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Abstract

We are living in an age where the demand for energy is growing rapidly. This means that
suppliego easily accssible oil and natural gas is unlikely to keep up with the demand as times
goes on. The world will have to use energy more efficiently aneaser its use of other
sources of energyhis study is aimingt developing materials that wilhprove the powe
conversion efficiency of photovoltaic cells by using up and doamverting phosphor
materials. ZnTiOs-Zn,TiO4 composite and ZnTigphosphors doped with ErYb®*, EL** and

Al®* which display up and dowronverted luminescence were synthesized by alsittigh
temperature conventional solid state reaction metfbeé. structure, particle morphology,
absorption, pbtoluminescent properties and elemental distribution were analyzed usayg X
diffraction (XRD), scanning electron microscopy (SEMYV-Vis-NIR absorption
spectrometerphotoluminescence (PL) spectroscopy and time of flighbndary ion mass

spectroscopyTOF-SIMS), respectively.

ZnTiOs-Zn,TiO4 composite doped with different concentratioEr** ions was synthesized
via solid state chemicakaction method at 1100. The Xray diffraction (XRD) confirmed
the crystallization of both thbexagonal ZnTi® and cubic spinel ZTiO4 phases of the
composite.The SEM image®of ZnTiOs-Zn,TiO4:Er** compositeshowed that thearticle
morphology was made upf facetedhexagons Furthermore the ZnTiOs-Zn,TiO4Er3*
phosphors were excited in the né@rared (NIR) region using a laser diode with a wavelength
of 980 nm andlisplayed both green and red-cpnversion emission bands in the visible range
at 543, 553, 650 670 nm These emission bandamrrespond t8H11/2, *S12Y 1152 and*ForY

4152 transitions of Et" ions. However, the interaction mechanisms involved in the- up
conversion process of ZnTiZn,TiO4:Er** phosphor is discussed with the help of an energy
level schematic diagram and the number of the photonslvies¢ in the upconversion
luminescence process wereaoflouble photon mechanisrithe decay lifetimes were studied

by fitting the luminescence degcaurve with asinglecomponent exponential decay.

Ert* and YB* incorporated zinc titanate (ZnT#Dphosghor powdersvere synthesized using
conventional soliestate reaction methodt 80 3 . A ZnTiOs:Er**Yb®*" phosphor that

resembled arcandrewsite single phase with space giR3p(148 was obtainedas prova
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by X-ray diffraction (XRD) The SEM image showed aurface morphologgomposed of
agglomerated irregular shaped particles. Therggnband gap aZnTiOs was engineered by
incorporating different concentration of the dopant igkfter irradiatingZnTiOs:Er¥*with a
980 nm laser beam, the phosphoragmverted the photon emgrto displaygreen and red
emissiongn the visible rangé¢hat were positioned &27,545 and 665 nimEnhancement of
the luminescence intensity of ZnT@r** phosphor was achieved by variation of'Er
concentrationCo-doping with Y™ ions provedo beeffective in enhancing the luminescence
intensity of theoptimized Er** ion emissionand new emission bands at 410 and 480 nm
through an energy transfer mechanisare observedrhe enhancement of the lifetime of the
up-conversion lumiascence asalso achieved by edopingZnTiOs:Er** phosphor with Y8
ion. The energy transfer mechanisms involved if*EXb** co-dopedZnTiOs phosphomwas
illustrated and discussed in detall.

The ZnTiQ:Er", Yb*" thin films were successfully deposited by pulsed laser deposition (PLD)
by varyingthe silicon (100substrate tempature. The distribution of the ions in the filmasv
investigated and the TGHMS showed that the ions weteomogeneouslydistributed
throughout the&nTiOs host lattice which indicated a successful incorporation of thieaBd

Yb3* ions. The optical regonse of the phosphors revealed that the reflectancereages of

the ZnTiOs:Er¥*, Yb** vary with the silicon substrate temperature due to the differences in the
thickness and morphological roughness othirefiims. TheZnTiOs:Er®*, Yb®* thin films also
exhibited upconversion emission from Erelectronic tansitions with violet, blue, green rad

red emissioninesat 410, 480, 525, 545 and 660 nm frofor Y *lisp, Frz Y 4l1siz, 2Hawe

Y *ise, “Sse Y 41s2 and “Foz Y 4lise transitions repedively. These up-conversion
emissios wereenhanced by increasing thiicon substrate temperature during the deposition.

ZnTiOs host cedoped with E&" and AP* was synthesized by solid state reactiorconvert

the UV photons to visible photon€harge compensation effects of 3Alincorporated
ZnTiOs:EW®" as a cedopant ion was reported in detail. The structural and morphological
characterization show that the addition of Eand AP* does not affect the phase formation

and the surface morphologyf the host. The visible emission intensity of*Eions fa an

optimal concentration of 2 mol% under 395 nm excitation, was enhanced by incorporating
Al®*. The energy level diagram showing the charge compensation mechanism was proposed

for the cedoped sgtem.
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Chapter 1: Introduction

1.1. Renewable energy

Energy holds a central rofer various industries, households needs, commercial trade and
supporting and businesgés 2. However, the energy consumption has increased in rural areas
andurbanareas as well as developing countries because the economic has grown drastically in
the past decadg8-5]. As is the case with all energy sources, the use of renewable energy is
recently used for electricity and heat productions because they teffects/e, clean and safe
alternative modes of energy relative to othétenewable energy is defined as the energy
source that continuously replenishes by nature which comes directly and indirectly from the
sun and from the other natural movements aedhansms of the environments. Thist of
renewable energies includes solar thermal concentrators, biomass fuels, photovoltaic cells,
hydrothermal energy, geothermal heat pumps and tidal ep@rgy. Since the research and
technology is a hot focus imergydemand, the renewable energy sector will make up a great

proportion of energy supplies for the future growth of energy sggjtor

Photovoltaic cells (P§) are becoming the most abundant and used renewable energy sources
globally. The basic scienc# photovoltaic devices was first discovered in 1839 by a French
physicist, Edmond Becquerel. Various technigues have been employed to improve the quality
of PVs from the firsigeneration systems until now. The figgneration systems of PVs are
commerciasystems based on crystalline silicon technology and the segmmetation systems

are based on the photovoltaic thin films cells. The tbederation systems are organic PVs
which are still under the developmental phase. A photovoltaic cell gendmtdsdtricity by
absorbing the incoming solar radiation and convert them into elelatderpairs. In the modern

times after the second generation of PVs,-slyesitized solar cells (DSSCs), organic
photovoltaics (OPVs) and perovskite solar cells (PS@3gea as nexgeneration PVs owing

to their tremendous advantage such low cost, solionessability, flexibility, lightweight
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and highthroughput manufacturing proces$@s 10]. The promising efficient PVs have been
associated with down angp-conwerting phosphors. With dowononversion process, single
high energy photon is converted into two or more lower energy and thenwersion is a
process in which the two or more lower energy photons are converted into one high energy in
the form of enission Particularly, up and dowoonversion involves uponverting near
infrared and dowstonverting ultraviolet photons to visible photons by pairing-esnehs ions

in the host. Because rare earth ions have rich energy level structure, energy letasfer

them is also possible by up and deeonvert absorbed infrared and ultraviolet light to visible
light by means of photons of different energy. A recent study shows that the most efficient up
conversion materials have been achieved by pairingsitigenYb3* and a suitable activator

Er¥* doped a suitable host material due to their strong visible luminesgehcé]. On the

other hand, the efficient dowsonversion materials include Eucoupled with a charge
compensatorl3] and rare earth ions (BY Ce**, Tb** etc) [11-15].

1.2. Problem statement

The fossil fuel has introduced a threat across the globe, because the resulting carbon emissions
have depleted the ozone layer, leading to global warming. This has resulted into rising sea
levels which cause dbding, hurricanes and heat waves that threat®p production and
proper respiration of the living organisms including human beings. These make it necessary to
find alternative forms of energy supply sources. Additionally, the nuclear energy is aé&0 not
recommended solution because it also thresiee human healffi6, 17]. Dye-sensitized solar

cells (DSSCs) have proven to be a better candidate based -doxiwty and the related cost

of production, within the photovoltaic solar cell categdr|. This makes them interesting for

the laboratorybased research, even though their power conversion efficiency still needs great
attention. The factors hindering their power conversion efficiency include; insufficient
utilization of the solar radiation becautheir absorption of the electromagnetic a&¥rom

the sun is limited to a small range, limited pho&orier for trapping and recombinaticend
inefficient electron injection from its excited state into the semiconductor surface, just to
mention a few19, 20]. The present research intends toradd problem by enlarging the range

of the electromagnetic waves that can be absorbed from the solar radiation by down and up

converting the spectrum into the region that is absorbable by the solar cells.
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1.3. Resarch aim and objectives

1.3.1.Aim of the study

The aim of this research is to enhance the efficiency oDieesensitized solar cells, by
incorporating a down converting and aneagnverting luminescent materidlhe luminescent
material will converthe electromagnetic waves that are not dirdale by aDye-sensitized
solar cell, into wave ranges that can be absorbable by the cells.

1.3.2.0Dbjectives of the study

Finding ways to improve the efficiency and increase energy conversion efficiencg of th
DSSCs by:

V Synthesize andptimization of ZnTiQ nanopaticles usingheconventionakolid-state
chemical reaction methaahd exposing the host to different annealing temperatures

V Find suitabledown andup-converting lanthanides for ZnTigdanopaticles

V Optimize thedown andup-conversion process by varying the concentration of the
dopantin theprepaedhost

V Enhance the uponversion by introducing thsensitizer (YB), which will supply
more energy to the activators in order to increase emisstpato

V Deposit theznTiOsz: Er*, Yb®* on the silicon substrate prepare the thin films

V Enhance the&lown-conversion by introducing theharge compensatgAl®*), which
will balance the and enhance the emission outptiieddctivators.

V Investigate the éciency changes that are introduced by the phosphors.

1.4. Organization of the thesis
1.4.1.Supervision

This research was supervised by Professor Mokhotjwa S. Dhlamini from the University of
South Africa, Science Campus andsupervised by Doctor Luyanda L. NotBrofessor
Bakang M. Mothudi, both from the University of South Africa and Professor Odireleng M
Ntwaeaborwa, from Witwatersrand University, South Africa.
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1.4.2.Collaborations

The University of the Free State with the photoluminesceneasurements, TOEIMS

measurements and the use of Pulsed laser Deposition (PLD) technique.

1.5. Thesis layout

Thisthesis is divided into the following ten chapters:

Chapter 1 provided a general introduction about renewable energy, solar cells, up and down
conversion phosphorsrgblem statements and the aims of the st@hapter 2 providesthe
theoretical backgroundn the fundamentals of luminescence processes and energy transfer in
rare earth activated phosphors mainly forcopversion applications in photovoltaic cells. It
aso provides the information on the synthesis method for the preparation of the
ZnTiOsz:Ert*,Yb® and ZnTiQ:EuW®*,AlI®* phosphors. Chapter 3 gives a brief description of
characterization techniques that were used to characterize the prepared phGéaipbes.4
discusses thetrsictural and optical evaluation of NIR +gpnverting E¥* doped ZnTiG-
Zn,TiO4 composite phosploln Chapter 5 the dructural and optical evaluation of NIR up
convertingxmol%Er®* doped ZnTiQ-Zn,TiO4 composite phosphds discussedChapter 6
presentsthe upconverting luminesce properties of ZnEiBu** phosphor synthesized by
conventional soliéstate reaction methodUp-conversion luminescence and energy transfer
mechanism of ZnTi@Er*,Yb*" phosphor is presented@hapter 7. Chapter 8discusses the
up-conversion luminescence of ¥Yb%* co-doped ATiOs thin films. In Chapter 9,
Luminescence properties of ZnHEW AI®* phosphor synthesized by conventional solid
state reaction methoéinally, Chapter 10 gives the summary dhe thesis and suggestion of

the future work.
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Chapter 2: Theoretical Background

2.1. Introduction

Energy demand remains one a@ifd hdstbeen affected dydo s g
economic growth, shortage fafssil fuels and few sustainable renewable energy resources and
increase in crude oil prices. Extéves research and the use of nanotechnology in renewable
energy resources are a major priority in energy demand reduittiGh Renewable energy

sources & classified as solar cells, wind power, hydroelectric energy, geothermal power etc,

[3, 4]. In geneal, the use of renewable energy system has become a noticeable factor in energy
demand reduction because it is distributed over a wide geographical aseang that

developing countries have access to energy supplyasineble cost for the future dbal

energy needsn the family of existing renewable energy sources, solar cells are most widely

used as they utilize incident soladiationto generataiseful electrical energy, and the latter

convert solar energy i n+aos ehce ag a se[hegmigsys iwarnt h o u

2.2. Solar cells

Solar cells can either be photovoltaic cells or solar concentrators, where the earlier is a
semiconductor device that utilizes incident solar energy to generate useful electrical energy
When sunlight strikes on arsemiconductor solar cell, some of the light is absorbed by the
semiconductor material and therefore generate an eldutderpair.In this casethe electrical

power is generated when the structures of the device separate the electrons (to the negative
terminal) and holes (to the positive termingd). Among existing solar cellsdyesensitized

solar cells (DSSCs) are considered as potential candidates fayeretations concerning the
technological advance in harvesting sunlight and transformingpiteiectrical energy due to

their relatively low production costyorking in low-light conditions, largescale feasibility,

and higher efficiencies at higher temperatuireS].
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2.3. Dye-sensitized solar cells

Dye-sensitizer also called photosensitizer islibst material employed for fabrication of the
dyesensitized solarcells. It is an important material becausef its significant charge
separation, device stability, ligharvesting and high influence on power conversion efficiency
[10, 11. These firsdye-sensitized solar cells (DSSCs) were first fabricatetP91 byMichael
Gratzel and OO6Regan. Al t hough thatte highester at u
efficiency for DSSCs is about 14% and it has been reported that it can reach a remarkable
conversion efficiency of approximately 32052-14]. In general, ®SSC consists of a titanium

(TiO2) semiconductor coated transparent conducting oxide, glass substrate, electrolyte
containing iodide/triiodide {ll3) redox couples, a dye sensitizer and aimked counter
electrode (Pt CE) as shown in Fig. 2.1. Thedenof a DSSC is soaked with a dye solution
which bond the Ti@semiconductor while the cathode consists of a glass plate with a thin Pt
film which senesas a catalyst.

TCO Glass

coating Tjo, pye Electrolyte/ Pt CE Substrate
Hole-transporter I

e

e SIS
e .
Mediator <" B
hv IRed ——— Ox|

3 —— I

eoee @

Figure 2.1: Schematic diagram of a DSSCs. S and S* represents a ground and statés

of dye sensitizer molecule and @presents a dye sensitizer hole (the oxidized dye molecules)
[15].

In the operating principle of DSSCs, a dye is usedord photons whiclgenerate charge
carriers and results in electron injection from the ground state to an excited state ofsthe TiO

semiconductor. The conducting substrate absorbs the injected electrons and transports them to
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the external circuit in ordeto reach the platized counter electrode. Subsequently, the
oxidized dye sensitizer is reduced back to the ground state by electron transfer through the
electrochemical redox reaction, and it receives the electrons from the external circuit to
completethe whole photoeleat chemical reaction cycle 6, 17,18]. It was reported that the

sun provides energy approximately 10 000 times more than the global demaoéf Byear)

[19]. But some of this energy from the sun is not absorbediésmaller enagy photons that

are transparent to the semiconductors and excess of higher energy photons of semiconductor is
lost to lattice thermalization. According to literaturestmergy losses can add up to more than

50% of the utilizable solar ensrdor solar @lls [20]. Introducing phosphors for up and down
conversion of the photon energy (abbreviated UC and DC) in DSSCs is a recent research focus

into reducing the energy loss.

Up and dowrconversios are one of the promising methods to overcome problems of
transparencyand thermalization. In general, 4gpnversion is the absorption of lower energy
radiation by a phosphor, which transfers it to higher energy radiation, which may correspond
to the visible band, ultraviolet band, etc. Dewonversion is the abgation of Hgher energy
radiation, which is remitted as lower energy radiation. Most importantly, during the process
of UC, two or more lowenergy neamfrared photons are converted into a single +f@gkrgy
output, whereas DC is capable of convertimg dighenegy ultraviolet photon into two or

more lowenergy output photons. These two photon radiation methaeks the advantage of
enhancing the efficiency of solar cells at low cd&t§. The use of luminescence converter
layer to avoid transmittan@nd thermbzation inside the solar cell should be applied on the
rear surface of solar cell. In order to avoid the loss of usable luminescence, a suitable reflector
is needed inside solar cells during-egnversion process and a bifacial solar cell iedad
insidesolar cellsduring the dowrconversion procedg2, 23.

2.4. Fundamentals ofluminescence

Luminescence is a phenomenon in which a substance emits light when exposed to various
radiations such as-Kays, ultravioletinfrared radiation, electrobombardment, or another
source of excitation. After the absorption of the radiation by phosphor, an electron is promoted
from the ground state into an excited state, then the electron gives back the energy in the form
of light by falling back to itground satelevel. The luminescence process can be illustrated in

Fig. 2.2. The figure shows two procestaking place when the electron returns to the ground
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state, namely: radiative (R) process and -rahiative (NR) process. In this case, the
luminescence mcess occurs from radiative process. Through the process ahdiative
process, phonons are convertei lattice vibrations that transport energy in the form of heat
and there is no emission of lightoduced 24 - 27].

A*

A

A

v \ 4

Figure 2.2: Jablonski schematic diagram showing the electronic states responsible for

luminescence emission of ion A. The absorption of light is shown with a black arrow pointing
upwards (AYA*) and the emingdownwards@Y A) i ghT hwi t

* indicate the excited state, R the radiative process and NR is thadiative procesg4].

In general, the characteristics duration of the emission of light is classified@scence with

a lifetime of 1#s to 1@ s, phosphorescenasith a lifetime of 108 s up to 10 seconds, and
thermoluminescence with a lifetime of minutes to 4.6 X yiéars. Fluorescence, which is
independent of temperature is defined as the emission of light taking place from an excited
singlet state while thg@hosphorescence, which is strong temperature dependence is the
emission that occur from the triplet sta#e]. The luminescence in the materie@<lassified

as photoluminescence (PL), thermoluminescence (TL), electroluminescence (EL),
chemiluminescence (G and radioluminescence (RL), cathodoluminescence (CL)
respectivelyj24, 25. Most of the sibstances or materials that gives light are callecpnars

which consist of a host lattice and a luminescent centre often called an a¢#igatdr|. This
resarch is focusing more on photoluminescence because it has a wide application in varying

fields. Photoluminescence is defined as themgssion ofight from any form of matter after
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the excitation source of electromagnetic radiation or photons. Thisipkeana can be grouped

into two categories, namely: intrinsic and extrinsic luminescence.

2.4.1.Intrinsic luminescence

Intrinsic luminescence is the direct luminescence from the pure crystal or material after the
excitation source and can be classified as fie+sithnd luminescence, creksninescence and
exciton luminescence. Ba#id-band luminescence is the phenomenonwsych light is
produced by pure material at relatively high temperature through the recombination of an
electron with the hole creating bat@band transition. On the other hand, crhsainescence

is produced by the recombination of an electron in thenca band with the hole created in

the outermost core band. Therefore, this phenomenon is observable in alkali, -&&glne
halides and duble halides, respectively. However, exciton exist when the excited electron and
a hole interact with one anoth&uring this process, the exciton moves in a crystal conveying
some energy and the recombination of the electron and a hole gives lumiee$herexciton

is thus divided into two classes which is Frenkel and Wannier exciton. Frenkel exciton occurs
primaily in the case where the distance between the electron and hole wavefunction is smaller
than the lattice constant and the Wannier excitasterainly in semiconductors when the
electron in the conduction band and a hole in the valence band interagthtif@oulomb

interaction[24].

2.4.2.Extrinsic luminescence

This type of luminescenaaccursdue to the incorporation of the foreign atoms or dsfet

the host materials. The foreign atoms can serve as an isnpadtthey are normally called
activatorsln some of the cases, an activator in the material shows weak luminescence or does
not absdb the excitation sources. In this case, the hostcéattan act as a sensitizer by
absorbing thencident photosind transferring the excitation energy to the activator. In most of
todayd Eiminescence materials, the absorption of photons which rasthis émission of light

take place in rare earth dop@dde host lattice for various applications in lighting devices

27).
2.5. ZnTiO 3 nanopatrticles

The research on enhancing the efficiency of DSSCs is typically conducted using metal oxide
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basedsemiconductorsuch as ZnO, Ni®Ds, TiO2, SnQ and SrTiQ [28]. Among them, zinc

oxide (ZnO) nanoparticles have received significant attention because of its potential
applications in solar energy conversion, ligimitting materials and photon catalysi$is is

due to its wide bandgap (3.37 eV) and large excitomlitign energy (60MeV)[28, 29].
According to Nazeri et dP9], in order to improve the efficiency of the performance of2TiO

in DSSCs, different approaches have been utilized such as couplipgvitiCanother metal

oxide such as ZnO, to form compositebe3e materials tend to be pad and used in solar

cells because they have similarly positioned valence and conduction band, but they have
different properties that are advantageous for different applications and examples are, ZnO
have higher conductivitgompared to Ti@ while TiO> have higher chemical stability and
reactivity, much higher dielectric constant and fewer defects states. ZnO can be easily
nanostructure@30-32]. In addition, the combination of these metal oxides has been found to
be a promisig material for DSSCs cebecauseit provides bettersurface area, transport,
surface morphology and phettectrochemical properties (e.g. phatatalysis and photo
induced supehydrophilicity) [33, 34].

It was reported that there are three crystallogihases (Zinc titanate) existing in Z41@D2
systemsuch as ZsTiz0g and ZnrTiO4 both with a cubic spinel structures, and Zndu@dth a
hexagonal and cubic structures. Zinc titanate phases has been synthesized from Zn@ and TiO
through solidstate reactin method, and the first phase to be formed isT&Q@g at low
temperature synthesis, then Zn%i@ppears at annealing temperatufes 9003 which
decomposes into 2MiO4 at annealing temperaturds> 9003 . The unique properties of
ZnTiOz semiconductor lend themselves to a wide application winiclnde paint pigments,
microwave dielectric ceramics, catalytic sorbent for desulfurizatiombédal gases and gas
sensors for the detection oftNc Oxide, Carbon Monoxid€ 35, 3§. Moreover, t has been
reported thaZnTiOsz can beconsidered as a promisitgstluminescent material and it was
first reported by Wang et al. in 20037, 38]. Newertheless,consideringtremendous
luminescenproperties of zinc titanatehe use of up and dowsonversiortrivalentrare-earth

ion (RE®) gives the opportunity to tune the properties of mesadle semiconductorsn a
controlled manner in order to enltanthe performance of the solar céB§, 31]. In addition

to RE®* co-doping, cations with small ionic radius can be introduced easily into lattice
interstitially or substitutionally to tailor the local crystal symmetry. This can be achieved by

tri-dopingthe host matrix with activator, sensitizer aradions[39].
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In this study,ZnTiOz materialand ZnTiQ-Zn.TiO4 compositeco-doped withup and down
conversion RE ions were investigated. In addition, the energy transfer through up and down

conversion proess was investigated.

2.6. Up-conversion mechanism

As mentioned above, UC radiation is the conversion of low energy radiations into high energy
radiation. This mechasin can be achieved through nydtioton absorption process in either
lanthanides, triplesensitized process or by transition mebbalsed materials incorporated in
different typesof hoss. The reason this UC process is needed is because theiéenent
parameters involved in the UC mechanism such as gitotsical properties (lifetime,
efficiency and colour), activators, host matrix, excitation, lanthanides concentration, excitation,
size and sensitizerKnowing that these parameters can @aymportant role in UC process,

one might form a hypothesis that optimizipgpperties,such as thérightness angbhoton
frequency rangef the phosphomight enhance the efficiency of photovoltaic celldien a

UC phosphor is incorporatedHowever, it las been reported that UC based lanthanides
materials can be divided into three main classes, namgbitedstate absorptiofESA),
energytransferup-conversion (ETU) and lastly twephoton absorptiofTPA) (sometimes
called photon avalanch¢) 3, 3, 40]. Fig. 2.3 (a)(d) depicts representatiugp-conversion
mechanisms imareearth(RE®*) doped upconversion materialsAn excitedstate absorption
process involves a single emitting ion with energy levels absorbing two (2) or more energy

photons wherebit is promoted to higher excited state.

a b c d M EM EM
core g g e, SHEl
—— e ——
ESA A | L ! l
ucL S v S ET e JE Ve
My ' |y s 1|y AT i) 1
GSA GSA|!  GSA GSA | ! : GSA| ! g 'y :
: : ! l T ik :
: : l : S L b
activator activator activator sensitizer activator sensitizer accumulator migrator migrator  activator
ESA ETU ETU EMU

Figure 2.3: (a-d) Basic pringdle of upconversion mechanisms or processes it Hoped up

conversion nanomateriglé1].
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The main mechanisms for UCL involve activaBISA/ESA), activatofactivator (GSA/ETU),
sensitizeractivator (GSA/ETU) and energy migration-apnversion (EMU). Ashown inFig.

2.3 (a) GSA/ESA is a simple thrdevel system whereby two energy photons are absorbed by
groundstate absorption (GSA) ambpulate the excited metastable level (lower energy level
of ESA). Subsequently, the photon energy in excited mdibestavel is promoted to higher
energy level in ESA and relaxes to the grostade in the form of uponversion luminescence.
However, GSAETU is quite different from GSA/ESA since GSA/ETU mechanism involves
two identical neighbouring ions (an activatativator pair) as illustrated in Fig.2(b) and

two different neighbouring ions (the sensitiaetivator pair), see Fig..2 (c). In identical
neighbouring ion mechanism, each activator ion absorbs photon energy of the same energy to
higher energy leveDuring this process, one of the activator ions is promote@ter excited
state via nomadiative energytransfer and relaxes todhground state in the form oip-
conversionuminescence while the other one relaxes back to the ground state. lise¢hef ca
sensitizeractivator mechanism, the sensitizer ions absorbpiaaion energy by GSA and
subsequently transfer it tctivatorwhich promotes photon energy to itdermediate state,
followed by up-conversioduminescence. Lastly, thg-conversiorof EMU mechanism (Fig.

2.3 (d)) involves four typesf ionsmechanismn Fig. 2.3,which result in the combination of
GSA, ET, and EM stegd 39, 40].

2.7. Down-conversion mechanism

The process of dowoonversion including quantum cutting (QC) and deskift (DS)modes
involve the ceoperative energy transfer (CET) and it is very efficient for pairedearth ions
co-activated suitable host material. this case, there is an absorption of photons with energy
as twice or more times the band gap of a host mieiliae DCmechanism is frequently used

to modify the incident spectrum, which could provide a promising way for the improvement of
solar cell efficiency42, 43]. Fig. 24 illustratesthe DC mechanisms in Rlabelled I and I1)

ions doped host lattider DC application. In the case of a single®RBns as shown in Fig.

24 (a), the absorption of a single photon involves a-plvoton visible emission and this
process is called quanturatting. As a result,ie use of two or more REions as shown in

Fig. 24 (b)-(c) involves energy transfer during DC process. In this case, the excited photon
from>®>ARErelax from the highest energy | evel

ener gy °3iln toaghipdR which one or both ions subseqyestiit visible photoa
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On theotherhand, the energy transfer through path 1 shows that some of the excitation energy
is transferred from one REto anotheroneby a process called cross relaxation whereby a

single photon is emitted in the visible regiaf electromagnetic spectrub, 46].

A _}_A_ A I| A
Vvis : : Vvis
@l (O]
\ | |
2 H P 15 @
Y v/ ) v v/ O\
A A
| |
vis : vis vis vis : Vvis vis
YY @l .| - @I 1
| |
| |
| |
Y YY 1Y Y Y 1Y Y

! o !
(a) (b) (c) (d)

Figure 2.4 (a-d) Schematic diagram for ragarth ions dowstonversion mechanisnjé4].

2.8. Rare earth ions

The trivalentrareearth (RE") ions, known as lightinglementscan serve aan impurity in
certain host matrix or nanocrystals to achieve a whlthinescent characteristic by acting as
wavelength converting system. This process can be either-clonwersion (DC) or up
conversion (UCJ46]. RE®* ions refer to a series of 15 @®tutive elements (atomic number

Z = 57 to 71) of the third transition series at the bottom of periodic table ranging from
lanthanum to lutetium. The REelements were discovered in 1787 as a heavy piece of black
rock calked Yittria. The first element ohsed from the black rock was Yttrium, with atomic
number 36, and further analysis of the rock revealed a whole range’oélREents (atomic
number Z = 57 to 71/7]. Fig. 25 present the Dieke diagram of the observed-earth ions

with their energy leels structure of thef4 configurations as a function of energhegeneral
electronic configuration of trivalent REions is given as followg:Xe]4f "5d*16s’. The 4"
electrons shell structure of all RHons are filled gradually from n = 0 to Blectronswhich

gives rise to a rich quantity of excited electronic levdlable 2.1 present the electronic

configuration of trivalent rarearth ions giving mordetails about thef4 configuration.
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The 4 " eledrons shell structure is also efficiently shielded by the filledaBs 5§ electrons
shells so that thef 4électrons are less influenced by the environment of the ladéhems even
in solid materialsA characteristic feature of REions through intraif or 4f-5d transitions is
theirsharp emission ialtraviolet, visible or near infrared spectral regions which results in high

purity of the colour of emissiorig8, 49.

Table 21: Electronic configuration of trivalent REions[50].

Element Symbol Y/ Electronic configuration
Lanthanum La 57 [Xeldf°5d'6s?
Cerium Ce 58 [Xel4f*6s?
Praseodymium Pr 59 [Xeldf 6s?
Neodymium Nd 60 [Xel4f*6s?
Promethium Pm 61 [Xeldf6s*
Samarium Sm 62 [Xeldf*6s?
Europium Eu 63 [Xel4f6s”
Gadolinium Gd 64 [Xeldf5d"6s?
Terbium Tb 65 [Xeldf6s*
Dysprosium Dy 66 [Xeldf"%6s*
Holmium Ho 67 [Xeldf6s”
Erbium Er 68 [Xe]df"6s*
Thulium Tm 69 [Xeldf26s?
Ytterbium Yb 70 [Xel]4f"6s*
Lutetium Lu 71 [Xeldf"*5d " 6s?

The weltknown candidates of uponverting trivalenRE®* ions from the infrared band to the
visible band include Bt, Tm**, Ho®", P#*, Nd**and YI#*. RE* ions such as Bf, Tm**, Ho™,

Prr* and Nd* are mostly used as activators which generateamversion luminescence for
980 nm radiations. An interesting ion is3fbecause it has proven to be an effective sensitizer
in generating efficient wgonversia luminescence when @oped with UC activairs|39, 40,

46, 48]. On the other hand, experimental work based on DC i# Res doped materials
suggested the ¥bas an interesting emitter (activator) whendoped with N@*, P, Tb*,

Tm3" and EP* sendtizers. In this case, a wealthy DC luminescence is achieved via cooperative

energy transfer from sensitizers to two*Yimns[45].
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2.9. Energy transfer mechanism

The theory of energy transfer (ET) mechanism was predicted by Foster and Dexter. This
mechanim is a process that occur normally in a system in which the excited state transitions
of the sensitizer (donor) partially overlaps the ground state transition absorption of the activator
(acceptor) ions. In phosphor, the ET mechanism can occer bigtwen various host lattices

and the single activator ion or between different'RiEthe host latticé51, 52]. In general, an
energy transfer between the sensitizer ion (S) and an activator ion (A) can be written as a

chemical reaction

S + hv VYV s* [2.1]
S* AO S A* [2.2
A* X + has [2.3

where the asterisk indicates the excited state transition. The Jablonki diagram presented in Fig.

2 6 illustratethe energy transfer mechanism involved between the donor and the acceptor.

Donor
1A
= Acceptor
—O
c — A= —
2
E
S Energy transfer i
E = 5
- 3
&
3
1
— 00— — 00—

Figure 2.6: Schematic diagram illustrating the ET mechani|S8j.

The mechanism of energy transfer requires the physical interaction between itfeesansl

the activator. However, during the physical interaction, this energy transfer can be able to find
its origin in electrostatic or exchange interaction. Therefore, spectral overlap between
absorption spectrum of the activator and emission spectfuthe sensitizer have to be

observed, respectively, targeting energy convergidh
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The dominant mechanism of teeergy transfer is usually dipetipole interaction whereby

the ions get spatially clos&y one another with the increase in dopantoemtration and there

are some few criteria that lead to action of energy transfer in matditnédskind of process

must be proportional to RwhereR is the distance between the two centres. Additionally, the
rate at which energy is transferred musbdie proportional to the spectral overlap between
emission spectrum of sensitizer and the absorption spectrum of the activator. During the
process of eneygtransfer, the transfer rate is faster from the broad band sensitizer to broad
band activator comped to transfer rate from broad band sensitizer to a narrow line acceptor.
This whole process is due to anticipated larger spectral overlap in band tprbaass. In
addition, energy transfer is believed to take place when the transition between ttizesensi
and the activator are parallel to each other (i.e. ground state and excited state of sensitizer and
activator are in resonance condition or eq(&8) 56]. Fig. 2.7 shows the spectral overlap that
must be satisfied in order for the process of entraysfer to take place. The spectral overlap

is shown by brown coloured region, restively.

Agceptor

Spectral
overap

Normalised intensi

350 400 450 500 550 600 650
Wave length (nm)

Figure 2.7: Schematic diagram of the spectral overlap of a donor emission and acceptor
absorption55].

Energy transfer mechanism iarsitizeractivator pair can occur by different processes such as
radiative or nofradiative energy transfébl, 57. Upon absorptionf the photon energy by a

sensitizer, the transferring of the excitation energy from the excited electronic state of the
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sensitizer to a nearby intermediate or ground states of the activator centres is taking place
through radiative or neradiative energtransfer mechanism. This process can also take place
through resonant or naesonant energy transfer because-razhatve energy transfer can be
resonant. In addition, neresonant energy transfer in sensitiaetivator system require a long

range diple-dipole interaction and is possible through a pheassisted mechanismccretive

or cooperative mechanism. On the etlinand, the radiative resonant energy transfer process
involves the emission and the reabsorption of the photon ené€sg@ies. Fig. 28 shows the
emission of photons from ion pairSgndA) through various ET mechams.

A A 4 A 4
S A S A S A

(a) (b) (c)

Figure 2.8: Schematic illustration of the energy transfer mechanisms, namely: (a) radiative
energy transfer, (b) neradiative energy transfer, and (c) phorassisted nomadiative energy
transfer[58].

2.10. Synthesisand film fabrication

In this section, &rief descripion of the method used to synthesize nanomaterials is presented.
Since the solids do not react with each other, the easiest way to make many solid nsaterials
directreaction of their components at high temperatures. This process candwedd¢hrough
solid state reaction. Solid state reaction, also known as mechanmiigad, is a common top
down approach to fabricate nanoparticles at very high tempesailre ®lid-state reaction

has the ability for particle size reduction, improvihg surface morphology of the crystal,
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mixing or blending hard metals, oxide powders, composites, ceramics, intermetallic. The major
advantage of solidtate reaction method is tHaal products in solid form with small
crystallites or high surface area the final sintering temperaturds addition, this method is
economically friendly and unwanted waste or ftoxic products are not produced when the
chemical reaction is compkt This kind of synthesis method involves the following steps:
Firstly, met& oxides are normally used in this method where the stoichiometric amounts of
appropriate high purity materials or fine grain powders are thoroughly mixed together using
ball miller or mortar and pestle at room temperature. Secondly, the resulting sai®ipo

mixture is exposed to high temperature and normally using muffle fufagice

Substrate

Laser pulse Pla ume

Target /

UHV-chamber

Figure 2.9: Experimental setip of the PLD systerf60].

In addition, pulsed laser deposition (PLD) is the most commonly used method tessymth
metal oxide thin films with accurate stoichiometry and high crystallinity. The basip<€ig.

2.9) of the PLD consist of the laser pulse which is located outside the ultrahigh vacuum (UHV)
chamber, a target holder and the substrate holder. Titkesg process in PLD system is
divided into four stages. In the first stage, a kighver pulsed laser beam is focused by set of
optical components inside the chamber and interact with the surface of the target material. In
this case, the target materialbe deposited is ablated out, in the form of plasma plume from
the target. However, the interaction mechanisms involve rapid physical phenomena which
include thermal and electronic excitation, collisional, hydrodynamics and exfoliation. The
high-energyplasna plume is then impinged onto the surface substrate that is parallel to the
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surface of the target and grow a fil&0, 61. There are several advantages of the PLD system
such as the fast response, congruent evaporation, energetic evaporates laiht fefxihe
ablation of the pulse laser beam. In addition, the quality of the film growth during the deposition
can be influenced by the preparations conditions which include substrate temperature, target

to-substrate distance, pressure and backgroaaagnposition[61].
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Chapter 3: Experimental Techniques

3.1. Introduction

As mentioned in the previous chapter, the samples were prepared by conventiorsht®lid

reaction. This chapter presentan overview and brief description of different research

techniques used in this study to characterize the prepared samples. The techniques employed

to probe structural and optical dynamics to achieve the goal of this research xchyde
diffractometer XRD), scanning electron microscopy (SEM), photoluminescence (PL)

spectroscopy,UV-Vis-NIR absorption spectroscopy, time of flight secondary ion mass

spectroscopy (TOSIMS) and xray photeelectron Spectroscopy.

3.2. X-ray Diffractometer

X-ray diffracometeris an analytical and neshestructive tool used for the analysis of different

kinds of matter such as powders, fluids and crygigdlsXRD technique takes less time to

extract wealth information on preferred crystal orientations, ghafsaaterials and stctural

parameters, such as crystallinity, crystal defects, strain and average grain sizes of the materials.

All this information is probed bgonstructive interference of a monochromatic beam-ody$

that are generated by cathodg tube, and scattet apecific angle from each set of lattice
planes in a target or compound that is mounted on the sample [IdEnis is summarized

in the diagram shown in Fig. 3.The interaction of rays respectively, takes place when the
geomety satisfies the famouBraggEquationn &= = @teerenismadinteger that indicates
the order of the reflectiore-is the wavelength of the incident light raykjs the distance
between lattice planes ardis the angle of reflectiofi2, 3]. Fig. 3.2 depict the schematic
diagram of the Rjaku SmartLab diffractometer system equipped with a high power 9kwW

rotating Cu anode generatoihe X-ray diffractometers are equipped with aray tube, a

sample holder and a scintillation detector. Idiadn to these components, the SmartLab XRD

empbys the rotating anod€-r ay gener at o-angl€)randtthe standand sampla

stage is manipulated through theeeeles: « (in-p| ane r ot at i ongndtlaen d
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Figure 3.1: Schematic diagram of Bragg reflection from a set of pelrplaned3].
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Figure 3.2: The configuration of Xay diffraction system: Rigaku SmartLab 9 kW XRA.

detector moves withtwa i r c | es ( 2 d -pkamedneadulementds af result, then
divergent Xrays are producedside Xray tube from Xray source (Fig. 3.2). The-¥ay tube
contains a copper block and a metal attached to it (forms an anode) and a tungsten filament
(which forms a cathode). The-bay tube heat up the tungsten filament to generate electron and
the appled voltage between the tungsten cathode and anode accelerate the produced electron
towards the target materials. Tharespecificcharacteristics wavelertgt for each component

such as copper (Cu), iron (Fe), molybdenum (Mo), and chromium (Cr). Cdppgis(the

most commonly used target material for single crystal and powder diffraction, wahd<g

Cu X-rays with 1.39 and 1.5406 A wavelengths. HoweMitkel filament is used to filter i
radiation because it absorbs wavelength below 1.5 A. Therdfe Ky Cu X-rays with 1.54A
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wavelengths are the one used for the target characterization. The interaction of the electrons
with target produce extremeflected Xrays, and the rotating detector produce an electrical
signal when exposed to reflecteays whereby the characteristierXy spectra is recorded,

4]. The X-ray diffractometesystem which was used in this studyrigaku Smartlab that was
equipped with a monochromatic Quk_ = 0.15405 nm) irradiation source that was operated

at 200 mAcurrentin a wide range of Bragg angted

3.3. Field Emission Scanning Electron Microscopy

A field emission scanning electron microscope (abbreviate8HEH®) is an analytical tool that

works with a beam of electrons to observe topographic details by rasteirsg over surface,

entire or fractioned nanoscale objects. Information provided byetimique is based on the
high-energy beam of electrons that are generated by a tungsten (W) or Lanthanum hexaboride
(LaBs) filament within the electron source ana thpecimen mounted on the sample holder.
However, the high voltage is applibétween the filament, which forms the cathode, and the
anode plate (it can be primary or secondary anode) lead to an electrostatic field through from
which the generated elect®are accelerated. These accelerated electrons are focused into a
small beamiad passes through condenser, specimen and objective lenses (Fig. 3.3), which emit

secondary electrons from the surface of the specjmei.

Scanning Electron Microscope

Electron source

| Anode
< > Condense lens

Scan coils

Secondary C >
electron detector & Objective lens

']
..". M

| Sample

Figure 3. 3: Schematic diagram presenting-BEM operation mechanisfi].
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There are several other signals that are generated during the interaction of the electrons and the
specimen including emission of characteristidays, cathodoluminescence and Auger
electrons. Fig. 3.4 shows different signals that are detethelemittel secondary electrons

are recorded, converted into electrical signal and converted into morphological of
compositional image. The field emission scanning electron microscope is coiibleshergy

x-ray dispersive spectroscopy which is used for elemeatapositional EDS techniques use
emitted Xrays from the interaction of primary electrons and the specimen and give the
information about the characteristic of the elements from whietas emitted5, 6. The

particle surface morphology and elemental position in this research were studiedJapl
JSM-7800 field emission scanning electron microscope$HEM) coupled withOxford Aztec

350 X-Max80 Energy xay Dispersive Spectroscopi@S).

Electron probe

~

X-ray Secondary electron

Cathodoluminescence Backscattered electron

Auger electron

Specimen

Electromotive force Absorbed electron

Transmitted electron

Figure 3.4: Theillustrationof severakignals generated by the interaction of the electrons with

specimeni8].

3.4. UV-Vis-NIR absorption Spectroscopy

Optical spectroscopy involves the study of the interaction of ther@beagnetic radiation of
variouswavelengths with the unknown substances, solutions or solid materials. When the
electromagnetic radiation in a certain wavelength illuminate solutions or solid materials, the
light waves can be reflected, absorbed or tratiethi The reflectance, absorbanwr
transmittance characteristics of materials is measured with optical spectroscopy. One of the

mostusefuloptical spectroscopiefor light absorption is UWis absorption spectroscof].
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In this study the reflectancestudies of the samples were kxded with Perkin Elmer Lambda
1050UV-Vis-NIR absorption spectrometer. This instrument consists of a lamp compartment,
double holographic gratingnonochromator, dual sampling compartment and three detector
module which coers a spectral range of 1¥3300 nm(Fig. 3.5)

Monochromator Il

G2
( [vis

M6

M1l pmT (Below PbS)

: _
L] M13
v Dy N
5 | M13’
SEA s 1M12 —_—
MIO‘ i= U

1
\ ' Sample LY

Compartment Desector
M8 | | Compartment
T

-
3
Ol=
--.E----l
]

Figure 3. 5: Schematic diagram of the optical layout d¥/-Vis-NIR spectrophotometer. The
abbreviations in this figure mean: deuterium lamp (DL), halogen lamp (HL), mirrQrsfi(ier-

wheel (FW), slit asmambly (SA), grating table (G), common beam mask (CBM), optional
depolarizing filter (DP), chopper assembly (C), reference beam (R), sample beam (S),
photomultiplier tube (PMT) detector and lead sulfide (PbS) detgtigr

Thelamp compartment igenerally equipped with the deuterium lamp and tungsédogen

lamp which utilizes a source doubling mirror for UV/Vis/NIR rangdeam splitting system
inside a double monochromator is responsible for selecting a specific singllemgtta from
primary electromagnetic radiation with a wide range of wavelengths. During this process, one
beam is directed to the dual sampling compartment and the other is sent to the detector module
as a referencelhe beam splitting of Perkin Elmer Landb 1050UV-Vis-NIR absorption
spectrometer comprises a combination of filters, lenses, mirrors, diffraction gratings and slits,
respectively. Fig. 3.6 shows a typical diagram of the splitting of a beam. Inside the dual
sampling compartment, the sample issitioned inside anntegrated sphere which is
responsible for collecting the diffusely scattered light during the interaction of an incident beam
and the samplgl0, 11]. The collected ligh{l) by the sample and reference be@spis
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reflected by serie®f mirrors of theoptics onto the appropriate detector in the detector
compartment connectéd an integrating spher&€he detector records the ratifio) of the two

beams and determine the amount of a beam that hasabserbed 4), reflected oR) or
transmitted %T). The most popular detectors used in this instrument are PMT detector, which

is positioned at the base of the compartment, InGaAs detector and PbS detector positioned at

the top of the optics compartmem0, 11].

Light Source UV

Diffraction I .
Grating I 1| Mirror 1
Slit1
SIit 2 e—t— Light Source Vis
Filter
Reference
Mirror 4 Cuvette Detector 2
Reference - I
Beam 0
Lens 1
Half Mirror
Mirror 2 Sample
Cuvette Detector 1
S;mple P
Mirror 3 cam Lens 2

Figure 3.6: lllustration of a double beam UVis instrumen{12].

3.5. Photoluminescence Spectroscopy

Photoluminescence Spectroscopy is a popular and useful instrument to study the optical
response (e.g. luminescence) from a material followingattsorpton of electromagnetic
waves. Luminescence is generally referred to as an optical transition of the material upon the
absorption of the electromagnetic waves of sufficient energy to excite electrons from the
ground state to upper electronic stdtiee excied electrons from the upper electronic state de
excite radiatively to the ground states to recombine with the holes in the form of light
(photoluminescence). There are several parameters measured from the materials using

photoluminescence spectoopy sub as excitation spectrum, emission spectrum, anisotropy
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or polarization, quantum yield as well as luminescence lifetimes (decay cli#gs)Yhe
instrument achieves these parameters using excitations sources, excitation and emission
monochromators, sanmgl compartment and the detector, respectively. Amongst the
photoluminescence spectroscopy techniques, the Flu8r8lsgectrofluorometer (Fig. 3.7) is

the most popular system that has a unique modular system setup which is equipg&@Wwit

xenon lamp, afew pulsed laser diodes and various detectors (Hamamatsu R928P
photomultiplier for U\visible range, Hamamatsu R2658P photomultiplierUst-Vis-NIR

range, and PbS solstate detector for NIRR range)[14].

Lamp housing: Includes
450W Xenon lamp

S channel, iHR320 Spectrograph
Includes 3 Gratings on Motorized Turret
600gr/mm, 1000nm

1200gr/mm, 500nm

100gr/mm, 780 mm

Double Excitation Mono.
Grating Blazed at 500nm

Standard R928 PMT
mp 200 — 900nm
i Steady state and lifetime acq.

-

\

LJ Indium Gallium Arsenide
Nanoled Source for TCSPC Array Detector (LN2 cooling)
and Thermostated Sample Holder 800nm-1550nm
Steady state acq. Only

Figure 3.7: Horiba Fluorolo§-3 Spectrofluorometer setup schemétis].

As mentioned above, the incident light sources in this system include a broadband 450 W
Xenon lamp and a tunable laser covers the excitation and emission spegitrg feom ultra

violet (UV) to neatlR (NIR). The excitation source is channeled through diffraction gratings
and focusing optics inside the monochromator and focused towards the material. The emitted
light by the material is then channeled via focusipgas in monochromator to the deteict
compartment that is 9Qo avoid any interference with the transmitted light from source.
Finally, the emission spectrum is recorded by the detector and displayed as luminescence

intensity as a function emitted ligivavelengthat room temperaturé.6].
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The spectrofluorometer is also capable for low temperature measurements using the Janis
cryostat[14]. In this research, dowoonversion measurements were studied using Horiba
Fluorolod®-3 spectrofluorometer while uponversion luminesceneeas recordedby a
Hamamatsu R928P photomultiplier tube, which was operated in photon counting mode after

passing throgh a double emission monochromator.

3.6. Time-of-Flight Secondary lon Mass Spectrometry

lon gun
)¢
Pulsing unit \ = lon Mirror
-
-

Electromagnetic lense & ‘ Detector

B
Rastering unit Secondary ion
===

Extractor

Sample
Figure 3.8: Schematic presentatiaf the ToFSIims[19].

The Timeof-Flight Secondary lon Mass SpectrometryOH 1 SIMS) is ananalytical
technique used for surface analysis that is used to provide information of the surface
distribution of species, imaging for mapping, chemical composiéind depth profiling. Fig.

3.8 shows the schematic diagram of th@FSIMS. During the angkis, the primary pulsed

ion beam used to probe the surface of the target isd@n an ion gun where it dissociates the
surface. The resulting ejected secondaryspecies at the surface are accelerated into a column
where they fly through the drift gato reach the detector. In this case, the time (ofriéight)

that secondary ions take to get to the detector is measured and the mass of these secondary ions
can be determined. Since ions of different elements have different masses, they travel with
different velocity and their timef-flight is also different. lons with light masses fly faster and
they reach the detector before the heavy ions. The differetioe imeof-flight allows to the
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detector allows the determination of elements that ptesan a selected surface area of the
target. Upon the arrival of the secondary ions to the detector, the detector performs-the time
to-mass conversion and generdhe mass spectrufa7, 1§. The ToFSIMS operates with

three modes, namely surface imagisgrface spectroscopy and depth profiling. The surface
imaging mode involves the rostering ion beam over the surface of the target whereby chemical
maps is obtairsk The surface spectroscopy probe elemental and molecular information from
the outer monolasrs. The depth profiling employs the use of two ion beam for analysis. One
ion beam is used for sputtering a crater while the other one is used for analysisratéhe
bottom([19, 1§. ToORSIMS data was collected by iontof TireéFlight Secondary lon lslss
Spectrometry (TOF SIMS) at the University of the Free State.
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Chapter 4: Structural and optical evaluation of NIR up-

converting Er®* doped ZnTiOs-Zn,TiO 4 composite phosphor

4.1. Introduction

Phosphor nanomaterials basedagmversion (UC) luminescence has attracted great attention
for a wide variety of applications in bothedical and industrials applications, which include
lighting technologie§l ], high density optical data readers and gfersensorg2]. The process

is antiStokes, and occurs by converting two or more photons with low energy, typically that
of near infraed excitation, into a single photon with a higher enéigyThe UC process is
normally achieved from trivalemaire eath ions(RE®") incorporated in a suitable host matrix,
through these mechanisms; excistdte absorption, energsansfer upconverson, and twe
photon absorption, which also referred to as photon avaldfiehie The well-known REZ*

ions that adhere td¢ antiStokes emission process, and display emission in the visible range
of the electromagnetic spectrum, are*TrEr*, Ho®*, Nd®*, PP+ and YB*.

Among these ion€Er* is considerethe most efficient in the uponversion processue to its
versatile energy levels originating from the two thermally coupled manifold€Hthe and

4S5/, states Er** up-conversion mechanism isldeved through a combination of ground state
absorption and excited state absorptin.excitedstateabsorption process involves a single
emitting ion with energy levels absorbing, where two or more photons excite electrons to
successively higher energxcited states. An equivalent energy will excite the same electrons
to the next state above, until theghest achievable state. Eventually, the electrons will de
excite from the highest state to the lowest state, and yield photons with higher €fGeggies
There are several strategies that have been employed to improve the structural and optical
propertes of dual phase phosphdi®. Some of the strategs include the fabrication of
composites and doping with REConsequently, some of the compositegphors have been
reported including Pf doped SrSn@SnG composite phosph®], CdTeSrSQ composites
phosphorg10], Al203:Ce-YAG:Gd composite ceramic phosphafsi] and Tni*;Yb®* co-
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doped ZnGTiO2 composite phosphgf.2] for luminescence applicatis. They found that by
varying the molar rat®and the dopants concentratioti® morphologies of the composites

can be changed and exhibit high luminous efficiehtyhis chapter, wpresenthestructural

and optical properties ofoptimized ZTiOs-Zn,TiO4ErP* phosphor synthesized by
conventional soligstate reaction. Our interest was to investigate the crystal structure and
optical properties of the phosphor for photovoltaics applications. We demonstrated the effects

of composite features on crystal

4.2. Experimental procedure

The ZnTiQ-ZnTiO4: 2 mol% EF* phosphor wasynthesized using the soldate chemical
reaction method13]. The starting materials werk00 g ofZnO (99.9%),0.98g of TiO,
(99.7%) and.14 g of Erbium (Il) acetate hydrate (%%), and their stoichiometric amounts
were first mixed irb0 ml ofethanolinside a glasbeaker to prepare the slurry. The slusys
stirred for 1 houatroom temperature for homogeneity and dried inside an oven aC10 °

2 hours. The resulting wigitZnTiG;-Zn,TiO4:Er** phosphor was annealed at 1100 °C for 4
hours in air, inside a furnace and groggeahtly using a pestle and mortahe phase formation

of the crystal structure was probed using ara¥X diffractometer (Rigaku Smartlab) that was
equipped with a monochromatic CuK(_ =0.015405 nm) irradiation source that was operated
at 200 mA current. A Jeol JS¥BOO field emissioscanning electron microscope (SEM)

was used to study particle morphology. In addition, the diffuse reflectance ptidlsphor was
evaluated usingJV-Vis-NIR absorption spectroscopy (Perkin Elmer Lambda 1050). The
photoluminescence (PL) measurements eweonducted using a PL spectrometer from
Edinburgh Instruments FLS980 consisting of a 980 nm (2W) diode laser ascitagi@x
source. After passing through a double emission monochromator, tv®nuersion
luminescencevas recorded by a Hammamatsu R92&ktomultiplier tube, which was
operated in photon counting mode. The photoluminescence measurements were catied out

room temperature.

4.3. Results and discussion
4.3.1. Structural and morphological analysis

The XRD patterns presented in Fig. 4.1{ajrespond to the undoped and*Eloped ZnTiG-
Zn,TiO4 phosphors, in the range of 1®0J(2—). The patterns of the undoped ahd EF*
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doped ZnTiQ-Zn,TiO4 samples show diffraction peaks corresponding to the crystal planes of
hexagonal ZnTi@ phase JCPDs card no. 26500) with space group R3 and cubic spinel
Zn,TiO4 phase (JCPDS card no.-0836 and 131493) with space group Bth, respectively.

The presence of the different phases indicates that we have formed a composite phosphor.
Some peaks corresponding to impurities originating fromzTa€cording to the JCPDS

standard file with card number 7&/53, were also observed on ffeterns. The formation of
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Figure 4.1: X-ray Diffraction patternsof (a) ZnTiG;-Zn,TiO4 and ZnTiQ-Zn,TiO4Er** and
(b) FESEM micrograph of ZnTi®@Zn,TiO4:Er** phosphos annealed at 11G0.
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rutile-TiO2 (R-TiOy) is due to te decomposition of ZnTi@when the prepared samples were
annealed at high temperatufe!]. Fig. 4.1 (b) shows the FEEM micrograph oEr** doped
ZnTiOs-ZnpTiOs composite. The morphology of the prepared sample consists of
agglomeration of faceted spherasd hexagons. The agglomerated morphology is due to
annealing the samples at high temperat{tBs Consistent with XRD data, the SEM image
have shown that dopg with EF* did not change the crystal morphology since the XRD

patterns of the two materiadse the same.
4.3.2.UV-Vis-NIR analysis
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Figure 4.2: Reflectance spectra of ZnTi@n,TiO4 and ZnTiQ-Zn,TiO4Er* phosphas.

The dsorption properties of the woped and EBfdoped ZnTiGQ-Zn,TiO4 phosphors are
displayed in the ditise reflectance spectrum shown in Fig. 4.2. The spectra show an intense
UV absorption band below 400 nm, due to band to band absofpfipand a charge transfer
state that exists within the band gap of the materiag dtmarge transfer state in Ca%iO
compounds originates from an intervalence charge transfel{ 5tat@nd the one observed in

Fig. 4.2 is likely to originate from it. In addition, absorption bands centred at 488n8B63

nm in the visible and NIR s@tral region werdetected. Theseands corresporio *l1s/, State

to higher*Fz2, 2H112 and*Fos2 transitions of Ef ions[16, 18]. The inset in Fig. 4.2 shows the
estimated bandgap [1B](caloulations sot shavdpd teetwo sahpkes. i o n
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4.3.3.Up-conversion analysis
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Figure 43: (a) PL Spectrum and (khe CIE coordinate plot of ZnTi®Zn,TiO4s: Er*

phosphor.

The upconversion emission spectrumziTiOs-Zn,TiO4:Er** phosphor wasneasured using

a 980 nm diode laser with a pumping power of. B¢. 4.3(a) shows the resulting emission

spectrum with peaks in the visible range of the electromagnetic spectrum, indicating successful

up-conversion of the NIR photon energies. The disglayeen and red emission lines,
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positioned a614i 574 nm andb40i 690 nm, correspond 1120 *l1si2, 4Ss2© “l1s2and
4Fa O 41512 transitions of Et* ions, respectively20 - 24]. The Commission Internationale de
| 6Ecl airage (CIE) chromaticity coordinate pl

resembles a greenisfellow colour with an index (X= 0.38, Y= 0.61).

Fig. 4.4 shows the luminescence decay curve of ZaZi@TiO4Er®*, which was recorded by
monitoring emission peak at 657 nm, after exciting the phosphor with a 980 nm diode laser
pumped vith 2W power for a period of 2 ms. The decay curve was fitted using the second

order exponential decay functi¢hb], respetively:
I(t) = 1o+ Aelt N0 [4.1]

wherel is theluminescence intensity at certain timé, is the background intensityt is the
time, A andB arethe constarstand(} is theluminescent decay tim&he measured luminescent

decay time} wasestimated to 067 ms.
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Figure 4.4: Luminescence decay curve of ZnEi@n,TiO4: Er* phosphor.

4.4. Conclusion

We succesfully prepared an*EdopedZnTiOs-Zn,TiO4 composite phosphor using solid state
chemical reaction at 1100C, as proven by thdaliffuse reflectance and PL data. The

morphology of the composites showed faceted and hexagon particle shapes. The photons with
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energies corresponding to the NéRission range, where succesfullyegnverted to photon
energies corrresponding to the visitemission range, using ¥ms a dopant ioriThe CIE
coordinate plot proved that the displayed emisstsembled aeddishyellow colour with and
index (X= 047, Y= 051) and the obtained lifetime values corresponding f i&ns was
calculated These esults suggest that this phospi®a possible candidate that can be used to

enhance the power conversion efficiency of different types of solar cells.
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Chapter 5: Structural and optical evaluation of NIR up-

)

converting xmol%Er3* doped ZnTiOs-Zn,TiO4 composite

phosphor

5.1. Introduction

Rare earth (RE) ions incorporated in a suitable host matrix araued for efficient up
conversion (UC) processes in the field of luminescence. The UC luminescence properties of
RE®* activated optical materials have attracted great attention for a wide variety of application,
which include, biomedical imaging, opticsgnsors, lighting technologies, optical amplifiers,
storage sensors, ef@-3]. The UC process is an at8tokes type of an emission, and it occurs

by converting two or more photons with low energypically that of near infrared (NIR)
excitation, intca single photon with a higher ener@y. Erbium (E?*) adheres to anttokes
emission because it consists of two thermally coupled manifolds, nameltizeand*Ss/2
states, which support th@+gonversion mechanism. When a host lattice dopedBvithions,

is excited with an infrared beam of light, the electrons are excited from the lowestali to

the next state above, until the highest achievable state through a combination-&SBSA
processes. During this process, the electronexdée from the highest metastable state to

lower states radiatively, resulting in green and red emis§iefis

Nanocomposites are materials that are made up of several constituent materials embedded in
continuous phases, where at least one or all phasesmaverage particle sizess than 100

nm. Nanocomposites offer a great advantager individual nanomateis because they
produce multifunctionaphases with exceptionally enhanced properiesvell as different
physical and mechanicaloperties 7, 8]. The semiconductor nanocomposites have found to

be beneficial in many fields like light emitting diode, photodetectors, filed effect transistors
and for the production of high performance photovoltaic (PV) devices. An important finding

from the semicondtiors nanocomposites is the superior enhancement in optical and electronic
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properties compared to pure conjugated semiconductors nanomaterials or conventional
composite$9]. In addition, the semiconductor nanocomposites can be easily tuned by doping
sincethe incorporation of RE relaxes the-f transition of semiconductors thereby enhancing
their absorption crossection [10]. In this study, ZnTi@Zn,TiO4Er* nanocomposite
phosphor was successfully synthesized by conventional-stalid reaction metko The

crystal structure, surface morphology and optical properties of the nanocomposite material
were probed, in order to investigate its effect on photoluroere® emission properties of

Er3*,

5.2. Experimental procedure

Er¥* ions doped ZnTi®@Zn,TiO4 nan@omposite phosphor was synthesized by sstide
chemical reaction method, using ethanol to prepare the sliveystarting materials wefe00

g 0fZn0(99.9%),0.98g of TiO2 (99.7%) andlifferent amount oErbium (lll) acetate hydrate
(99.9%), which vere mixed in stoichiometric amournis50 ml of ethanolTheslurry was dried
inside an oven at 120 °C for 2 hours, then fired at1100 °C for 4 hoursTiairesulting white
phosphor compound was ground gently using a pestle and mortar until a unifiepowder.

The phase identification of the crystal structure and the particle morphology was probed using
an X-ray diffractometer (Rigaku Smartlab) aiebl JISM7800 field emission scanning electron
microscope (FESEM). The diffuse reflectance spectruraswecorded using a Perkin Elmer
Lambda 1050JV-Vis-NIR absorption spectrometer. The photoluminescence emissions (PL)
and lifetime measurements were cocted using a PL spectroscopy from Edinburgh
Instruments FLS980 consisting of a 980 nm (2W) diode lasemn excitation source for-up
conversion luminescence. tfpnversion luminesceneeas recorded by a Hammamatsu
R928P photomultiplier tube, which was ogid in photon counting mode after passing

through a double emission monochromator.
5.3. Results and disassion
5.3.1 Structural analysis

The X-ray Diffraction patterns of undoped af&f* doped ZnTiQ-Zn,TiO4 nanocomposite
phosphor annealed a110® for 4 hours are shown irFig. 5.1. The patterns show the

diffraction peaks of different phases, which correspond to the crystal planes of the hexagonal
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Figure 5.1: X-ray Diffraction patterns of ZnTi@Zn,TiOsand ZnTiQ-Zn,TiO4Er** annealed
at 11006 .

ZnTiO3 phase (JCPDS card no.-2600) with space groug-3, the cubic spinel ZiTiO4 phase
(JCPDS card no. 13536) with space groupd3m, and theb-Zn,TiO4 phase (JCPDS card no.
13-1493) suggesting the crystallization of mixphases (composite). The sharp diffraction
peaks confirm high crystallinity of the structureZofTiOs-Zn,TiO4 composite phosphoiThe
most prominent diffraction peaks observed in Zndi0s-Zn.TiO4 nanocomposite phosphors
are for hexagonanTiOs. The dffraction peak at 3§ corresponds to an additional secondary
phase, which matches with th&iO> standard, according to td€PDSfile with card number
75-1753. The formation of this secondary phaselue to the decomposition of hexagonal
ZnTiOs phasemto ZnTiO4 andr-TiO2 when the prepared composites were annealed at 1100
°C [11, 12] Therelative phases of ZnTiand ZnTiO4 were extracted from the ratio of
intensities (bhasefl totary) Of the (110) reflection of ZnTig) (110) reflection of ZsmiO4, and

(110) reflections of ROz andb-Zn,TiO4. The percentages of ZnTi@nd ZnTiO4 phases in
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the composite were calculated using the reldtiGi
Relative phase content ghhsel total) (1)

where I(phase) is thatensity of selected peak from the peak position that consists of only one
phase and I(total) is the sum of intensity of all selekiey diffractionpeaks.The percentage

of ZnTiOs and ZnTiO4 phases were found to be68.2% and~ 27.0 %, respectivelyin
addition, the XRD pattern d&r** doped ZnTiG-Zn,TiO4 nanocomposite phosphor did not
show any peaks of EDs, indicating that doping of Ef has no effect on the structure of
ZnTiOs-Zn,TiO4 nanocomposite phosphoiSince the ionic radius of Erions isbigger than

that of both ZA* and Tf* ions, it is expected to occupy the position of the ion with the greater
ionic radius between theo. The ionic radius oZn?* ions is bigger than thaff Ti*" ions and
therefore E¥ ions is expected to occupy Zrions[12, 14].

5.3.2 Morphological analysis

The SEM micrographs of the undoped antl BopedZnTiOs-Zn,TiO4 composite phosphors

are presented in Fig. 5.2 and shows the agglomerations of faceted spheres and hexagons. The
as agglomeration has been atitdd to annealing the samples at high temperafligs
Consistent with the XRD results, the FBEM micrographs shown in Fig. 5.2(b) confirm that

the incorporation of Etions did not influence the particle morphology of Andi03-Zn;TiO4

composite

= 100 nm

Figure 52: FE-SEM micrographs of (a) ZnTi®Zn,TiOs and (b) ZnTiQ-Zn;TiO4Er*

composites.
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5.3.3 UV-Vis analysis
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Figure 53: ( a) The diffuse reflectance sZplegds-tra an
ZnTiO4: XmoI%ER* (0.0 x 1.0 mol%).

The absorption characteristics of thEnTiOs-Zn,TiO4:Er¥*composite phosphor is displayed
in the diffuse reflectance spectra (Fig3a). Thespectra shows maj@bsorptionbelow 400
nm which is due to bardard absorptiori16] andfive absorptions bands above 400 nm, which
are attributed to thelectric dipole transitions from the ground stiie. of Er** ions to the
different excited states*1520 *Fsj, *l1520 *Frrz, Y1520 *Hui1z, *l152© *Forz, and*l1s2 ©

Yai2[17, 18]. The spectra also show the charge trarstise that overlaps theand gap below
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400 nm.The charge transfer state was observed and explained in £admpounds to
originate from an intervalence charge transfer state due ébeatron that is shared between
the Ti* state[19], and charge transfer state observed in & (a) is likely to originate from
ZnTiOs. The expression for Kubellkslunk functionF(R), as a function of photon enerdwj

for indirect and direct allowktransitions for semiconductoigave been employed evaluate
theoptical energy bandap(Eg), using the fundamental absorption edges from the reflectance
and absorfon spectra of the material]20]. The SchusteKubelkaMunk relation can be
express s

-4 L
FR) = — ; [5.1]

whered |, K, Sare the diffused reflectance, molar absorption coefficient and the scattering
coefficient. Fig 5. 3(b) showshe estimated bandgap energies from the Kubiglikak relation

of (F(R)hv)" against photon energi), with n= % for the prepared sampldsis known that
perovskiteZnTiOz and spinel ZgTiO4are indirect (= %2) and directii= 2) allowed transition

in a seniconductor materidl21]. We chose indirect allowed transition=%2) because XRD

and SEM results showed that the perovskite zinc titanate is more dominant over the spinel zinc
titanate in the prepared composite. The estimfdadamental energpandgapof the host
ZnTiOz-ZnzTiO4is 3.71 eV as shown in the inset from FB@ (b). It can be seen that there is

a slight fluctuation in energyandgap for different dopant concentrations df Ems. This is
attributed to the possible shift of the Fermi learetl excess charge carries for different dopant
concentrations, as described byr&eirMoss effec{16, 27.

5.3.4. Upconversion luminescence analysis

The photoluminescence gonversim emission spectra @&nTiOs-Zn,TiO4Er** composite
phosphor (Fig5.4a) were measured using a 980 nm diode laser with a pumping power of 2W.
The inset in the top right shows PL emission spectrum of thaopad host ZnTi®@Zn,TiOa,
confirming that there was no emission from the host lattice when excited at 98Dham.
emission spectra of ZnTZn,TiO4:Er* show green and red photoluminescence emissions,
indicating successful uponversion of the NIR photon energies. The greenreti@missios
centred ab41-574 nm and 64890 nm, correspond 112 Y “l1s2, *Serz Y 4152 and*Fopz

Y ‘s intra 4£4f electronictransitions of B ions, respectively23-27]. The spectra show
minor peaks (shoulders) in the vicinity of the green emission while thermession is split
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Figure 54: (a) Upconversion emission spectra and (b) CIE coordinate plot of ZATiO

ZnTiO4:Er** composite phosphor.

into two strong peaks. This type of peaks emanates fréhidErpairs and are attributed to the
splitting sublevel manifolds of Ef4fY 4f transitions due to the Stark effémm thecrystal

field of the host composi{é 8, 28, 3(. The upconversioremissionintensity is enhanced with
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an increase in Bf concentration. It is known thahe R intensity of lighting martials is
affected ly concentration quenchingffect [28, 29, 31, 3P and it therefore necessitates a
search for the concentration that yields the optimal luminescence intensity. The maximum PL
intensity was observed from the composite phosphor that was doped witErthe
concentration of 0.8 mol% he CIEchromaticity cordinate plot(Fig. 5.4b)suggests thahe

overall observed emission colour from the doped composite phosphors is yellowish green

resulting from a combination of strong green and red emissions.

Energy leveldiagram of Et* ions dopedZnTiOs-Zn;TiO4 showing the ugonversion PL
mechanismunder NIR excitation of 980 nm is shown in Fig5(a). Under the excitation of
980 nm, Ef*ions at the ground statkswere initially excited to th#l 11/, state throuly ground
state absorption (GSA) procesheTEF* ions located atli1/2 state are promoted to thEz
intermediate state of Erthrough exciteestate absorption (ESA) as shown in () from Fig
5.5(a).two (2) or more energy photons whereby it is promatehigher excited stateg:rom

(1) in Fig. 5.5(3, the nonrradiative relaxation was observed front'Hons situated at thfe11/>
state to different states’Hiiz, “Ss and “For) followed by radiative relaxation decay
corresponding to greefH112Ss2 Y #1152 and red{Foz Y 41512 emission$31]. An excited

state absorption process is considered as one of the maonuersion mechanisms in RE

ions and it involves a single emitting ion with enelgyels absorbing This mechanism also
shows tle splitting ofradiative relaxation for red ensi®n as shown in (Il) from Fig. 5(a).
According to Sardar et &B1], the intermanifold transitions of Ef in host materials can be
obtained using the following relation: 2n + 12!, The® 11z stae of EF*, has 2(4) + 1 =9
multiplet manifolds, which are achievable, as shown in (II) from%:f(a). The broad red PL
emission observed in Fi§.4, is a result of electron transitions from fife, state to several
multiplet manifolds of 11/, state. Thenumber of photons involved in the mechanism of up
conversion under 980 nm excitation, can be determined from the double log plot of power
dependence of the tgpnversion luminescence intensity. This relasioip can be expressed as
[23]:

log () = n log(P) 5.2]

wherel, P andn are the UC luminescence intensity, pump power and the number of excitation

photons absorbed for tqonversion process e s pect i vel nwa iTsh eo bvtad iuree o f
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Figure 55: (a) Energy level diagram of Eions and(b) power dependence of PL intensity

curves.

the slope of the linear fit of the double log plot as shown in equation (3). The double log plots
of up-converted luminescence intensity versus pumping power u@@en® excitation for
ZnTiOs-Zn;TiO4:0.8 EF* are presented in Fig.5(b). The fitting results show linearity
relationship between emission intensity relatedSm Y *l1s2 and*Foz Y %152 transitions
ofEr* and laser power output. The estimated/alues from the plot are approximately

1.80t0.04 and 1.70+0.04 for green and red emissions, respectively. These excitation photons
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indicate thata double photon mechamn was involved in the wponverted luminescence of
Er3*ions, respectively.

Fig. 5.6 shows the luminescence decay curvZwmTiOs-Zn,TiO4:Er**, which was recorded by
monitoring emission peak at 657 nm, after exciting the phosphor with a 980 nm. From the
decay profile only, a single component is observed, and therefore it was fitted using the first
order exponential decay futan [34]:

I(t) = 1o+ Aett N0 [5.3]
wherel is theluminescence intensity at certain timé, is the background intensityis the
time, A is the constant and is the luminescent decay time. The measured luminescent decay
time () was estimated 10.267ms
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Figure 5.6: Decay curve of ZnTi®@Zn,TiO4:Er** composite phosphor.
5.4. Conclusion

We successfully prepared an®*Edoped ZnTiG-Zn,TiO4 composite phosphor using solid state
chemical reaction at 1100 °C, psoven by the XRD patterns. The morphology of the composites
showed faceted and hexagon particle shapes. The photons with energies corresponding to the NIR
emission range were succeslsfup-converted to photon energies corresponding to the visibleiemiss
range, under the excitation of 980 nm laser diode. The possible mechanism of energy transfer was
illustrated and discussed. The CIE coordinate plot indicate that the overall disphaigsion

Page b6



resembled a greenigfellow. Loglog plots of the power geendence of luminescence intensity showed
that two photons contributed to the displayed UC luminescence of ZaTiDiO4: Er*. These
luminescence results suggested that the calculatadescence lifetimes are similar to the one

obtained in chapter 4.
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Chapter 6: Up-conversion luminescence properties of Ef

dopedZnTiO 3 phosphor

6.1. Introduction

Rare earth ions activated semiconductors have been investigated most frequently due to their
unigue and stable photoluminescence properbesxtending absorption of light range in
several applications such as solar cells, volumetric display and bioignagimention the few

[1, 2]. It has been reported that oxide materials are regarded as the most effective hosts for up
conversion (UC) rarearth ions. Among these oxide materials, ZnO and @@ one of the
feasible UC host materials because they ekhdw phonon energies, low toxicity, better
chemical and thermal stability and high melting pé#6]. Currently, some researchers have
beea interested in studying the optical properties of UC'REBped and caoped ZnGTiO>
system[7, 8]. However,there arethreephases originating from ZniO, system namely
hexagonal ZnTi@ cubic ZrTiO2 and ZnTiz0g [9]. ZNTiGs is classified as perokige ABOs

type semiconductor material and is considers as a high thermal stability host material due to its

high energy band gap, electron mobility, low cost and environment friend]irieskl]

Erbium (EF*) is an excellent luminesceioin which commoty dependon the host with a low

phonon energy to convert the near iafed region into wide ultraviolet (UV) region and the
visible region with high emission intensity2]. This ion is an interesting ion in the field of
luminescence because it considtseveral manifolds which give emission lines in blue, green

and red regions when excited by a 980 nm diode laser. The intense green emission can be easily
achieved in EY when incorporated in the system containing ZnO because oxygen vacancies
and Zrt* ions simultaneously create the energy levels within the band gap results in intense
green emission lines. This emission is induced by the recombination of #he/Zmand the

Er3* ions, respectivelyl13]. This chapter present the ZnE8r* phosphor syritesized by a

simple high temperature solglate reaction technique. The effects of lanthanides molar

Page p0O



concentration on the UC luminescence properties of this phosphor material were investigated

and discussed in detail.

6.2. Experimental procedure

ZnTiOs phosphor powders with and without gonversion Ef" ions were synthesized by
conventionalsolid-state reaction method. This synthesis method has advantages such as
minimum process time, quick, safe, simple, and uses high purity oxide materials ag starti
materials. The starting materials were commercial ZnO (99.9%) (B&®27%) and Erbium

(111) acetate hydrate (99.9%). In a typigakparation, stoichiometric amountslad0 g ofZnO
and0.98g of TiO2 were first mixed and ground together in a ball mill fohour at room
temperature. The obtained powder difterent masses @rbiumacetate were mixed together
using pestle and mortar. The resulting grey phosphor powders were preheated at 8( °C for
hours in air, inside a furnacehe X-ray diffraction(XRD) patterns were obtained using Rigaku
Smartlab that was equipped with a monochromatic| Cuk= 0.015405 nm) irradiation source

that was operated at 200 mA current. The particle surface moghand elemental
composition were studied by Jeol JS1800 field emission scanning electron microscope (FE
SEM) coupled with Oxford Aztec 350-Mlax80 Energy xray Dispersive Spectroscopy (EDS).

The diffused reflectance studies of the powders were evdluwdth Perkin Elmer Lambda
1050UV-Vis-NIR absorption pectrometer. The photoluminescence (PL) measurements were
conducted using an Edinburgh Instruments FLS980 system with a 980 nm (2 W) diode laser as
an excitation source for wgnversion luminescenceJp-conversion luminesceneeas
recorded by a HamamatR928P photomultiplier tube, which was operated in photon counting
mode after passing through a double emission monochromator. The color coordinates were
calculated by Commission Internationale di&tlairage (CIE) software (GoCIE) to confirm

the color turmg behavior of the emitted light.

6.3. Results and discussion

6.3.1. Structural analysis

The XRD patterns in Fig. 6.1 shows the phase formation of the prepared ZaitO
ZnTiOs:xmol%EF* nanoparticles. The patterns are consistent with the ecandrewsitesZnTiO
with space grougR-3 (148 referenced in th&CSD file number 01085-0547. These results
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suggest that the undoped ZnEgample is crystallographicalphase pure and does not consist

of any impurity or other crystallographic phases. The XRD spectra of theldped ZnTiQ

nanoparticles shows the presence of the secondary phases (denoted by asteriskS%) of Er

(ICSD file no. 01076-0159).
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Figure 6.1: X-ray Diffraction patterns of ZnTi@and ZnTiQ:Er** annealed at 808 .

6.3.2. Morphological analysis

Figure 6.2: FE-SEM images of ZnTi@and ZnTiQ:0.8mol%E?* powders.

The morphologies of the synthesiz&dTiOs and ZnTiOs:Er** samples which are shown in

Fig. 6.2 were investigated through scanretegtronmicroscopgSEM). The images show that
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the prepared samples consisted of agglomerated and uniform particle shbhpeshsdrved

agglomerated morphology is due émnealingof the samples at high temperatuf&4].

However, the SEM results showsat incorporation of Ef ions did not affect the surface

morphology of ZnTiQ.

6.3.3. UV-Vis-NIR analysis
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Figure 63: The di ffus
ZnTiOz:xmol%Er* phosphor.
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To investigate theoptical responses of the synthesized phosphors, the diffuse reflectance
spectra of the ZnTi@with different EF* content are shown in Fig. 6.3. The absorption band
edge for the ZnTi@phosphor is found at approximately below 420 nm, dueléotronic
trarsition between valence and conduction bands of the Zni® 16] There are everal
absorption bands observed in the 880 nm spectral region that are assigned to characteristics
of f-f transitions of Et* ions inZnTiOs, respectively17, 18] Through the reflectance spectra
shown in Fig. 6.3 (a), certain wavelength range of the incident ligt#§ nm) can be absorbed

by ZnTiO; while ZnTiOs:Er** can absorb the incident light in spectral region 2860 nm,
respectively. Kubelkdlunk function was employed from the DRS to extract the band gap
energy of ZnTiQphosphor. Kubelk#vlunk function is presented in the Fig. 6.3 (b) and shows
the dependence ¢F(R) hv)2 vs hv (photon energy) wherR is the diffused reflectance,
F(R) is the renission function defined &&R) = (1-R)%/(2R),hi s t he Pl anokds co
is the radiation frequendy9]. Extrapolation of the linear region or point of inflection gives
the band gap value of the matégian the energy axis.hE estimated opticddand gap value

for ZnTiOs is 2.92 eV, which increase progressively uBto1 eV for E?* doped samples.

This could be the fact that the unoccupied lowest states in the conduction band of aeTiO
filled due b excessive doping thereby tuning the baap gnergy20, 21]

6.3.4. Up-conversion luminescence analysis

The UC spectra &nTiOs:Er** samples were measured under 980 nm, using a continuous laser
diode. As shown in Fig. 6.4 (a), the UC emission spectra show green emission lines centred at
~527 nm, 545 nm and red emission line centred 865 nm. The UC emissions lines
correspond to th&H112Y “lisi2, *Sere Y 4liszand®Fe2 Y *l1szintrinsic electronic transitions

of Er* ions, respectivelfj22 - 24]. The splitting observed frorfH11/2 transition n green
emission line is due taplitting sublevel manifolds induced by sgorbit coupling and
breakdown of the degeneracy of the electronic intera¢fdgh The UC intensity was first
increased and then decreased after reaching the maximum intensitytdeeconcentration
quenchingThe optimum concentration for Ershowing the strongest UC emission intensity
were found to be 0.8 mol% as shown in Fig. 6.4 (a). Fig. 6.4(b) demonstrate the integrated
greento red intensity ratios varied from 1.76 to 2f6r the variation in E¥ ions respectively.
However, the emission intensity ratio of green to red emission changed and doping

concentration did not influence the position of the emission baimgsCommission
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Internationale de I'Eclairage (CIE) colotmordinates of Bf emissions Ave been calculated
by using the GoCIE software to study their photometric characterigtig$.5 shows the CIE
diagrams of the emission of ZnT§Oxmol%EP* phosphors obtained under the 980 nm laser
excitation. From thdigure, it has been observed that the colowortinate of phosphor

manifest green colour. The calculated CIE coordinates are given in@able
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Figure 64: Up-conversion emission spectra of (a) ZnT:¥nol%Er* phosphomunder 980
nm excitation wavelength and (b) comparison of integrated intensities of green and red
emissions for the phosphors.
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Figure 65: The CIE colour chromaticity diagram of ZnTi®mol%EF* phosphors.

Table 61: Representation of the concentration and calculated Commission Internationale de
I'Eclairage (CIE) coordinates of ZnTiOxmol%EP*.

Er3* concentration X Y

0.2 0.29 0.68
0.4 0.29 0.69
0.6 0.29 0.69
0.7 0.30 0.69
0.8 0.29 0.69
0.9 0.30 0.68

Fig. 6(a) demonstrate the typicaligonversion emission spectra with variation of laser power
for both green and red emissioe€lvariation in laser power enhancedagmversion emission
bands but did not change their overall shape of emissions as showfignrtevhich suggests

that the samples exhibit excellent stability under laser excitation efig2yy The power
dependat spectra to analyse the physical mechanism of the UC process involvedEiri‘the
dopedZnTiOs phosphors under 980 nm laser excitation is presented in Fig. 6.6 (b). According
to the relatiorf(P) = AP" wheref(P) is the UC emission intensit@is a contant,P is the
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excitation power, and (slope of logarithm curve) is the number of pumping phetequired

for the transition from ground state to luminescence emitting excited 2fat&enerally, the
intensity of UC emission varies with the excitatmower. As demonstrated in the Fig. 6.6(b),
the observed slope values of the linear fitting fieeey and red emissions are 1.75, 1.68 and
1.62. At least twephoton process is involved for both green and red UC luminescence in the
prepared phosphor, sugtjeg considerable contribution for a twahoton process in the

population of the green and rediding states.

The process of uponversion mechanism in ZnTi@&r** phosphor can be interpreted by the
energy level diagram in Fig. 6.7 to better understaedobssible wggonversion mechanisms

of green and red emission lines in the prepared phosphor. The schematic diagram illustrates
the probable excitation pathways piating different UC emission states through possible
energy transfer processes. Groundestbsorption (GSA) is the first transition offEions
whereby 980 nm excitation &sorbed by this GSA and populate the excited metastable level
(lower energy leel of ESA)[22, 26] As shown in Fig. 6.7, Ef ions areexcited from its
fundamentafl.s. energy level and populafé1> energy level through GSAThe process of
energy transition after GSA is the excited state absorption (ESA)*bfdes by populating

“lor2 and?F72 energy levels. Due to lack of stability of ions populated*the level of EF*,

some of the ions depopulate to excited metasthli/,, *Ss2, and*Fo2 levels through non
radiative transition[28]. In addition, E#* ions in ?F7»> energy level are transferred non
radiatively to*Fo/2 energy level through a process edlcrosgelaxation (CR) energy transfer
given by*F72Y “Foz and*Foz Y “l112[26-28). Finally, ions in the metastable levels of Er
relaxes to the ground state in the form ofoamverted green and red luminescence ddgsie

Y “4ispand Y “lisptransitions at 545 and 665 nm.

On the other handhere is a green emission raising duéHew2Y “l1s:2 transition at 527 nm

as shavn in (I) from Fig. 6.7. In this case, populating thei1> energy level with ions is
influenced by CR energy transfer process betweéfs Er** ions in the crystal fid. The
transitions taking place during CR energy transfer is giveltuby+ “112Y *Fri2 + 41152 [29].

lons populatedF2 energy level through CR decay nmdiatively to?Hiizenergy level of
Er**, following a radiative decay this» ground level in the form of green UC emission. The
two transitions?Hi1/ (I) and?Ha12 (1) of the UC green emission in this case shows the Stark

splitting of the?H11,2 energy level of B ions in the crystal field.
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Figure 6.7: Schematic energy level diagram offEshowing the possible energy transfer

mechanism involved in UC process under an excitation of 980 nm.

Theluminescence decay measurements were perforngadatm transition with variable £r
contents as shown in Fig. 6.8 (a). The decay curves were well fitted with the triple exponential

function given by the following equation:
I(t) =lo+ At L Aet 24 Ayt BU [6.1]

wherel and |, are theluminescence intensity at certain tirh@and O(from background)
respectivelyt is thetime, A1, A2 andAz are the fitting parametergy, W andW are the slow
and fast decay components (long and short lifetimes)rigan lifetimes\() was be calculated

by the following equation:

g =X =W =W [6.2]

The calculated mean lifetimes of &> Y “l1sp transitionas a function of Ef concertation

are shown in table (see the inset) in Fig. 6.8 (b). The mean lifetimes decreased significantly
with the incease of BY concentration. According to Hraiect al, the decrease in mean
lifetimes of EF* ions might be due to energy migratibaetween the neighbourhood®Eions

and the energy transfer from*Eions the defects of ZnT&)30].
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6.4. Conclusion

The ecandrewsit&nTiOs:Er¥* up-converting phosphors have been successfully synthesized
through standard soligtate technique. XRDgtterns confirm that the phosphor crystallized in
the ecandrewsite ZnTi®with space grougr-3 (148. The morphology of the phosphors
showed faceted @nhexagon particle shapes. The sample containing 038%#nibits the
optimal UC luminescence intensitythe observed optical band gap energy of ZnTiO
calculated from the ultraviolet absorption edge was increased due®tcioEr doping
concentration. Th&JC properties have been comprehensively investigated and the significant
enhancement for UC emissionensity of EF* have been observed. The observation of the
nature of the energy transferechanisnsuggested that the cresdaxation process was the
preferred energy transfer betweeri*Bons. The decrease in mean lifetimes with an increase
in Er** concentration is a result of enhanced energy transfer betwe€nidas. With these
experimental propéies, ZnTiQ:Er** appear as suitable phosphor in NIR to visible up
converter and offer prospects for power conversion efficiency solar cells applications.
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Chapter 7: Up-conversion luminescenceroperties and energy

transfer mechanism ofZnTiO s: Er®*,Yb3* phosphor.

7.1. Introduction

Rare earth (RE) ion doped semiconductors are operative materials for a diverse range of
applications in varicsifields of research, photocatalytic treatment, environmental purification
and development of technologigg-3]. Importantly, upconverting (UC) RE doped
semiconductor materials have attracted enormous attention as photocatalysts for numerous
applicationg3, 4]. Oxide materials are reported as the most effective hosts for UC RE ions.
Among these, ZnO and Tiare considered most suitable becatmsy texhibit low phonon
energies and better chemical and thermal stalfili§]. Recent studies have demont&daan

interest in the optical properties of the UC RE ion doped andoped ZnGTiO3 system

[9,10]. In the present work the effectiveness of #mi0s ternary oxide host for RE dopant

ions is evaluated for UC photoluminescence.

There are several diffent phases that can peepared from the ZndiO, system, that also
consist of several different polymorphs. These phases include Zing¥iO, and ZnTizOs,

just to mention a fewWll]. ZnTiOs resembles an ABOperovskite structure and has high
thermal &d chemical stability. It has a wide energy band gap, high electron mobility as well
as being costffective and environmentally friendl¥2, 13] The compound is mostly used as

a photocatalyst, microwave dielectric resonator and gas sensors for thedetecarbon
monoxide and nitric oxide. When doped with a suitable activator ion, its catalytic and
electronic properties can be tuned to expi possible applicatiofj4, 15] Incorporation of

RE ions introduces metastates which display luminegdéng¢. ZnTiOs materials have been
synthesized using several approaches, which include thessalel reaction method, the
hydrothermal methodhe solgel method and solution combustion synthesis, just to mention a

few [17, 18] In this study the solidtate reaction was used to prepare ZrgldDe to its
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advantagesuchascontrollablecrystal growth, energy efficiency, short firing tirfied] and

ease of incorporation raesarths dopant ions.

Currently, electrification of remote areas in many developimtries is still a challend&O].

To address this, alternative forms of energyhsas renewable energy are being explored,
which do not need to be integrated into the electric grids. Solar and wind energy are common
alternatives, which are effective aefficient renewable energy sourde@4]. The solar energy

is the more explored ohé two, because of cestfectiveness. Even thouglower conversion
efficiency of conventional crystalline silicon solar cells devices is still relatively low to
compete wth nuclear and fossil fuel sources of energy, they are currently in the commercial
market. Their utilization of the solar radiation has limitations because they can only absorb
within the narrow range of the electromagnetic wave spectrum of the sun. [belyase
limited photocarrier for trapping and recombinatiand limitedelectron njection from the
excited state into the semiconductor surf@@24]. The limited absorptionan be improved

by incorporating materials with a wider absorption rangewtibabsorb the solar energy and
convert it to radiation that is absorbable byghetovoltaic cells. Such materials include dewn

converting (DC) and uponverting (UC) layers of phosphd].

The RE doped phosphors have been studied for use in sapplications, which include the
up-conversion of neainfrared (NIR) photons intaltraviolet or visible photons. This is due to

their rich energy level structures, tuneable wavelengths, high photostability, sharp band widths,
long emission lifetimes anelatively low toxicity[25]. Among the UC RE ions, erbium @&y

ions are commonlysed due to their rich energy level structures with several metastable energy
levels and long lifetimes. Ytterbium (Y1) ions are suitable UC sensitizers because they
entance the luminescence of UC activator ions, due to their large absorption crimssisect

the NIR region and their high efficiency in transferring energy to activgitrgs]. Co-doping

of Er¥* ions with YB** ions has been a hot topic of research inghst several decades to
achieve the most efficient egpnverted emission. The UC ession properties for EvYb3*

group can be achieved through effective energy transfer (ET), excitation modulation and cross

relaxation energy transfé9-31].

In the preent research, we prepardTiOs:Er¥*,Yb®" for the first time via a simple high
temperature solidtate reactiomechnique. The effects of lanthanides molar concentration on

the UC luminescence properties of this phosphor material were investigatecdeussed in
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detail. Most importantly, the prepared phosphor displays an efficient UC luminescence, which

makes it ptentially useful for photovoltaic solar cells.

7.2. Experimental procedure

The undopedZnTiOz powderswere synthesizedby the conventionalsolid-state reaction
method The starting materials were commercial ZnO (99.9%),>TED.7%), Erbium (lII)
acetate hydrate (99.9%) and Ytterbium (lIl) acetate hydrate (99.9%). In a typical preparation,
stoichiometric amounts @nO (1.00 g)and TiQG (0.98g) were first mixed and ground together

in a ball mill for 1 hour at room temperatur@ifferent masses ofrbium acetatewere
incorporated into the ball milled powder and mixed using a pestle and mortar. The same
procedure was followed for ytterbium -doping using different massed he resulting grey
powders were annealed at 800 °C for 3 h in air. The crystalline structure of the psaypapées

was examinedusing an Xray diffractometer (Rigaku Smartlab) that was equipped with a
monochromatic CIK| (_ = 0.15405 nm) irradiation source that was operated at 200 mA
current and 45 kV. The partickurface morphology and elemental composition were studied
with aJeol JSM7800 field emission scanning electron microscope $E®M) coupled with an
Energy Dispersie Spectroneter(EDS) Thediffusereflectancespectra were recordedth the

Perkin Elmer Lambdd.050 UV-Vis-NIR absorption spectrometefhe photoluminescence

(PL) measurements were conducted using an Edinburgh Instruments FS8&® witha

980 nmlaserdiode as excitation source for-gpnversion luminescence

7.3. Results and discussion

7.3.1. Structural analysis

The XRD patterns ifrig. 7.1 show the phase formationtbézinc titanate samples. Téeare

the patterns of undopedZnTiOs, together with luminescencentensity optimized
ZnTi03:0.8mol%EF* and ZnTiQ:0.8mol%E?*,0.7mol%Y* phosphorsThe XRD patterns

of undoped ZnTiQ and ZnTiQ:0.8mol%E?* were reported in detail in chaptefMese results

show that the undoped ZnTi®ample isasinglephase and deenot contain any impurities or

other crystallographic phases. The XRa&tterns show that the optimizecfEdoped ZnTiQ
phosphor shows the presence of a secondary phase (peaks marked by an asterisk *)
corresponding to E0s (ICSD file no. 03076-0159) aml ZnTi0s:0.8EF*,0.7YL** also revealed
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the presence of ¥; (ICSD file no. 030756635). It is known that the ionic radius ofZn
(0.74 ) is bigger than T (0.66 ). However, the formation of erbium oxide, ytterbium oxide
and ytterbium zinc due to doping can be explained Bydfrd YB'* ions occupying the Zf
sites, andhis may probably limit the crystallite gro2, 29.

1 ZnTiO :0.8Er" 0.7Yb™ |
:_t_A_f\J A +
1 ZnTiO:0.8Er" [
e . A ” | X
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Figure 7.1: X-ray diffraction patterns of ZnTi@Er*,Yb** phosphors.

7.3.2. Morphological analysis
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keV

Figure 7.2: FE-SEM micrographs of (aZnTiOs, (b) ZnTi0s:0.8EF*,0.7YB*" and (c) EDS
spectra of ZnTi@0.8EF*, 0.7YP* phosphas.
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The SEM observations was carried out to study the particle morphology of the prepared
samples. Fig7.2 shows the SEM images and EDS spectra of the ZHi®), Yb3* phosphors.

The images show that the prepared samples consisted lofeggted and uniform particle
shapes. The observed agglomerated morphology is due to annealing the samples at high
temperaturé32]. However, the SEM results shows that incorgorabf EF* and YB* ions

did not affect the surface morphology of Zn%i@he EDS spectra show the presence of all

elements in ZnTIQEP*,Yb**, respectively.

7.3.3. UV-Vis-NIR analysis

UV-Vis-NIR absorption spectroscopyas used to probe the absorption characteristics of the
phosphor samples. Fig.3 (a) displays the UWisible diffuse reflectance spectra (WUWis

DRS) collected in the 200850 nm region The spectra showhe absorption edge lower than

420 nm, which isattributed to electronic transition between valence and conduction bands of
ZnTiO3[18, 33. In addition, the speashow a blue shifted absorption edge due & doping

and EF*/Yb3* co-doping in ZnTiQ. Several absorption bands observed in the 4850 nm
spectral region are assigned to characteristic4fftransitions of Ei" ions in zinc titanatgl 4,

34]. The inset in Fig. 7.3 (a) shows a broad absorption cross section in the NIR spectral region.
These bands correspond to the overlappingitians of EF* (*lis2Y *l112) and YB* (?F72 Y

2Fsp5) ions. The results indicate that the prepared samples can absorb more NIR photons due to
the observed high absorption cross section in the NIR regitwe KubelkaMunk

transformation
F(R) = (1-R)Y(2R) [7.9

was used to determine the bagap energy of the ZnTgphosphors from the reflectance data
R. Fig. 7.3 (b) shows a plot ofF(R)x hv)” as a function of the photon energy, whereh is

Pl anckods wiethesradation frequeyd 35|. Extrapolation of the linear region or
point of inflection gives the band gap value of the materials on the energy laesstimated
optical band gaprvalue forundoped ZnTi@was determined a&.92 eV, which increased to
3.01 eV an®.03 eV fa Er** doped and Et/Yb** co-doped samples. This could be because of
theunoccupiedoweststates in the conduction band of ZnEji@nhichare filledby excessive
doping, thereby tuning the band d&o, 37.
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Figure 73: (a) The diffuse reflectance specira anoit
ZnTiOs: Er** and ZnTiQ: Er*,Yb** phosphos.

7.3.4. Up-conversion luminescence analysis

The UC spectra ofoptimized ZnTiOs:Er** and ZnTiOs:Er**,Yb3* phosphorwere measured
under980 nmexcitation using a continuous lasdiode(laser power 1500 mWAs shown in
Fig. 7.4 (a) the UGemission spectra show green emission locegred at-527 nm ~545nm

andredemission line centred &665 nm. The UC emission linesorrespond tehe?Hiip Y
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1512, *Sae Y Hiszand®Foz Y 4l1si2 electronictransitions of Bt ions, respectively[31, 38,
39]. Theintensity of the 0.8 mol % Ef ions wasincreased withthe variation of the Y&

content and then decreased after reaching the maximumiintdne to the concentration

guenching.
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Figure 74. Up-conversion emission spectra of (a) ZnF8mMoI%EF* and (b)

ZnTi03:0.8mMoI%EF*, xmol%YP**(y = 0.1 0.8 mol%) phosphsrunder 980 nm excitation

wavelength (c) Comparison of integrated intensities of green and red emission emiggdions
ZnTi03:0.8 mol%E?*,xmol%Yb** phosphos.
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Figure 75: The CIE colour chromaticitydiagram of ZnTiOz:0.8mol%E#*,xmol%Yb**
phosphors.
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The optimum concerdtion for EF*/Yb3'co-doped samples showing the strongest UC
emission intensity were found to be 0.8 mol%*End 0.7 mol% YB" as shown in Fig. 7.4
(b). The optimum UC emission intensity of #eTiOs:Er*,Yb3* phosphor was determined by
fixing the optimum concentration of the activator*Eiion with variable concentration of
sensitizer YB' ion, respectively. Wak violet and blue uponverted emission lines were
observed around 410 a#80 nm, which were attributed to tHéloz Y *l152[40] and*Fzz Y
41152 electron transition of Bf [41], respectivelylt is also noted that the emission intensity of
Er¥* ions was increased in samplesdaped with YB*ions The distinct new violet emission
and the increase in green and red emissions shown in &i{p)7are due to effective energy
transfer of YB*Y Erf* [42, 43 in ZnTiOs compound. The ratio of the ession intensity of
the green to red emission changed when the concentratiorf ab¥lwas increased, as shown
in Fig. 7.4 (c). Fig. 7.4 (c) demonstrate the integrated green to red intensity eatezsfrom
0.36 to 2.15 for the fixed Erconcentration with variable ¥bconcentrationThe Commission
Internationale de I'Eclairage (CIE) colour coordinates of"¢missions have been calculated
by using the GoCIE software to study their photometnaracteristicskig. 7.5 show the CIE
diagams of the emission of ZnTiD.8 mol%Er3*, xmol%Yb** phosphors obtained under the
980 nm laser excitation. From the figure, it has been observed that the cotwrdiraie for
the ZnTiG:0.8mol%Er3*,xmol%Yb* phosphor manifest greenish yellow. The cédoed CIE
coordinates are given in Table 7.1

Table 71: Representation of the concentration and calculated Commission Internationale de
I'Eclairage (CIE)coordinates oZnTiOs:0.8moP6ER* xmol%Y** phosphors.

Yb3* concentration X Y

0.1 0.38 0.61
0.2 0.34 0.63
0.3 0.39 0.59
0.4 0.35 0.62
0.5 0.35 0.62
0.6 0.35 0.62
0.7 0.35 0.62
0.8 0.36 0.61
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Fig. 7. 6 (a) shows uponversion emission spectra of ZnFi@®.8mol¥Er3*, xmol%Yb*
obtainedby varying the laser power. The variation in laser power changed the intensity of the
up-conversion emission bands but did not chahge bverall shape of emissions as shown in
both figures, which suggests that the samples exhibit excellent stabdigy laser excitation

energy|31]. The power dependent spectra to analyse the physical mechanism of the UC process
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Figure 7.6: (a) Powerdependence of uponversion emission spectbZnTiOz:0.8mol%EF*,
0.7mol%YB* under 980 nm excitation wavelength within a laser power ran§6é ob 1500
mW, together with(b) logarithmic dependence of intensitgrsuspower of these samples,

respectively
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involved in the ZnTi@: 0.8mol%Er®*, xmol%Yb* phosphors under 980 nm laser excitation is
presented in Fig. 7.6 (b). According to the relafi@g?) = AP" wheref(P) is the UC emission
intensity, A is a constantP is the excitation power, and the quantity(slope of logarithm
curve gives the minimummumber of pumping photons required for the transition from the
ground state to the luminescence emitting excited gtdieAs demonstrated in Fig. 7.6 (b),
the observe slope values of the linear fitting for green emission are 1.23, 1.44 and he®®.
slopes have values smaller than 2 for both green and red emissions, suggestipyatdwo
process is involved for UC luminescence in the prepared materials.

The proces of upconversion mechanism in ZnTi@&r*,Yb** phosphor can be interpreted by
the energy level diagram in Fig.7, and this make easier tinderstand th@roposedup-
conversion mechanisms of green and red emission lines in the prepared phosphor. The
schematic diagram illustratethe probable excitation pathways populating different
emission states through possible energy transfer processes. Ground state absorption (GSA) is
the first transition of Y& and E?* ions whereby 980 nm excitationadsoried by this GSA

and populate the excited metastable lege]31, 45. Yb®" ions areexcited from their
fundamental’F7;> energy level and populatés. energy level and Ef ions are excited
from 41152 ground state to the excited stéita, through GSAGenerally, the absorption cross
section of YB*ions at 980 nm is relatily large compared to Erions in the cedoped suitable
hosts. Efficient energy transfer (ET) from ¥bto Ef* ions may occur, physically
corresponding to energy transferegnvesion (ETU) represented by the black dashed arrows
in Fig. 7.7 [31, 45, 48. In this context, thél112.energy level of B is also populated through
energy transfer from Y&ions[31,46] which can be expressed as the energy transition process:
252 (YD) + Y152 (ErY)  FF72 (YD) + 4112(ErPY). The process of energy transition after
GSA is the excited state absorption (ESA) of*Bons by populatindlor, 2Fzz and ?Giaz
energy levelof EF*. In addition,*lsr, 2F72 and 2Gii2energy levis of Er** are populated
through energy transfer froffis;; energy level of YB" ions. Thesg@rocesses can be expressed
as energy transition procesBs;2 (Yb®) +%132(Er")  H2(Yb3) + 492(ErPY), 2Fsi2(Yb®)
+112(ErPY  F2(YD®) +F72(ErY) and*Forz (YD3) + 41s2(ErY) (YD) +4Gue
(Er*Y), respectivelyDue to lack of stability of ions populat) the*Gi1/2 level of EF*, some of

the ions depopulate to excited metastailer, “Frz, *Ssz, and *Fo2 levels throgh non
radiative transition47]. In addition, electrons at tif€72 energy level of Er3+ are transferred

nonradiatively to*Fg, energy level through a process called crasaxation (CR) energy
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transfer given byF72Y “Fo2 and*Fe2 Y *l112[45- 47]. Finally, electronsin the metastable
levels of Ef* relax to the ground state in the form ofegnverted violet, blue, green and red
luminescence due tHoz Y s, *F72Y s, *See Y Ylispand kY 4lise transitions at

410, 480, 545 anfl65 nm.

There is a green emissian527 nm, attributed tdd112Y “l1s2transition as shown ifig. 7.7.
Theexcited YB* ions in?Fs/2 level completely transfer their energy to @12 energy level
of Er**through ET or direct absorption of a 980 NIR photon through GSA frofitiszenergy
level to“l132 energy level Also, through theESA process fromFe2 energy level td'Giar
energy level of E¥" ions and then the ions &:12energy level are transferred noadiatively

to the?Hi12energ level througtHoer, *Fsi2 and*F7z energy levels. In addition, populating the
H11/2 energy level with ions is influenced by CR enetgnsfer process between*ErErd*
ions in the crystal field. The transitions taking place dutirefCR energy trasfer is given by
N1z + HN112Y *Fz2 + Y152 [48]. lons populatedF72 energy level through ET, CR or direct
absorption of 980 nm decay neoadiatively to’H112energy level of EY, following a radiative
decay ta*l1s2 ground level in the form ajreen UC emission. The two transitioAs; 12 (1)
and?Hi12 (I) of the UC green emission in this case shows the Stark splitting ofHhe

energy level of EY ions in the crystal field.
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Figure 7.7: Schematic energy leldiagram of E¥*/Yb3" showing the possible energy transfer

mechanism involved in UC process under an excitation of 980 nm.
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Forabetter understating of energy transfer mechanism betwééari YI3* ions in ZnTiQ
host the decay lifetimes (FigZ.8) & 550 nm associated thi the*Fo2 Y “l15/2 transition of
Er¥*'were measured with variable ¥tcontents and 0.8 mol% fixed Ercontent. The decay

curves in Fig. 8 were fitted with the triple exponential function given by the following equation:
I(t) =lo+ Aret LY Ajet 24 Aget BU (7.7

wherel andl, are the UQntensities at certain timeand O (from background), respectively,
is the time A1, A2 andAs are the fitting parametersy, W and W are the decay components
(lifetimes). The mean lifetime ) was be calculated by the followiegyuation:

LS L [7.3]

U =W =W =W

The calculated mean lifetimes of ez Y “l1s2transtion of EP* are shown in Table 2. The
increase in lifetimes with Y3 co-doping system further suggest that more energy was

transferred from Y® to EF* ions.

1 N 1 M 1 M 1 M 1 M 1 N 1
ZnTiO,:0.8 mol%Er"",x mol%Yb™
0.0 mol%o
— 0.1 mol%
= (.2 mol%
— 0.3 mol%
— (.4 mol%
— 0.5 mol%
— 0.6 mol%
— 0.7 mol%
0.8 mol%

Intensity (Counts)

v I v 1 I I I J
0 100 200 300 400 500 600

Decay time (microseconds)

Figure 7.8: Decay curves of th#Fe2 Y “l1s2transition in ZnTOs:Er*,Yb** phosphor.
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Table 72: Photoluminescence dechfetimesof ZnTiOs:Er¥*,Yb®* phosphor

Yb®* mol% U( € s) G( es) G( es) Uvf € 5)
0 14.8 43.3 136 44.5
0.1 20.2 54.3 130 62.4
0.2 19.2 55.9 135 61.6
0.3 19.9 54.8 127 61.4
0.4 20.5 61.4 157 63.2
0.5 18.2 52.4 124 61.2
0.6 17.7 53.1 138 57.8
0.7 16.4 50.7 126 58.6
0.8 18.5 53.4 133 58.8

7.4. Conclusion

ZnTiOs:Ert*,Yb®" up-converting phosphors have been successfully synthesized theough
solid-state &chnique. XRD patterns confirmed that the phosphor crystallized in the
ecandrewsitestructure with space group3 (149. The morphology of the phosphors showed
faceted paitle shapes. The UC properties have been comprehensively investigated and the
significant enhancement for UC emission intensity of Bue to energy transfer from Ytin
co-doped samplebas been observed. The observation of the nature of the energfetran
mechanism suggestdtat thecrossrelaxation process was the preferred endrgysfer
between Ef* and YB* ions. With theseobservation it is reasonable to conclude that
ZnTiOs:Ert*,Yb®" may be suitable phosphor in NIR to visible-cgnverter for improvement

of the power conversion efficienof siliconsolar cells.
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Chapter 8: Up-conversion luminescence properties of ZnTi@

Er3*,Yb3* thin films synthesized by pulsed laser deposition

8.1. Introduction

The development of nanocrystalline semiconducting thin films has becertaptb of interest

in the field of research because of their many characteristic properties and diverse applications
[1]. In the past years, research has been carried out on theatpp of the metal oxide
semiconductor thin films on photovoltaic cell3hey used either pure metal oxide
semiconductors dhosedoped with down and uponveting rare-earth ions in the host lattice

to enhance the efficiency of various photovoltaitsde - 4]. An interesting research has been
carried out for studying theptical properties of oxide materials such Zn3[6, 6], TaOs:

Eu, Ce[7], SiO-TiO2Er*YL*'/EU [8], CeQu:Er, Yb[9], etc on the photovoltaic cells. From
among the oxide materials, zinc titanate (Zng)i@ one of the most interesting oxide
semicondctors that display good catalytic properties with different polymorphs and widely

used in the fields of photovoltaic ce]i].

ZnTiOz is known as a ternary oxide material which is capablenbancing the photovoltaic
response, due to the larger eleotraobility and wide band gap energy. There are different
phases of zinc titangtevhich includeZn,TizOg, ZnTiOz and ZnTiO4. These phases of zinc
titanate crystalize at different temperatures. TheTiaQs is a metastable phase, which
crystallizes at a taperature lower than 830, ZnTiOz is thermodynamically stable between
800 and 85@ andzZn,TiO4is produced aannealing temperature above &0The ZnTiQ
phase resemblesstructurecalledrhombohedral ilmenite structufél, 12] Sau et al[11],
investigated the crystallographic phasé zinc titanatgreparecdat different temperatures for
photovoltaic (PV) application. ZnT#absorls certain wavelengthof the electromagnetic
spectrum and hinders the efficiencyRdfs when it is incorporatedo awid this problemthe
up-conversion rare earth ions are theaidgopants due to their efficient4gonversion

Page p2



luminescence from infrared to visible radiatid®]. The incorporation of rare earth ions in
oxide materials increases the number of absori@deant photons, and this effect can enhance
the powerconversion efficiency of PV cells. Ercoupled with YB* ions have been used to
convert infrared photons to visible photons, which are easily absorbed 4y P\s!] In the
Er¥*/Yb*" do-doped systerEr* ions are used activators, andyb>* ions as sesitizess. The

role of the latter is to enhant®e emissionntensityof the activator$l5, 16]

In this work ZnTiOs:Er**,Yb®" powders were synthesized for the first time usindpe
conventional sotli-state reaction and annealed at diffe@itination temperature to get a pure
ZnTiOs. Further,the ZnTiOs:Er¥*,Yb®" phosphor that presented the optinhahinescence
intensity was ZnTi@powder containing 0.8 mol% Erand 0.7 mol% Y#'. This powder was
deposited on theilicon (100) using pulsed laser deposition (PLD) technigunl it was
investigatedy heating thesubstrate temperature from 100 to $068uring the depositiaThe
aim of this research was to fabricate ZnZi@r*,Yb® thin films and investigate their UC
luminescence properties for B¥pplicationsThe results demonstrate thie thin filmwith a

substrate temperature of 500 shows he most intense emissiamtensity.

8.2. Experimental procedure

ZnTiOsz:Er*,Yb®" thin films were prepared bgonventionalsolid-state reaction technique.
Commercial zinc oxide (ZnO, Siga#drich, purity 99.9%), titanium dioxide (Ti&) Sigma

Aldrich, purity 99.7%), erbium (lll) acetate hydrate (Er(63DO%.H-O, SigmaAldrich,

purity 99.9%) and ytterbium (IIl) acetate hydrate (Yb@E@Ox.H-O, SigmaAldrich, purity

99.9%) were used as starting materials. The stoichionagtrizints of Zn@1.00 g)and TiQ

(0.98 g) were first mixed and ground together in a ball mill for 1 hour at room temperature.
Different masses ofrbium acetate ereincorporated to the ball milled powder and mixed
using a pestle and mortar. Similarly, witlifferent masses oftterbium acedte fa the co

doped samples. The resulting powders wareealecat 800 °C for3 hours in air, inside a
furnace. Before preparing the thin films, the sample powder was pressed into a pellet inside a
target sample holder. The pellet was annealed at 830r°€hours in air, and then mounted

on the rotating target holder inside the PLD system. The thin films were deposited onto a silicon
(100) substrate. Before the deposition, the Si substrate was cleaned with ethanol using an
ultrasonic bath for 15 minuteandthen dried by blowing it with Blgas on the surface. The

substrate was mounted on the substrate holder which was inserted paralléhtgethieside
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the PLD system. The distance between the Si substrate and the target was kept constant at 3.5
cm. The R.D chamber was pumped down to 3.000° mbar., and then 8vas backfilled to

obtain 10 mTorr. The 266 nm fourth harmonic of a Nd:YAG laser (8 ns, 40 mJ/pulse, 0.767
J/cm2 and 10 Hz pulse repetition rate) was used for to evaporate the sample.oEi@aep

time was 30 minutes for all the samples. The substrate temperature was varied from 100 to 600
°C, atintervalsof 100°C.

The phase formation of the thin films was examined using-eyXliffractometer (XRD) from
Rigaku Smartlab, which was equgip with a monochromatic CuK (_ = 0.15405 nm)
irradiation source that was operated at 200 mA current and 45 kV. The particle surface
morphology was studied using the Jeol 38800 field emission scanning electron microscope
(FE-SEM). The distributionfithe ions on the surface and 8i2 thin film maps were obtained
using the time of flight secondary ion mass spectroscopy {SIOFS). A pulsed 30 kV Bif
primary ion beam operated at a DC current of 0.4 pA and pulse repetition rate of 10 kHz (100
€ s ) , used dosprobe the surface. Th#fused reflectance measurements of the thin films
were done using the Perkin EImer Lambda 105GVis-NIR absorption spectrometefhe
photoluminescence (PL) measurements were conducted using an Edinburgh Instruments
FLS98 system with a 980 nm diode lasas an excitation source for “gpnversion

measurements.

8.3. Results and discussion

8.3.1. Structural and morphological analysis

Fig. 8.1depictsthe XRD patterngind thepeak intensities of thBnTiOs: Er*,Yb3* thin film
depositedn the silicon (100yvhich washeated atlifferent temperatureélmost similar XRD

peaks were obtained under all different substrate temperature; this is evidence for efficient
inter-diffusion betweerZnTiOs: Er¥*,Yb®* to silicon substrateThe figureshows hat the XRD
patterns of theample exhibits crystalline phase of ecandrewsite trigonal ZRTIOSD file
number 01026-1500) with space grouB-3 (148 and cell parameters a = b = 5.078 A c =
13.927 A The XRD reslts revealed the presence ofjpducts of EsO3 (ICSD file no. 0%
077-6226) and YBOs (ICSD file no. 0107-6635) All the diffraction peaks of ZnTi©®can be
indexedto (101), (1 10),(202),(205), and (0 1 8) reflectiocdsfat-33.0, 35.9, 43.%,

53.4, and 57.8 respectivel. The diffraction peaks of the iproduct phases of Dz can be
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Figure 8.1: (a) X-ray Diffraction patterns and (b) peak intensities of the ZBTEP*,Yb®*
thin film deposited on the silicon (100) and heated at diffammperatures.

indexed to (3 1 0) reflection at & ~26.9, while that one o¥b,0s can be indexed to (2 2 2)
reflection at2 = ~29.9.8. The formation of E0s and YbsOs phases due to dom is
explained in detail ithapter 7Comparing the intensity along (110) orientation of the samples
grown atdifferent substrate temperature, the XRD aatensity slightly increased from the
100°C to 200°C and decreased significantly at temperatyréo 600°C as shown in Fig8.1

(b). This mght be due to the enhanced thickness of the films as it increaseeé@edskd or
the enhancement of the crystallinity of ZnEiEx**, Yb3* thin films [17].
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Fig. 82 depicts the scanning electron microscopy (SEM) ima@a®fOs: Er**,Yb®* thin film
deposited at 508 . We can see in Fig. Bthat the surfacenorphology of theZnTiOsa:
Er¥*Yb®* thin film shows large sphericadarticles which are segregated embedded on an
amalgamate small spherical particles. The insethe Fig. & shows the SEM image of
ZnTiOs: Er*,Yb®" powder. The SEM depicts that tAaTiOs: Er3*,Yb*" powderconsisted of

spherical particles, with some degree of faceting, agglomerated together.

Figure 8.2: FE-SEM image of ZnTi@ Er**,Yb*" thin film deposited at 500

8.3.2. TOF-SIMS analysis

Fig. 83 (a)i (d) depicts the distribution of the ¥rand YI* ions in ZnTiQ phosphor which
was investigated using the TEHMS, from the0.8 mol% Ef* and 0.7 mol% Y#' co-doped
ZnTiOz thin film fabricated at temperature of 580. The surface mapping of the film was
obtained over an area of 100 x 190n Fig. 83 (a) depicts the imagaverlay of themapped
ions, which shows homogenous distribution of th &nd YIF* ions, indicating that they eve
successful incorporated in Zi©Ds. The distribution of the ions on the surface of the films are
shown in figure & (c) i (d); Zn", TiO*, Er* and YB. A red colour for both Zhand TiO
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shown in Fig. 8 (b) is due to the overlapping of the peaks of Znd TiO ions. Also, the

relative sensitivity factor for Zhis very small/low compared to TOand Si.

Fig. 84 shows a 3D overlay analysis of the intiffusion process of Zh TiO*, Er and Yb

ions d different substrate temperatures. In the figures, the green layer indicaties thien,

blue the Si substrate, and the cyan the idifusion layer between the thin film and the
substrate. From the images, it is observed that the increment in &unpdancreased inter
diffusion. It was also observed that the indéfusion praess can be locally enriched by
increasing the Si substrate temperature or heat treatment, as also revealed by Balakrishna et al.
[18]. The TOFSIMS depth profiles foZnTiOs: Er**,Yb** thinfilms were collected in order to
investigate the elemental dibution with depths from the surface down to the substrate.
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Figure 8.3: A TOF-SIMS maps of the ions ohe surface of the 0.8 mol%*Eand 0.7 mol%
Yb%* co-doped ZnTiQt hi n film fabricated at temperatur
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