
phosphor were probed using a Varian Carry-Ecliggeréscence spectrophotometer. The
SEM images were obtained using a Shimadzu SSX-E30. $he surface maps showing the
distribution of the ions, were obtained using themet of flight secondary ion mass
spectroscopy (ToF — SIMS). The'Bon gun with 1 pA beam current was used to prdige t
surface of the phosphor, and was operated in thgimg mode. A PerkinElImer Lambda 950

UV/VIS spectrometer was used to record the diffuseflectance spectra. The
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phosphorescence decay curves to determine thesteetsemission lifetime were measured
after exciting the phosphor with an ultraviolet smufor 5 minutes, then monitoring the time
it takes for the emission to decay using a phottiplidr tube (PMT). The glow curves were
obtained using a 245 nm ultraviolet source for &ti@n, and measuring the TL using a TL
10091, NUCLEONIX spectrometer.

8.3. Results and Discussion

The ZnTaGa@Pr* sample was prepared and the phase purity was etiecing the XRD,
and mixed phases were observed. The nature of éa&spconfirms that the crystalline
particles were formed at 126C. The XRD pattern of ZnTaGa®r" (Figure 8.1) matched
with the patterns of ZnE@®s with a standard file indexed by ICSD 36289 andt thia
ZnGa0,4 with a standard file indexed by JCPDS 38-1240.

ZnTaGaOS:Pr 5
'_ ZnTa20Ei ICSD 36289 B
n ZnGa204 JCPDS 38-1240 L

L un‘.uﬂhn_k.«__-_

Intensity (a.u.)

A Ll |,' s I.|||' ‘ | .|'|,-.'

20 25 30 35 40 45 50 55 60 65 70
2 Theta (Deg.)

Figure 8.1: The XRD patterns of ZnTaGalRY and the standard patterns of ZsOgand
ZnGa0,.

The SEM images of ZnTaGa®r** which is a representative of the surface morphplog
measured over a 9.9 x 7.4 fifield of view area are shown in figure 8.2. The gmahows

that the particle crystallized into three differshiapes; rod, rhombus and round shapes with

Noto et al. due for submission Page 126



different sizes. The round shaped particles ardoaggrated to each other as a result high
temperature used for the synthesis process [8].rfibmbus and rod shapes particles were
not present in th&nTa,0s:Pr* sample [6], and this may be an effect introducedhe Ga

incorporation into the structure to form ZnTaGa®r*".

- y
Mag F— 1um
x 20000, >

P oy

Figure 8.2: SEM image of ZnTaGa®r" with a field of view of 9.9 x 7.4 um

Figure 8.3 Shows the ToF-SIMS mapping that was ioétain order to investigate the
distribution of the ions inside ZnTaGa®r** over an area of 100 x 100 AnZn' (Red),
GaO (Green in Figure 3a), TadGreen in Figure 3b) and Pr@blue) representing Zinc,
Aluminium, Tantalum and Praseodymium ions in the@gghor, respectively. All the ions
appear to be uniformly distributed, and this isradication of its successful preparation and

incorporation of the dopant in the host lattice.

The PLE and PL spectra of ZnTaGa®r* are shown in figure 8.4. Upon exciting the
materials with 259 nm ultraviolet source, there @avemission lines that were observed from
the 'D, — *Ha, °Po — *Hs and®Py — °F, transitions at 608, 119 and 639 nm from the PL
spectra, respectively, attributed td"Remission lines [6]. There is also a minor emissioa
attributed to'D, — 3Hstransitions at 696 and 710 nm of Pj6]. The emission from th&D,
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— 3Hs transitions is much more intense than usual asrtepon our previous work
[4,5,6,7,8], and this effect may be induced byitteorporation of Ga ions into the matrix of
the host. This shall further be investigated anldl e discussed in our next paper. The PLE
spectra shows prominent excitation states at 2859230 nm, which correspond to band to

band (B-B) excitation as reported by Noto et al [6]

100 x100 pm?2

n+

GaO+

PrO+

100 x100 pm?

n+

TaO+

PrO+

Figure 8.3: TOF-SIMS maps of ZnTaGaR** with a field of view of 100 x 100 pm

Noto et al. due for submission Page 128



| 1 1 1 1 2 1 1 1 M 1 " 1 "
120 | ZnTaGaO_Pr”" |-
. 1 \ I
100 D.-"H n
- | BB Fat o0 .
= P -"H
& 80+ \ 0 \ 6 "
> . P -F :
% 60- BB R
5 - 1 3 -
£ 404 —~D,-'H [
20 - ~
N . i
1 v I v 1 ' 1 v I M 1 v 1 v
200 300 400 500 600 700 800 900
Wavelength (nm)
Figure 8.4: The PLE and PL spectra of ZnTaGd®w".
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Figure 8.5: Diffused reflectance spectrum of ZnT@g#r** phosphor.
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The same band is observable in the diffused refteet spectrum (Figure 8.5) at 270 nm as
the region where the major absorption occurs. $hggests that the incorporation of the Ga
into the structure has an effect of lowering thergg position of the conduction band by
approximate 0.3 eV. The rest of the transitionseoled at 330 nm and at 450 — 500 nm
region of the diffused reflectance spectrum (Fig8u®) are attributed to the charge transfer
and P¥* absorption [4,5,6,7].

The decay curve of ZnTaGa@Pr* (Figure 8.6) was obtained by radiating the phosptith

an ultra violet source of 245 nm. This is followbg measuring the decay time of the
persistent luminescence using a photomultiplieret{pMT) at room temperature. The
resulting persistence of the luminescence comatributed to the electrons that are trapped
within the electron trapping centres and graduedlgased to the luminescence centre. The
delay of the electron from the conduction bandh® luminescence centre by the electron
traps results the persistent luminescence [4,96& curve decay curve was additionally
plotted in the log scale (Figure 8.6 inset) to asttthe number of components involved in the
persist luminescence. Two components are distihgdisthe first component corresponding
to the decay of the Brluminescence and the second component correspptalime decay
of the luminescence corresponding to the electdmtayed by the electron trapping centres
before they reach the luminescence centre [5,6]e durve was fitted (Figure 8.5) with a
second order exponential decay equation (Eq. (&Jgxtract the decay time parameters.

|(t):Ae—t/Tl+Be—t/T2 [81.]

where | (t) is the luminescence intensi#y,andB are constants arnds the time. The first
term on the right side of the equation describesdiécay of luminescence from the dopant
ion, and whose lifetime is presented #9y The second term describes the decay of the
persistent emission and whose lifetime is presehted [5,6]. The persistent luminescence
decay time resulting from the electron trappingteemwas approximated to 374 + 8 seconds,
which was less compared to that of Zg@aPr** phosphor [6].

Thermoluminescence measurements were done for Za@a®r* phosphor to evaluate the
distribution of the electron trapping centres. Hiec traps are generally attributed to oxygen
vacancies in materials, which may assume diffecgi@ntations and can therefore occupy
different energy levels [5]. The measurements veareied out by exciting the sample with
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an ultra violet source of 245 nm, then acquirirgjav curve by heating the sample from 300
to 600 K (27 to 327C) at a heating rate of 2 K/sec.

4.0)(104"""_"""'

ZnTaGaOs:Pr3¢

3.5x10" -

3.0x10° -

10°4 B
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Figure 8.6: Phosphorescence decay curves of ZnTa®aOphosphor.

The electron detrapping kinetics were evaluatedekgosing the phosphor to different
ultraviolet irradiation time (2, 5, 9, 12 or 15 ifThe glow curves (Figure 8.7a) of the
samples shift to higher temperatures with an irsgesn irradiation time, which is an
indication of kinetics which are neither first n@econd order, but general order [6,8]. The
glow curves of the different phosphors appearedgdrand this may be attributed to the
overlapping thermal peaks from electron trappingtres that are close to each other [5]. In
order to determine the number of prominent electrapping centres, theufTsop method
was used. The method involves heating a sampleighate-irradiated by UV radiation, to
some temperature {Jf, 1) and then recording the temperaturg,)(Torresponding to the
maximum intensity of the glow curve. The procedgreepeated by heating the sample to a
higher temperature (&, 2 > Teop 1), until the rest of the glow curve is recordétie flat
regions in the plot are an indication of a prominetectron trapping centre [10]. The
measured g-Tsppdata for ZnTaGa® Pr* phosphor suggested the existence of six electron
trapping centres. This is followed by plotting &s a function of ., and each flat region in
the plot is an indication of the prominent electt@pping centre.
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Table 8.1: The kinetic parameters associated \kighglow curve of ZnTaGa@Pr*, which

were obtained using the CGCD procedure.

Trap T max Trap depth Concentration Frequency factor
(K) EeV)  (cn) s ($)
1 344 1.01 3.93x10 1.30x10’
2 379 1.32 7.84x10 1.03x10’
3 402 1.43 1.06x£0 1.80x10’
4 423 1.56 5.65xf0 1.70x107
5 459 1.62 4.72x10 1.00x10’
6 494 1.75 2.42x710 1.76x107

The glow curve corresponding to two minutes irradra was deconvoluted using a
computerised glow curve deconvolution (CGCD) modsl,shown in equation 8.2 for the
general order, from a software package ‘TLAnalveleped by Chung et al [11]. The
general order kinetics related functions were usecompute for the activation energy (Eg.
8.2), frequency factor (Eg. 8.3) and the conceiatnadf the electrons trapped within electron

trapping centres (Eq. 8.4).

b E
I(T) = IMbb —{ &XP (ﬁ
X T_TMTM>l1+(b—1)2k;M +(b—1)<1—2k:M)
—b
X (%) exp ( d ;MTM %)lbq [8.2]
= kTt (1 . flfTMl(Eb— 1))‘”‘” (%) 8.3]
I(T) = sn,exp (— %) [1 + #J-Texp (—k—l;> dTl _% [8.4]
Ty
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wherely and Ty arethe TL intensity and temperature (K) at the glovalpenaximum

respectivelyE is the activation energy (eVkis the Boltzmann constarng, is the heating

rate, n, is the concentration of the trapped electronskarsdthe kinetic parameter [11]. The

corresponding kinetic parameters are presentedleT.1.
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Figure 8.7: (a) Glow curves at different irradiatitime, (b) T-Tswp plots and (c) the

deconvoluted glow curve of ZnTaGa®r** phosphor.
8.4. Conclusions

The persistent emitting ZnTa@Br** phosphor was prepared at 12 via the solid state
route. Mixed phases were observed from the XRDesponding to ZnG&®, and ZnTaOe
phases. The material was found to have mixed pasdltapes, which were rod, rhombus and
irregular shapes. Prominent red emission lines whserved from th&D, — 3Ha, *Py — *He,

%Py — *F, and 'D, — °Hs transitions at 608, 119, 639, 696 and 710 nm frer,
respectively. Persistent luminescence lasting up7 + 8 seconds was observed, and the

corresponding electron trapping centres were iny&std using TL spectroscopy.
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“If there is a good will, there is great way.”

— William Shakespeare
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9
The greenish-blue emission and
thermoluminescent properties of
CaTa,Og :Pr

9.1. Introduction

Calcium tantalite Ca®s compound is considered an important material Her rhicrowave
applications because of its good dielectric properin the microwave range which are
attributed to its large quantity of oxygen vacardiE]. The tantalite phosphors often require
high temperatures to prepare, and are often pmagere [2], however Bleier et al [3] were
successful in preparing a phase pure LaBO using a hydrothermal route at 2%5 and
further annealed at 90%C. Karsu et al [4] also propose that a phase porapound is
achievable using k50O, as a flux material. It is a perovskite and it @ssume different
symmetries depending on the preparation tempemgatlirés cubic for temperatures that are
below 800°C, and is orthorhombic between 800 and 1588 [5]. The orthorhombic
symmetry resembles a distorted perovskite [5], #mel distortion is one of the crucial
components leading to the formation of oxygen vaen([6]. These oxygen vacancies have
been reported to be a crucial component of the &tegglow phosphors [7,24], because they
act as electron trapping centres [9]. They captlgetrons and gradually release them to the
luminescent centres [9], and upon electron-holemdgnation long afterglow luminescence is
observed [10,11]. Such materials can continue tib leght longer than several hours after the
excitation source is removed. Sg®k:Eu, Dy and other phosphor [10] are well studied an
they can glow with a green or other emission tar @2hours. Dy is introduced in the system
to generate more oxygen vacancies that furtherrexghthe decay time from 60 minutes to 30

hours [12]. Phosphors with such characteristicsiraportant for applications in self-lit road
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signage, emergency route signs and medical diagad4B]. These electron trapping centres
reside within the band gap of the material [24],d athey can be analysed by
thermoluminescence spectroscopy to approximate émeirgy distribution and quantification
[15]. The analysis is based on thermally stimutatelectrons coming from the trapping
centres to the recombination centres, and the psoisefollowed by luminescence [24]. The
kinetics of the electrons from the trapping centethe recombination centres are of a wide
variety such as first order, second order or genamder [24,24]. The first order kinetics
assume no interaction between the trapping ceminesthe second order kinetics assume
interaction of trapping centres, which leads t@tetm retrapping [24]. Bf doped phosphors
have been studied and orthorhombic perovskiteseg@ted to have a single and narrow red
emission peak. The single red emission peak iidatitd to the intervalence charge transfer
that supports complete quenching of the blue eoms$16,18,19]. In this paper, we are
reporting the luminescence properties of greenigh-bmission of Bt by using CaT#Ds as
host material for our phosphor and the analysishef energy distribution of the electron

trapping centres.

9.2. Experimental

CaTaOg: Pr* (0.5 mol %, which is not an optimal concentratigrPr in CaTaOg) phosphor
was prepared through solid state reaction by dyrecixing stoichiometric amounts of 7@s
99.0 % (Sigma Aldrich) and CaG®9.0 % (Sigma Aldrich) and Pr£and ethanol were used
to make a slurry mixture, which was dried at 2GC0for 10 hrs, and finally calcined at 1280

for 4 h. The crystalline phase was identified wi&hBruker, AXS D8 Advance X-Ray
diffractometer using ClKe radiation at room temperature. The photolumineseefPL)
emission and excitation (PLE) properties of thegptmr were probed using the Varian Carry-
Eclipse fluorescence spectrophotometer at room ¢eatyre. The diffuse reflectance spectra
were measured using a PerkinElmer Lambda 950 UVAgKtrometer at room temperature.
The distribution of the energy traps was approx@dausing the thermoluminescence
spectroscopy (Riso TL/OSL reader — model TL/OSL-P@-after irradiating the phosphor
using beta particles from’Sr beta radiation source at a dose rate of 0.1028.3he

luminescence detection for the TL/OSL system cosigia photomultiplier tube (PMT) with
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a U340 Schott filter that is effective in the 340380 nm wavelengths. The glow curve
measured using a 254 nm ultraviolet source fortation, was measured using a TL 10091,
NUCLEONIX spectrometer for thermoluminescence (TI)e phosphorescence decay curves
for the measurement of the persistent emissiotinitewere done by exciting the phosphor
with an ultraviolet source for 5 minutes, then meg the time it takes for the emission to

decay using a PMT

9.3. Results and Discussion

The measured X-ray diffraction (XRD) patterns (Fgyo.1a) show that phase pure and
crystalline particles of Caf@s:Pr* were prepared. These are consistent with the atdnd
orthorhombic CaT#s phase referenced in the JCPDS card number 39-1230 The

microstrain experienced by the material and theigharsizes were approximated using the

Hall-Williamsons’ equation (Eq. 9.1):

BCos(6) l+ esSin(0)

p) D p) 511

wherep (Corrected as B in Figure 9.1b) is the Full widthhalf maximumg angle of the
diffraction peak in degrees; (1.54 A) is the wavelength of the correspondinga)-
wavelengthD is the crystalline size, arwdis the percentage of the strain in the materid).[1
The corresponding strain, which is obtained asopesbf the fit in the data plotted in Figure
9.1b is 0.089 = 0.004, and the crystallite sizesewapproximated to 0.51 pum from the
intercept value (0.003) of the fit. The SEM imagfeCaTaOs:Pr** with 5 pm field of view
(Figure 9.2) shows agglomerated small particlesrefjular shapes and different sizes. The
agglomeration of the particles is attributed to trexy high temperatures or preparation

associated with solid state reaction [21].

The photoluminescence excitation (PLE) spectrungui@ 9.3) shows that the major
absorbing band is at 257 nm, corresponding therd®&mission. A single red emission of
CaTiO;Pr*, In*" from the'D, level has recently been reported by Noto et . [22

Noto et al. ]. Alloys Compd. 589 (2014) 88 Page 139



1 N 1 N 1
1@ caTa,0,:0.5 P ||
8 ]
£ 9 3
= _'W-J [
e o
Q = -
E P
1 /I JCPDS 39-1430| |
] - — I = I | ‘ | il III I|_|_.|.L-_
10 20 30 40
2 Theta (°)
1 2 1 N 1 M 1 N 1
0.34(b) = Data R
| Fit Line
0.2 4 -
©
2
= 0.1- -
§ e _nfn Sa s 5w
x 0.0+ -
m
-0.14 .
'0.2 T T T T T T ] v ]
0.15 0.20 0.25 0.30 0.35
Sin(Theta)

Figure 9.1: (a) The XRD patterns of CalgPr*, and (b) Hall-Williamson plot for
microstrain analysis.
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This is a consequence of total quenching of’fhdevel emission due to the strong coupling
between the virtual intervalence charge transfé€{l) and the’P, level at room temperature,
which leads to the electrons non-radiatively cmugsbver to the'D, level [23]. The
photoluminescence (PL) spectrum presented in fi@u8eshows both blue and red emissions
from CaTaOg:Pr’" phosphor. The blue spectral lines observed at @&¥ 498 nm are
attributed to two manifolds ofPy — °H, level, and those at 530, 543 and 556 nm are
attributed to three manifolds &P, — *Hs level. The red spectral lines are observed at 587 a
610 nm that are attributed to the two manifoldSiy¥—>H, level those at 620 and 627 nm are
attributed to two manifolds 6Py, —>Hg level, and those at 656 nm are attributetPio—>F,
level [24]. The blue emission from tiB, — *H, transition is glowing brighter than the red
emission from'D,—%Hs. *Py —°Hs and Py —°F; transitions. This is different from the
observations in other oxide phosphors like: sW&VO,)4 P, NaY(MoO.).Pr* and
YNbO4Pr*, where the emissions due® —°F; transitions are much more intense than the

emission due t8P, — 3H, [24].

Mag H———1 500nm
% 40000

Figure 9.2: SEM image of Caf@s:Pr* with 5 pum field of view.

The presence of the emission due to transition ftoeTP, to H and F levels may in this

instance be an indication that the virtual chargedfer state is positioned in such a way that it
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cannot completely quench this emission. The diffieskectance spectrum (Figure 9.4) shows
a major absorption at 256 nm, which is at a pasitlmat is associated with band excitation
[22], and the broad band absorption (charge transihich is believed to be the intervalence
charge transfer state as reported fdi’ P23]. There are minor absorptions at 430 to 500 nm
coming from the 4f-4fH,—>P,, 6,°P1,°P,) transition of Pf" [22]. The position of the IVCT
around 298 nm, which is shifted by 62 nm from 360as observed in CaTiPr* [22,23], is

a possible explanation for the IVCT not being ableompletely quench the emission from

theP; level.
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Figure 9.3: PLE and PL spectra of CadaPr*.

The energy distribution of the electron trappingtees that reside within the energy band gap
of CaTaOe:Pr** phosphor was investigated. The glow curve of Ga&§#r" (Figure 9.5) was
measured by dosing the sample with 12 Gy up toG#@&nd heating it at the rate o’6/s
(Figure 9.5). Upon increasing the dose, two mowrkpeppeared, suggesting that three types
of electron traps exist, and the peaks of the glawes shifted to higher temperatures. Glow

peaks that do not shift in temperature positionsnupxposing the material with different
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doses, imply that the system follows first ordemdtics [25,26,27]. Those peaks that shift
systematically to lower temperatures imply thatgfistem follows second order kinetics [26].
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Figure 9.4: Diffuse reflectance spectrum of CagPr*.

The peaks of the glow curve in figure 9.5 shiftsteynatically to higher temperatures as the
dose is increased. This suggests that the systemaitiser following the first order nor the
second order kinetics, but general order. FiguBes@ows the intensity response of the glow
curve peaks (Figure 9.5) of the phosphor to differadiation doses (the line in between data
points is a visual guide, not a model fit). Diffetanaterials respond differently to radiation
dose, depending on their natural dosimetric bemd#8], and the TL intensity of such is
dependent on the amount of the absorbed dose T2@].nature of response can either be
linear, sublinear or/and superlinear, dependingtlo linearity indexes [28]. The dose
response of the three trap centres was investigatet}, (maximum intensity) is plotted as
function of dose. The response of the three thepeaks of the glow curves (Figure 9.5)

seem to be linear for doses up to 740 Gy as pregdant Figure 9.6. There seems to be
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sublinearity at low doses for the second and tphedk. However so, no full conclusion can be
reached about sublinearity because at low dosegldlaecurves are noisy. According to Chen
et al [30], the dose response curves reveal infoomabout the trapping mechanism of the
electron traps, and this can be used to investihateompetition that exists amongst different

types of trap centres existing in a material.

1 400 1 " 1 M 1 M 1 " 1 M 1
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200 -
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Figure 9.5: Different glow curves acquired by exipg€CaTaOg:Pr" to different radiation

doses.

The sublinearity of the dose response at low déseshe first peak and the third peak of
CaTaOgPr** glow curves may in this regard suggest that thpping of electrons at the
centres represented by those peaks was slower,atechfo that of the traps represented by
response of the second peak. The linearity respohsiee traps represented by the second
peak suggests that at low doses more charge cawiere trapped by these trap centres

compared to two trap centres.
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Figure 9.6: Dose response curve of the 3 pealseoflbw curve in figure 9.5.

An experiment to investigate the sensitivity of thegp centres to radiation was performed by
dosing CaTgO0s:Pr** with 370 Gy. The TL glow curves were acquired l@ating the sample
at the rate of 5C/s, and the same measurement was repeated s dimthe same sample.
The glow curves are presented in figure 9.7, aredldkt five glow curves (black spectra in
Figure 9.7) have shifted from the firstly measugéalv curve (peak 1 in Figure 9.7). The shift
may be caused by the pre dose effect, which alterposition of the trap centres [31]. The
deviation of the peaks from the expected positias walculated and presented in Table 9.1.
From Figure 9.7, it is clear that the first gloweeihas peaks ¢k, Tv2 and Tus) positioned at
higher temperatures, which shift to lower tempeesufor the second to the fifth
measurement. The peaks shifted from 135, 199 a@dQ%or Ty1, Tmz and Tus, respectively,

to a mean position of 117, 166 and 224for Ty1, Twz and Tus (Table 9.1).

A sample can show radiation sensitivity dependinghee nature of defect structures within a
particular compound, and this is also known agtieedose effect [31,32].
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Figure 9.7: Repeatability measurements.

Such parameters can be competition between trapdifferent depths, radiation induced
defect centres and also radiation damage to trectstructures [33]. To investigate this effect
it is often customary to repeat the same measureatdeast on one sample several times by
keeping the experimental parameters the same, lasehee any changes that may take place
to the glow curves. If the signal remains the satinen that may be suggesting stable traps,
but if the glow curve changes continuously upoadrating the sample with the same dose
repeatedly, then the traps in the system are raditlestand may easily be changed by the
radiation [31].

The glow curves of CaT@s:Pr* (Figure 9.8) were acquired at different heatingsdD.5, 1,
2, 3, 4 and 5C/s) for a sample that was exposed to 370 Gy. Bak9p (i1, Iv2 and lz) of
the glow curves show a decrease in intensity arsthifh to higher temperatures, with an
increase in the heating rate. The earlier effeattisbuted to thermal quenching [34], and the
latter is attributed to recombination that is slogvidown [35]. When electrons are in the
excited state they can absorb phonons and decayadatively by losing their energy to the
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phonons, and the efficiency of this mechanism nmayeiase with an increase in temperature
or the heating rate [36] When the variable heatatg method is used, the activation energy

can be approximated using equation 9.2 [34]:
— In (T
E—ln(ﬁ)kTM [9.2]

whereE is the activation energy is temperature at the maximum intensity of thewglo
curve, (Written as B in figure 9.9) is the heating raaedk is Boltzmann's constant. The

2
activation energy is extracted directly from thepd of In (%M) VS 1/kTM [34] as shown for

the first peak, second and third peak in Figure99& c. The slope obtained is the mean
representation of the data points of the activagoergy obtainable using equation 9.2. The
activation energy for the first, second and thiedlpis 0.61 £ 0.02, 1.41 + 0.06 and 1.6 £ 0.01

eV, respectively.
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Figure 9.8: CaT#s:Pr* glow curves acquired using different heating rates.
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Table 9.1: Peak positions ofsTat the maximum intensity.

Twm1 Tmz2 Twms
OC OC OC
Measurement 1 118 168 224
Measurement 2 116 166 222
Measurement 3 118 164 226
Measurement 4 118 168 226
Measurement 5 116 168 222
average 117 166 224
TD 1 1 2
1 M 1 M | M 1 M 1 M 1 N 1 N 1
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Figure 9.9: Linear fit from which the slope is gypeoximation of the activation energy of the
traps. (a) is the approximation for the first pe@dh,for the second peak and (c) for the third
peak.
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Figure 9.10: The activation energy calculationftial rise method for a sample excited
using Ultraviolet irradiation. (a) Shows the glouree and (b) the fit of the first 15% of the

glow curve from which the slope is an approximadnhe activation energy.
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Additionally, the sample was irradiated using atraviolet lamp to trace possible radiation
damage or additional trap levels induced by thea Ipatrticles. The activation energy of the
sample irradiated with an ultraviolet lamp was appnated using the initial rise method by
Garlick and Gibson [26], which approximates thevatton energy independent of the order
of kinetics [28,33]. According to the model thetimoluminescence emission for the first low

temperature interval of the glow curve can be esged as (Eq. 9.3) :
I(t) = Ce FXT [9.3]

WhereE is the activation energy of the electrons trappétin the electron trapping centres,
k is Boltzmann constant, is the temperature, and C a constant [26, 28,H8lire 10a and
10b show the glow curve of the sample irradiatetth witraviolet and the corresponding linear
fitted curve of the first low temperature interedlthe glow curve, respectively.

The activation energy was approximated to 0.6507 @V, which is similar to that of the
variable heating rate for the beta particle irridia The temperature position of the glow
curve peak around at 10C is common for the sample irradiated with an wultit lamp
(Figure 9.10a) and also for the sample irradiatethgibeta particlesThe additional two
peaks (Figure 9.5) revealed by exciting with théabgarticles may be revealed due to the
higher energies associated with beta particlesnahdecessarily an indication of beta induced
trap centres due to radiation damage to the materia

The phosphorescence decay curve of Gaga Pr'phosphor (Figure 9.11) for the
measurement of the persistent emission lifetimesvdeme by exciting the phosphor with an
ultraviolet source (254 nm) for 5 minutes, then suegng the time it takes for the emission to
decay using a photomultiplier tube. The decay cwivews two components as observed in
the log scale plot (Fig 9.10 insert) of the phospkoence decay curve. The fast component is
associated to the decaying of thé Rmission that decays within microseconds [37] ed
slow component that is associated to the delayetsen as a result of trapping and
detrapping of charge carriers by the electron irappentres [32, 38,40]. The corresponding
time parameters were extracted by fitting the cumith second order exponential decay
function (Eq. 9.4):

Noto et al. ]. Alloys Compd. 589 (2014) 88 Page 151



I(t) = Ae'™ +Be™? [9.4]

wherel is the luminescence intensi#y,& B are constants,is the phosphorescence time,
and r, are the decay times of the first and the secomdpoments, respectively [38]. The
phosphorescence decay times were determined to 38+®.6 us and 1598 + 336 s

for 71 andr,, respectively.
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Figure 9.11: The phosphorescence decay curve o&OgPr* The insert is the decay curve

presented in the log scale.

9.4. Conclusion

A CaTaOs: Pr*phosphor with greenish-blue emission was prepayesbhid state reaction at
1200°C for 4 hrs. An orthorhombic single phase was oigidj as identified by XRD. The
scanning electron microscopy images showed thditc|es were of irregular shapes and had
different crystallite sizes. Most f — f transitiofiem Pf* were observed, and greenish blue
emission fronTPy — *H, was most dominant. The phosphor exhibits threferifit types of

electron trapping centres and competition amonigsint was detected. The depth of the
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electron trapping centres was approximated to 6& £.0.02, 1.41 + 0.06 and 1.6 £ 0.01 eV
for the first, second, and third peaks, respectivdlhen the phosphor was excited using UV
lamp only the peak at 0.6 eV volt was revealed thirmilmay be caused by the low irradiation
energy of the UV lamp which is not sufficient tongot more carriers to the deeper electron

trapping centres, like the beta particles.

Noto et al. ]. Alloys Compd. 589 (2014) 88 Page 153



9.5.

10.
11.

12.

13.

14.
15.

16.

References

N.G. Teixeira and R.L. Moreira, R.P.S.M. Lobo, MBRAnNdreeta, A.C. Hernandes
A. Dias, Cryst. Growth Ded1(2011) 5567.

L.L. Noto, S.S. Pitale, M.A. Gusowski, O.M. Ntwaealva, J.J. Terblans, H.C. Swatrt,
J. Lumin.145(2014) 907.

G.C. Bleier, M Nyman, L.E.S. Rohwer, M.A. Rodriguelz Solid Stat. Cheni84
(2011) 3221.

E.C. Karsu, E.J.Popovici, A.Ege, M.Morar, E.IndréKarali, N.Can, J. Luminl31
(2011) 1052.

A.P. Pivovarova, V.I. Strakhov, Y.N. Smirnov, Reftaind. Ceram41 (2000) 9.

J. Milanez, A.T. de Figuciredo, S. de Lazaro, VIMngo, R. Erlo, V.R. Mastelaro,
R.W.A. Franco, E. Longo, J.A. Varela, J. Appl. P36 (2009) 043526.

J.S. Kim, H.L. Park, C.M. Chon, H.S. Moon, T.W. Ki®olid. Stat. Com129 (2004)
163

J. Milanez, A.T. de Figuciredo, S. de Lazaro, VIMngo, R. Erlo, V.R. Mastelaro,
R.W.A. Franco, E. Longo, J.A. Varela, J. Appl. P36 (2009) 043526.

H.F. Brito, J. Holsa, H. Jungner, T. Lamanen, Mltdstusaari, M. Malkanmaki,
L.C.V. Rodriguess, Opt. Mater. Expreg43), (2012) 287.

S.Yin, D. Chen, W. Tangd. Alloy and Compd441(2007) 327.

B.M Mothudi, O.M. Ntwaeaborwa, Shreyas S. Pitalel &C. Swart, J Alloy and
Compd, 508 (2010) 262.

B.M. Mothudi, O.M. Ntwaeaborwa, J.R. Botha, H.C. &ty Physica B404 (2009)
4440.

K. Korthout, K. von den Eechout, J. Botterman, &it¥nko, D. Poelman, P.F. Smet,
Phys. Rev. B34 (2011) 085140.

Z. Pan, Y.Y. Lu, F. Liu, Nat. Matef.1 (2012) 58.

W. Liwei, X Zheng, T. Feng, J. Weiwei. Z Fujun, Mijian, J. Rare Earth23 (6),
(2005) 672.

M.A. Lephoto, O.M. Ntwaeaborwa, S.S.Pitale, H.C.8wa R.Botha, B.M.Mothudi,
Physica B407(2012) 1603.

Noto et al. ]. Alloys Compd. 589 (2014) 88 Page 154



17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

30.

31.

32.

33.

Y. Pan, Q. Su, H. Xu, T. Chen, W. Ge, C. Yang,al. Stat. Chem174(2003) 69.

S. Som S.K. Sharmd, Phys. D: Appl. Phygl5(2012)415102.

L.L. Noto, S.S. Pitale, J.J. Terblans, O.M. Ntwawala, H.C. Swart, Physica 807
(2012) 1517.

G.H. Mhlongo, O.M. Ntwaeaborwa, M.S. Dhlamini, H.8wart and K.T. Hillie, J.
Alloy. and Compd509(2011) 2986.

W. Wong-Ng, H. McMurdie, B. Paretzkin, C. Hubba#l, Dragoo, Powder Diffr3
(1988) 251.

X.C. Jiang, W.M. Chen, C.Y. Chen, S.X. Xiong, A.Bu, Nanoscale Res Le&
(2011) 32.

L.L. Noto, S.S. Pitale, M.A. Gusowki, J.J. Terbla@M. Ntwaeaborwa, H.C. Swart
Powder TechnoR37(2013) 141.

P. Boutinaud, E. Pinel, M. Dubois, A.P. Vink, R. IMiau, J. Lumin.111(2005) 69 .

C. De Mello Donega, A. Meijerink, G. Blasse, J. h€hem. Solids56 (5), (1995)
673.

H.F. Brito, J. Hassinen, J. Holsa, H. Jungner, @amhnen, M.H. Lastusaari, M.
Malkanmaki, J. Niittykoski, P. Novak, L.C.V. Rodugss, J. Therm. Anal. Calorim.
105(2), (2011) 657.

V. Pagonis, G. Kitis, C. Furetta, Numerical and qtal exercises in
thermoluminescence, 2006, Springer and businessaMiec USA.

A.J.J. Bos, Radiation Measuremdit(2007) S45.

C. Furetta, Handbook of Thermoluminescence, 200&dwscientific publishing,
Singapore.

S.W.S. McKeever, M. Moscovitch, P.D. Townsend, Th@uminescence Dosimetry
Materials: Properties and uses, 1995, Nuclear Taolgg Publishing, England.

R. Chen, V. Pagonis, Thermally and optically stiatetl luminescence, a simulated
approach, 2011, John Wiley and Sons Ltd. UK.

N.A. Larsen, Dosimetry based on thermally and @fliicstimulated luminescence
[Thesis], Niels Bohr Institute University of Copegen.

A.G. Kozakiewicz, A.T. Davidson, D.J. Wilkinson, BluInstr. and Meth. In Phys.
Res. B166-167(2000) 577.

Noto et al. ]. Alloys Compd. 589 (2014) 88 Page 155



34.

35.

36.

37.

38.
39.

40.

S.W.S McKeever, Thermoluminescence of Solids, 1@2bnbridge University Press,
New York.

P.R. Gonzales, C. Furetta, E. Cruz-Zaragoza, Jrid\zblod. Phys. Lett. B4 (8),
(2010) 717.

I. Veronese, The thermoluminescence peaks of qadristermediate temperatures
and their use in dating and dose reconstructioregish, 2005, UniversitaDegliStudi
Milano.

L. Batter-Jensen, S.W.S. McKeever, A.G. Wintle,i€gly Stimulated Luminescence
Dosimetry, 2003, Elsevier, Amsterdam.

P. Boutinaud, E. Cavalli, M. Bettinelli, J. Phy€ondens. Matter, 19 (2007) 386230.
L.L. Noto, M.L. Chitambo, O.M. Ntwaeaborwa and HSwart, Powder Technd47
(2013) 147.

J. Zhi, A. Chen, L.K. Ju, Opt. Mate31 (2009) 1667.

Noto et al. ]. Alloys Compd. 589 (2014) 88 Page 156



“If you hear a voice within you saying: “you canngaint,” then by all means
paint and that voice will be silenced.”

— Vincent Van Gogh
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N 10
Photoluminescence and persistent
emission of SrTaOgPr**

10.1. Introduction

The SrTaOs compound has shown interesting evolution, in tihatvas initially known to
completely crystallize at 1800C to a tetragonal symmetry, which belongs to thegs$ten
bronzes, as reported by Whiston et. al. [1]. SrG%05 systems have the capacity to crystallize
into a broad range of products with different plsasaich as SrE@s, SsTaiO15 SkTa011,
SrTa07 [1] and SgTasO15 [2], which are all preparable using the solid estethtemical reaction
[1,2]. Later it was discovered that the Si@a crystallizes into different polymorphs. A high
temperature tetragonal modificatifir-SrTa,.0s, Which requires temperatures above 18000
prepare [3], $-SrTaOs that crystallizes at temperatures between 120015@D°C [3], and the
0—SrTa0s that crystallizes at temperatures below 110J4]. A recent study by Lee et al [5]
revealed that the three polymorphs do not onlytetlyge at different temperatures, but they also
have different X-ray diffraction (XRD) patterns, carthe XRD patterns of the—SrTaOs
correspond to the pattern that was reported bytiSkiaet et. al. [6], whilst the others deviate
from this pattern. The polymorphs resemble differggmmetry with thel and thep’ being
tetragonal tungsten bronzes and dh@olymorph being orthorhombic [5]. Additionally,ethwork
reveals that the, p andp’ polymorphs have different energy band gaps, rapdiom 4.4, 4.0 to
3.8 eV, respectively [5]. The wide band gap natfrthe materials makes them to be of interest
in producing rare earth doped phosphors with aigiefft emission [7]. The Sr}&@s compound

is currently playing an important role in the fietsf photocatalysis, where it is used to
decompose water molecules intgathid Q molecules [8]. It is also used for applicationsadio
frequency circuits [9]. In the field of phosphoithie oxide compounds are of interest in
developing phosphors with persistent emissionepsrted for MA}O4:Eu,Dy (M = Ca, Sr, B)
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[10], CaTiGs:Pr [11] and ZeGaGe010:Cr [12]. The persistent emission is attributedthe
trapping and gradual release of the electrons éléctron trapping centres to the luminescence
centres [13], from where the observable emissiagir@ates [14]. The existence of the electron
trapping centres in these materials is attributethé existence of the positively charged oxygen
vacancies with an energy that resides within thedbgap () of the electronic structure of the
phosphor [15]. They are formed within the mateasdefects [15,16]. In this work we show that
SrTa0s is usable as a host for’Pion doped phosphor. Prions are very important in the sense
that the Pr:Tm co-doped phosphor has commercidicapipns in optical fibres as a possible
amplifier [17]. They are also reported to haverag red emission when it is doped in CadiO
that is almost pure, according to the Commissidarirationale de I'Eclairage (CIE) coordinate
plots [13]. The single red emission coming from tBe — ®H, transition is due to the complete
depopulation of théP, state, by the virtual charge transfer betweerfhand’D, states, via the
intervalence charge transfer (IVCT) [18]. This Iead complete quenching of the blue emission
[18]. Additionally, in this work the luminescenceoperties of Pf and the absorbance were
obtained from where the energy width of the band gas calculated. We approximated the
lifetime of the persistent emission from the phaspkcent decay curves, and determined the

activation energy of the electrons trapped withétton trapping centres.
10.2. Experimental

SrTa0g: PP* phosphor was prepared at different temperaturesliy state reaction, at 1260

for 10 hrs, 1400C for 20 hrs, and at 150C for 32 hrs. The temperatures and time were chosen
in order to obtain the, p andp’ polymorphs phases. The phases were identifiea Bruker
AXS D8 Advance X-Ray diffractometer using (Kie radiation. The scanning electron
microscopy (SEM) images were captured using then&tizu SSX-550 SEM from Kyoto, Japan.
The surface maps showing the distribution of thesjovere obtained using the time of flight
secondary ion mass spectroscopy (ToF — SIMS 5).Brh@n gun with 1 pA beam current was
used to probe the surface of the phosphor, and apasated in the imaging mod&he
photoluminescence (PL) emission and excitation (Rfperties of the phosphor were probed
using the Varian Carry-Eclipse fluorescence spetiotometer. The phosphorescence decay
curves were obtained by exciting the samples fmir2with an Ultraviolet (UV) lamp of 254 nm

wavelength, and then followed by measuring thengitg decay curves with a photomultiplier
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tube (PMT) at 25°C. A TL 10091, NUCLEONIX spectrometer was usedatmuire the
thermoluminescence (TL) glow curves at 25 °C foe $samples excited using a 245 nm

ultraviolet source.
10.3. Results and Discussion

The XRD patterns of the Sri@e:Pr* (0.4 mol %) phosphor that were synthesized at wdiffe
temperatures along with the standard data for )gaith ICSD card No. 39706 [6] are shown
in figure 10.1. The patterns show that the phas¢hefsample prepared at 1200 is only
starting to form and with the temperature incregsto 1400 and 1506C better phase
development took place. This differs from the reépar the literature [3,4,5], which proposes the
occurrence ofy, B andp’ polymorphs at these temperatures. Instead we fintly one phase,
which corresponds to the Sl original phase proposed by Sirotinkin et. al. [6].

ICSD 39706

Nl 1 [l
—
=)
-
—_ N
- b & S . =
- =2 = N © pe
F o = o 3
-
= Y =
] | l1 T‘. ! ' .II. 1.1 L i

= ' ' ' 1200 °CE
L I 1400 °C[.
. l‘ 1500 °C

10 50
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Figure 10.1: XRD patterns of Sr¥a:Pr** matched with that of the standard data.

The SEM images (Figure 10.2) of the three sampitepgred at 1200, 1400 and 15WD are
shown for a 4.8 um, 19.2 um, and 19.2 um field iefwy respectively. The samples exhibit

particles of irregular shapes and different sizedich are agglomerated. The particle
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agglomeration increased with temperature, suchdbahelting of the particles is visible. The
agglomeration of the particles is attributed toyveigh temperatures or preparation associated
with the solid state reaction [19].

Figure 10.3 (a), (b) and (c) show the surface mappi SrTaOs:Pr** mapping using the ToF-
SIMS, operated in the imaging mode for the samptepared at 1200, 1400 and 150D The
ion distribution on the surface of the sample isvah using false colour surface mapping over an
area of 100 um x 100 pum.

Mag F————1" 500nm
% 40000 s

Noto et al. ]. Solid Stat. Sci., 2014, submitted Page 161



Figure 10.2: SEM images of the samples preparé@Ga (a), 1400 (b) and 1560 (c).

The SrH, TaO, (PrH or Prd) ions obtained upon probing the sample are usedflect the
distribution of the corresponding Strontium, Tanta] Oxygen, and Praseodymium ions inside
the phosphors. The scale on each map shows therdoation of the image ranging from 0

counts to a certain value which is supposedly tagimum concentration.

100 x100 pym?2

SrH+

TaO+

PrH+

Figure 10.3 (a): ToF — SIMS surface mapping of 3052r* prepared at 120fC.
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Figure 10.3 (b): ToF — SIMS surface mapping of $&%#r** prepared at 1401C.

100 x 100 ym?2

SrH+

TaO+

Pro+

Figure 10.3 (c): ToF — SIMS surface mapping of $&@r** prepared at 150C.

The images of all samples show that the ‘Sodershadow all the other ions and maybe an
indication that the surface of the SsDgPr*" is enriched with Sr and oxygen and that the Ta
present in the SrE®sPr* is covered. The overlay mapping shows uniform itistion of all
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ions throughout all the three phosphor samples. Jitté, TaO and (PrH or PrO) ions are
presented as red, green and blue (Figure 10.3(l{p)and(c)), respectively, for the overlay
mapping to allow comparison of all ions at onceeTPr ions in all samples appear to be

homogeneously distributed, which is an indicatibswccessful incorporation.
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Figure 10.4: PLE and PL spectra of Si0aPr*.

Figure 10.4 shows the PLE and the PL spectra ofSiiéO;:Pr** phosphor for the sample
prepared at 1200, 1400 and 1500 The PLE spectra show that the major absorbimgl g at
225 nm, and it is accompanied by a broader absprband at 300 nm. The band at 225 nm
corresponds to band to band absorption as it idiecifrom the band gap calculations below.
The broad band at 300 nm that occurs within thedbgap is associated with charge transfer,
which probably emanates from the intrinsic defdascaption [20]. The PL spectra show an
emission in the red region coming from two peaksitmmed at 610 nm and 627 nm. These two
spectral lines correspond to the f—f emission 6f Boming from the'D.—3H, and the’P, —°Hs
transitions, respectively [21]. The presence of ré emission from théP, state corrupts the
explanation of the single red emission observabteP** in CaTiQ; due to the intervalence

charge transfer as reported previously [11]. Tlas be due to the absence of the intervalence
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charge transfer in the present system or that #itisated above th&P, state, such that it
populates both th#P, and the'D, states.
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Figure 10.5: Diffused reflectance spectra of SEgPr*.

The diffused reflectance spectra (Figure 10.5hefthree samples show major absorption bands
at 225 nm and a broad band around 300 nm. The l@bgotentres of the material correspond
very well with the bands observed from the PLE sjpe@s reported above. The peak observable
at 225 nm as shown in the PLE spectrum (Figure)1@.3roven to be from band to band
excitation by calculating the width of the energantl gap as demonstrated below for all three
samples. Figure 10.6 shows Kubelka—Munk functidnat were transformed from the diffused

reflectance spectra (Figure 10.5) of the three S3gRr* phosphor samples using Eq. 10.1:

(1-R)?

FR) = —¢

[10.1]

whereF(R) is the reflectance factor that is transformed ediog to the Kubelka — Munk from
the reflectancdr. the value ofR is obtained by subtracting the system’s backgrooiotéined

using BaSOsstandard, from the reflectance of the sample [ZRh Tauc’s relation is then
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reconstructed using the Kubelka — Munk relatiorolbtain (Eq. 10.2) from which the energy

band gapk,) of the material was obtained [22]:
(F(R) hv)* = C(hv - E,) [10.2]

where thehv is the photon energy ard is a proportionality constant [22]. From the rielat
given by Eq. 10.2, a curve 0F(R) hv )? vshv is then constructed, from which a tangent line is
fitted at its point of inflection. The point at wdhi the tangent line intersects with the is
equivalent to the energy band gap of the matedia{ F(R) hv )? = 0 [23]. The energy band
gaps of the three samples were approximated to34e150.4, 5.52 £ 0.3 and 5.50 £ 0.1 eV (225
nm) for the sample prepared at 1200, 1400 and 260@espectively. The calculated value is
equivalent to the band observed at 225 nm (5.5us\f)g both the PLE and UV/Vis absorption

spectroscopies.

Figure 10.7 shows the phosphorescent decay cufvée dhree samples of SE@:Pr*. The
decay curves have two components (Fig 10.7 inseat are responsible for the luminescence;
the fast component that is attributed to phospherese P and the slow component from the

persistent emission due to electron trapping cerire,24—28].
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Figure 10.6: Energy band estimation from the Kuaélkunk function.
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The persistent emission time parameters were agttdrom the decay curve by fitting with the

second order decaying exponential curve (Eg. 10.3):
I(t) = A" +Be'™ [10.3]

wherel(t) is the luminescence intensity, A and B are constantlt is the time. The first term
on the right side of the equation describes theyled luminescence from the dopant ion, and
whose lifetime is presented by The second term describes the decay of the pErsEBmMission
and whose lifetime is presented ©){11,27,28].
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Figure 10.7: Phosphorescence decay curves obSgdosphor samples prepared at different
temperatures. The insert shows decay curve meadataaf the sample prepared 1200with

a fitted line.

The extracted persistent emission times were ajppeigd to be 260 £ 19, 276 + 25 and 296 +

19 seconds for the samples prepared at 1200, DA%0C°C, respectively. The increase in the
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persistent lifetime of the phosphors with an inseean preparation temperature reflects an

increase in the density of the electron trappingtres [11,24]. The energy distribution of the

electron trapping centres in these materials isstigated below.
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Figure 10.8: TL glow curves for the samples prepatel 200, 1400 and 156G. The insert is

the initial rise model curve to determine the &atiitn energy.

The glow curves, presented in figure 10.8 (a),afid (c), are for the samples prepared at 1200,
1400 and 1500C, respectively. These were measured using thepEctsoscopy to determine
the activation energy of the electrons trapped iwithe electron trapping centres. The inserts in
the three figures show the linear fitted curvesoatiog to the initial rise method, which is
independent of the order of kinetics [29,30]. Aating to the method, the TL emission for the

first low temperature interval of the glow curvendze expressed as (Eq. 10.4):

I(t) = ce 7 [10.4]

Where I(t) is the luminescence intensitl, is the activation energy of the electrons trapped
within the electron trapping centrds,is Boltzmann constanl is the temperature, and C a

constant [29,30]. The activation energies were @aprated to be 0.85 + 0.01, 1.03 £ 0.02 and
1.08 + 0.01 eV for the samples prepared at 12000 &hd 1500C, respectively.
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10.4. Conclusion

The new red emitting Sr¥@:Pr* * phosphor with persistent emission properties wapared

by solid state reaction at 1200, 1400 and 1%D0Orthorhmbic phases were obtained as
evidenced from XRD patterns. The particles of tumgles showed co-melted structures because
of the high temperatures that were involved duthmg synthesis process. Uniformity of the ion
distribution is shown by the ToF — SIMS images. phesphor only showed red emission from
the'D, — *Hs and the’Py — *Hg transitions at 608 and 619 nm, respectively. Thainm
absorption that occurs at 225 nm (5.5 eV), was gmaw be from band to band excitation as
indicated by the band gapdjEcalculations. The persistent emission times #2&@+ 19, 276 +

25 and 296 * 19 seconds for the samples preparg208t 1400 and 150, respectively. The
activation energy for the electrons trapped witllgctron trapping centres were approximated to
be 0.85 £ 0.01, 1.03 + 0.02 eV and 1.08 * 0.0f@\the samples prepared at 1200, 1400 and
1500°C, respectively, using the initial rise method.
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“Learning does not make one learned: there are ¢hwko have knowledge and
those who have understanding. The first requiresiamg and the second
philosophy”

— Alexandre Dumas
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Summary and Future work.
11.1 Summary

The thesis reports the persistent luminescencend&s, ZnTaGa@, CaTaOs and SrTg0g
doped with P¥. The basis of the study was to study the mechanispersistent luminescence
involved in the materials and also to enhance tin@riescence intensity and the lifetime of the

persistent luminescence emission.

ZnTa,0s:Pr** phosphor was prepared by solid state chemicalioerat 1200°C for 4 hours. It
displayed weak blue and prominent red emissior) tié blue emission spectral line observed
at 448 nm frontP, — 3H, transition, and the red spectral lines observeaD8at 619 and 639 nm
from D, — *Ha, °Py — *He and®Py — °F, transitions, respectively. When the concentratibn
Pr* was varied, 0.4 mol% Prdisplayed only red emission with the Commissiotermationale
de I'Eclairage coordinates (CIE) coordinates matgiihose of an ideal red color. The phosphor
mostly absorbs the ionizing radiation by band todeaxcitation, as confirmed by calculations of

the energy band gap.

Enhancement of the luminescence intensity of Z0F#r** phosphor was achieved by preparing
it in the presence of £$0, and LbCO;s, which acted as flux agents. The strong absargdiyp
the defect levels due to the flux was observed fitoendiffused reflectance spectra. Pr was found
to exist in both Pf and Pt oxidation states by the X-ray photoelectron spsciopy data. The
presence of Bf increased, while Pt decreased in the samples prepared in the presérze
flux. The increased absorption by the defect lewld the reduction of Prin the samples
prepared using a flux resulted in the enhancemahieduminescence intensity as observed from
the photoluminescence spectra.
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The lifetime of the persistent luminescence of ZDkPr" prepared in a flux was calculated
using a second order exponential decay curve fhmmrteasured phosphorescence decay curves.
This showed an enhancement in the lifetime of #grsiptent luminescence of the fluxed sample,
which is attributed to the additional electron paqyg centres induced by the flux as observed
from the thermoluminescence glow curves. The hietiof the persistent luminescence were
additionally enhanced by co-doping ZnDg:Pr* with Li*, Na', K* or C< ions, and by also

incorporating gallium ions to form a new host ZnEa8r*.

The ZnTaOs:Pr** resembled an orthorhombic single phase was oltaaeeidentified by X-ray
diffraction (XRD). The scanning electron microscd®EM) images showed that particles were
of irregular shape and with different sizes. Preygathe samples in the presence of the fluxing
material resulted in increased particle sizes. SBM images of ZnTaG#r* showed a surface
morphology that is composed of particles with ad#fg shapes, the irregular, rhombus and rod
shapes. The distribution of the ions in the malteras investigated using the Time of Flight
Secondary lon Mass Spectroscopy (ToF SIMS) sunfiagps, which showed that the ions were

uniformly distributed throughout the matrix. Thisosved successful incorporation of the ions.

A CaTaOg: Pr*phosphor with greenish-blue emission was prepayedotid state reaction at
1200 °C for 4 hrs. An orthorhombic single phase was ole@j as identified by XRD. The
scanning electron microscopy images showed thdicles were of irregular shapes and had
different crystallite sizes. Most f — f transitiofi®m PF* were observed, and greenish blue
emission from®Py, — *H,; was most dominant. The phosphor exhibits threferdifit types of
electron trapping centres and competition amorgsnhtwas detected. The depth of the electron
trapping centres was approximated to be 0.61 £ 0.@2 + 0.06 and 1.60 + 0.01 eV for the first,
second, and third peaks, respectively. When thegdtmr was excited using UV lamp only the
peak at 0.6 eV was revealed and this may be cadmgdde low irradiation energy of the UV
lamp which is not sufficient pump more carrierghie deeper electron trapping centres, like the
beta particles.

The new red emitting Sr§@q:Pr’ * persistent luminescence phosphor was preparedliy s
state reaction at 1200, 1400 and 18000rthorhombic phases were obtained as evidemoed f

XRD patterns. The particles of the samples showedelted structures because of the high
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temperatures that were involved during the synthpsicess. Uniformity of the ion distribution
is shown by the ToF — SIMS images. The phosphory @ilowed red emission from
the'D, — *H, and theé’P, — 3Hg transitions at 608 and 619 nm, respectively. Thainm
absorption that occurs at 225 nm (5.5 eV), was gmaw be from band to band excitation as
indicated by the band gapdjEcalculations. The persistent emission times 2&@+ 19, 276 +

25 and 296 * 19 seconds for the samples preparg208t 1400 and 150, respectively. The
activation energy for the electrons trapped witslgctron trapping centres were approximated to
be 0.85 £ 0.01, 1.03 + 0.02 eV and 1.08 * 0.0Xff@\the samples prepared at 1200, 1400 and

1500°C, respectively, using the initial rise method.
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11.2. Future work

“Science never solves a problem without creatingrtere.”

— George Bernard Shaw

Intervalence charge transfer has been acceptdt asdin reason behind the single red emission
of PP* at room temperatures in CaEiQvhich has an effect of completely depopulating’®
state by feeding théD, state. The Intervalence Charge transfer stateC@FiO;:Pr* was
reported to be around 360 nm, which is approxirga#¢lthe same position where the charge
transfer band of ZnE®e:Pr* is observed in this study. Further studies at iemperatures can
be done at lower temperatures up to 77K to invasgighe changes in position of the this band,

to confirm whether it comes from intrinsic defeetéls or the Intervalence Charge transfer state.

The cross electron spin state for fe — °H, transition is lower than that 8P, — *H, andP,

— H, transitions, which suggest that the emission cgrfiom the®Py — *H, is most likely to

be more intense than the two later transitions. ¢éi@w in ZnTaOs:Pr** it was observed to be
lower. This opens up and opportunity to furtherestigate the exact mechanism that may be
leading to the luminescence intensity’8§ — *H, being lower than that 6P — °*H, and®P, —

3H, transition.

The rare earth doping in all other phosphors whvelne studied were doped with 0.4 mol% of
Pr*, which was the concentration that yield the oplifaeninescence intensity in ZnT@s
compound. In this study it was kept the same ferghke of comparison. The future approach
can be to vary the concentration of'Hin CaTaOg, SrTaOs, ZnTaAlG;, ZnTaGa®, ZnTaSiOs

and search for the optimal luminescence intensity.

The persistent luminescence strong depends on nxaeancies in the material. Nano-particles
are reported to exhibit more surface defects thggep particles. This opens up a research
opportunity for the future research to investigtie persistence luminescence nano particles
with different particle shapes. To prepare suchigas solvothermal synthesis route may be a

better route to use.

Summary and Future work Page 178



11.3.

11.31

11.3.2

11.3.3

11.3.4

11.35

11.3.6

11.3.7

List of publications

Pitale SS, Noto LL, Nagpure IM, Ntwaeaborwa OM, @lans JJ, Swart HC,
Promising Zn3TaOgPr** red phosphor for low voltage cathodoluminescence
applications AMR2011 Emerging Focus on Advanced Materials —vakite
Materials Research, 306-307 (2011) 251-254.

Noto LL, Pitale SS, Terblans JJ, Ntwaeaborwa OMai$wC, Surface chemical
changes of CaTi@Pr®* upon electron beam irradiationPhysica B: Physics of
Condensed Matter, 407 (2012), 1517.

Noto LL, Pitale SS, Gusowski MA, Terblans JJ, Ntala@wa OM, Swart HC,
Afterglow enhancement with [h* codoping in CaTiQ:Pr®* red phosphorPowder
Tech. 237 (2013) 141.

Luyanda L. Noto, Shreyas S. Pitale, Marek A. GudpWk Martin Ntwaeaborwa,
Jacobus J Terblans, Hendrik C Swhrtminescent dynamics of Bf in MTaO, host
(M=Y, La or Gd) J. Lumin. 145 (2014) 907.

Noto LL, Pitale SS, Ntwaeaborwa OM, Terblans JJai®SMC Cathodoluminescent
stability of rare earth tantalate phosphord, Lumin. 140 (2013) 14.

Noto LL, Chithambo MK, Ntwaeaborwa OM and Swart Hehotoluminescence
and thermoluminescence properties of Prdoped ZnTaOg phosphor, Powder
Technol. 247 (2013) 147.

Noto LL, Chithambo MK, Ntwaeaborwa OM and Swart Hhe greenish-blue
emission and thermoluminescent properties of Cala :Pr**, J. Alloys. Compd.
589(2014) 88.

Summary and Future work Page 179



11.3.8

11.3.9

11.3.10

11.3.11

11.3.12

11.3.13

11.3.14

11.3.15

11.3.16.

Noto LL, Ntwaeaborwa OM, Yagoub MYA and Swart H@yminescence Intensity
Enhancement of ZnTa0s :Pré*, Mater. Res. Bul55 (2014) 150.

Noto LL, Ntwaeaborwa OM, Terblans JJ and Swart HQgpendence of
luminescence properties of CaTiPr®*on different TiO, polymorphs Powder
Technol.256 (2014) 477.

L.L. Noto, W.D. Roos, O.M. Ntwaeaborwa, M. Gohdif,Y.A. Yagoub, E. Coetsee
and H.C. SwartEnhancement of luminescent intensity and persistamhission of
ZnTa,06:Pr3* phosphor by adding fluxing agentSci. Adv. Mater7 (2015) 1.

L.L. Noto, M.Y.A. Yagoub, O.M. Ntwaeaborwa and H.Swart. Enhancement of
persistent luminescence of ZnF@s:Pr®* by addition of Lf, Na', K" and C$ ions.
J. Lumin. March 2014submitted.

MYA Yagoub, HC Swart, LL Noto and E Coetsé@ége effects of Eu-concentrations
on the luminescent properties of SgfEu nanophosphor J. Lumin.156 (2014)150.
Accepted

Noto LL, Ntwaeaborwa OM, Yagoub MYA and Swart Hehotoluminescence and
persistent emission of SrE®s:Pr*, J. Solid Stat Sci. 201&ubmitted.

Yousif A, Seed Ahmed H, Som S, Kumar V, Noto LL, 8WHC, Effect of G&*
doping on the photoluminescence properties afA¥%.,GaO12:Bi*" phosphor ECS
J. Solid Stat. Sci. Technd.(11) (2014) R222.

Noto LL, Shaat S, Yagoub MYA, Ntwaeaborwa OM, SwHIC, Luminescence
Study of ZnTaGa@Pr**, 2014,Due for submission

Noto LL, Shaat S, Yagoub MYA, Ntwaeaborwé, Swart HC, Persistent
luminescence of ZnTaAlIQPr3* and ZnTaSiOg:Pr®**, 2014,Due for submission

Summary and Future work Page 180



11.3.17. Yagoub MYA, Swart HC, Noto LL, Coetzee@®ncentration quenching, surface
and spectral analysis of SEEPr®* prepared by different synthesis techniques
Lumin. 2014 Submitted.

11.3.18. Yagoub MYA, Swart HC, Noto LL, Coetzee Hficient energy transfer and
fluorescence emission of Ce3+ co-doped SEu** nanophosphor,2014, Due for

sumission.

Summary and Future work Page 181



11.4.

11.4.1.

11.4.2.

11.4.3.

11.4.4.

11.4.5.

List of conference proceedings

Noto LL, Pitale SS, Gusowki MM, Terblans Biwaeaborwa OM, Swart HC,
Enhancement of Pt red emission by adding i as co-dopant in CaTi@Pr®*
phosphor SAIP’2011 Proceedings, the'5@nnual Conference of the South African
Institute of Physics, edited by I. Basson and BB&tha (University of South Africa,
Pretoria, 2011), p 254-257. ISBN: 978-1-86888-688-3

LL Noto, SS Pitale, OM Ntwaeaborwa and H@a& Pr** luminescence in a
GdTaQ, host,2012 SAIP proceeding.

MYA Yagoub, HC Swart, LL Noto and E Coetseeminescent properties of Bf
doped Srk; prepared by different synthesis techniqu&AlP 2013 proceeding.

Noto LL, Pitale SS, Ntwaeaborwa OM, Terbldd, Yagoub MYA and Swart HC,
Effects of different TiQ phases on the luminescence of CaiPr®*, SAIP 2013

proceeding.

MYA Yagoub, HC Swart, L.INoto, E CoetseeEnergy transfer in Sri:Eu?*,Pr**
for solar cell applications2™ South African Solar Energy Conference, 2014.

Summary and Future work Page 182



11.5. Research presentations

1151

11.5.2.

11.5.3.

11.5.4.

11.5.5.

11.5.6.

11.5.7.

Noto LL, Pitale SS, Terblans JJ, Swart Hiptimization of PF* concentration in
CaTiOs host South African Institute of Physics, Pretoria, Boéfrica, 2010 (Local
Conference)

Noto LL, Pitale SS, Terblans JJ, Ntwaeaborwa OMai$WC,Surface chemical
changes of CaTi@Pr** upon electron beam irradiatiord™ South African
Conference on Photonic Materials ,Kariega, SoutiicAf 2011 (International
Conference).

Noto LL, Pitale SS, Gusowski MA, Terblans JJ, Ntala@wa OM, Swart HCThe
Enhancement of Pt red emission by adding ffi as a co-dopant in CaTig@Pr3*
phosphor South African Institute of Physics, Pretoria, So@ffica, 2011 (Local
Conference)

Noto LL, Pitale SS, Gusowski MA, Terblans JJ, Ntala@wa OM, Swart HCRed
Emssion of Pf* ions, Workshop for photonics students, Stellenbosch]1120
(Workshop).

LL Noto, SS Pitale, OM Ntwaeaborwa and HC Sw&t>* luminescence in a
GdTaQ, host South African Institute of Physics, Pretoria, So#frica, 2012 (Local

Conference).

Noto LL, Pitale SS, Ntwaeaborwa OM, Terblans JJgod MYA and Swart HC,
Effects of different TiQ phases on the luminescence of CaTiPr®*, SAIP 2013

proceeding (Local Conference).

Noto LL, Ntwaeborwa OM, Terblans JJ, Swart H@ptimization of the luminescent
intensity of ZnTaOs:Pr** phosphor 5" South African Conference on photonic
materials, South Africa, 2013 (International Coefere).

Summary and Future work Page 183



