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PRODUCTION AND CHARACTERIZATION OF WHITE LIGHT BASED
ON ENERGY UP CONVERSION MECHANISMS IN Yb 3, Nd®, Tm3 RARE
EARTH IONS DOPED Y 203-SiO2 NANO-PHOSPHOR MATERIALS

SUMMARY

Rare eah (RE) doped nanophosphors arged in a wide range application from
scientific areato photonic applications due to their unigue and diversénkesaence
characteristics. Mst of these applications depesttbngly on the size and structure of

the material. The principle strategies for obtaining new luminescent materials involve
the variation of host latticeand luminescent ions. The ragarth ions have unique
electronic configurations and this structurstisiguistes them from other optically
active ions such as transition metals. The opticatiyve electrons in rare earéne
shielded from the local Coulombic environment, and the energy levels remain quite
constant. Since the 4f electrons are shielded from the environment tythélled

shells of 5s and 5p electrons, the 4f electrons do not participate in the chemical
bonding. Thisnonbonding property is responsible for the chemical similarity of
different rare earth ions. The shielded character of 4f electrons saffieet
spectroscopic properties of the rare earth ions. Since the rare earth ions have sharp
emissiorlines, strong absorption barahd less sensibility, they are the most desirable
candidates as laser materials.

The overall objective of this thesis is tanthyesize yttrium silicate (X03-SiO,) host

doped with YB*, N&® and Tni* rare earth ions that calteas the nanophosphors
materials and to obtain white emission based on upconversion mechanisms from the
triply doped samples. For this purpose, the structural and optical properties’of Tm
Nd®* or Yb** single doped, Tt/ Nd®*, YB3/ Tm** or Nd**/Yb3®** codoped and Y%/

Nd® /Tm® triply doped yttrium silicate samplegere systematich} investigated by
various experimental methods. The most important aspects of the studyeare
generation of white lightinvestigating the effects of apnversion (UC) energy
mechanismsthe influence of the various synthesis techniques on the luminescence
properties, and examining the mechanisms responfiblthe generation of white

light. Many physical parameters such as pumping powers, ambient pFessu
temperature, excitation wavelengimd annealingemperature of the sample affect

the optical properties of materials. For these reasons, investigating the luminescence
characteristics of the REloped nanmaterials depending on various physical
paraméers is very important to inmpve the quality and application area of the
luminescent materials.

Nancstructured materials are typically defined with the particle diameters or grain
sizes of 100 nm or less. The nanosize enhances structural, electromltard
optical properties wherwompaed with their singlecrystal form. Therefore the
reduction tothe nano size of such materials aims to investigate the issue of how the
optical properties affected, and thus to further extend the use of these material
optics. Up to now, these mechanisms are not completelgratood and one aim of
this thesigs to bring new improvements to literature with experimental results.
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Light in different colors for various laser applications has been obtained usingethe ra
earth ion doped nanophosphors until now. The white light produced by a broadband
emi ssion or multiphoton excitation processes
were studied, however, it is still not clear that white light appears only depends on
certain physical conditions, or it is only revealed due to type of material being used.
Therefore even if the physical mechanism of white light generation cannot be
explained completely, investigating the emission characteristics of new types of
materials at different physical conditions is very important to understand the
mechanism of white light generation. The resulttethesis obtained from different
kinds and portions of rare earth ions, various pumping p@mdrpressure, in different
temperatues range and different excitation wavelergtti laser diode wilcontribute

to design new kinds of materials to generate white light for photonic and industrial
applications. The results dhe thesis can contribute certainly to research and
developmentetivities about white light.
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Yb*3, Nd3, TmPNADKR TOPRAK KYONOs®®@®TKI LI Y

NANOFOSFOR MALZEMELERDE | ST ENERJK D¥

MEKANKZMASI NA DAYALI BEYAZ | kIl K | RET
KARAKTERKZASYONU

¥ZET

Nadir toprak(RE)i yon kat kel e nanofosforl ar kendi
n

°zelli klerinde dol ayée Dbili msel al andan
kull anél maktadeéer | ar . Bu uygul amal ar én -
bajl edeér . Yenial zgmel gmi nesdprs emmek i -1in
l atisler ve | ¢minesans iyonlar kull anmakHi
el ektroni k bi-imlere sahiptir ve bu yapél
aktif i yorkltaarddeaan a\yaédrimma t opr akl ardaki opt
Coul omb -evresi taraféndan perdel enmekte v
kal maktadeér . 4f elektronlarée -evreden dé
perdelenmektedirlev € s onu- ol arak, 4f el ektronl ar é
Farkl & nadir toprak iyonlarénén ki myasal
4 f el ektronl ar énén perdel enme karakter.
°zelli klerini yetnKialre mekstkeadi rl.; mMBuwneisans - i
bandl aréna sahip ol dukl aréndan | azer mal

Fosfor ol ar ak adl andeér dsejkéstalé formdan ainomgaminevé e r
yal @tek dNmad i r topr ak i éyl odnél jlaeér nedizeedetine & IE & nd é r
yayeénlzaemtal i k1 er i ktak ikled re menkatneodeaerjilioteee € k | ar

kezél°tesi fotonlaré sojurmé akajdladBwpalyi;lkisn
°czelli kleri onl aré optkukl lvaemé kb €& o mak z ama
getirmekte ve uygul ama al anl ar é ger¢é¢nt ¢l eme 1
uygul amal ara kadar -ok genik bir yelpaze!
Nadir topr ak ( RE) iyonl ar é kat kel é nan
| umi nesandgeént efkdnondur ul maséna geé-1 ¢ bir
modl arén konumsal ol arak sénérl anmasénda
bul k hal deki fosforlardan farkl éedér. RE k
ibgi 1 diij ef a kikta°zired tead k iall an et ki |-erbiti , 4 f
-1 ftl eni mi ve nanoyapéleé mal zemel erin bi
ol madNadier. toprak iyon katkélé fosfor mal:
yontemleidll érg¢r dtaiklagb gor ¢nt ¢ keskinlijin
keséetl anmasé sebebiyle bu &l maslez ¢ me Ice h
dejiBdisebepl e t ozve boguumdn mertebedindeetiytmak

kul |l anéméné dgatimektedielNa h mF b s hat kear én | umi ne
czeri Bé amla@rk maofosforlardanadir toprak iyon konsantrasyonu

arttej enddrelbgunmikn ensaalmesn ka edtdtechjeé y ¢ ksek éekeéeé
edidinig%t er . mi Bun u nnayodoyétta fesfoden ekr an -°z¢ineér
ardéepemkeij ar | e bulmadaryaikli shaneé bsvedjiyowyglduk é
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°czelli klerine sahi¥p eolydaunjdua ng °nra¢dlimg¢ kttoegprr ak 1y oo
kat e fosfor maladgmaslyemu t ed m&lt r i k enerjisir
°©zel hderkd celrb e & a z ékeéek yayada dk wylolt.a nyed pmeenmé nedr a
d°n¢kem 0 Kl emini ger-eklektirebil mel eri bu
alanl arénda -ok kustad®wr{d@Chad atigjaesli a mi Kkt ir
I Kl limi sistemin i ki veya daha fazla fotonun
enerjil.i b i r Bufnmekawmizma ipcelgnimkasskéet d évra.t °r ol ar ak kul
i yon ve konsantrasyonu, zenoepven&noboyatblmak me ( kat k
Zer-etemel fakto°r di kkate al énér

Nadir toprak i1 yon katkeéel é mal zesebtézer i cretm
y°nt eml er i-pldnetotudr.iSejielsoMet odu d¢keéek maliyet ,
sécakl ej e vV e kol ayl &kl a yapeéelabilir basama
mal zemel er i . ret mek i -Genel olamkselueyl g usng rbeicri nyd%n t
sistem séeve fazdan (solskyrlkate fhazaamajelkemegeé
hidroliz ve polimerizasyon tepkimel eri i | e N
da jel meydana geliSolj el y°nteminin i-erdiji genel ki m
tasarémeén yapeél maseé ve -kamaatrd sonahdtzadene ¢ r et i mi
kadari ktl¢erm oypyomode | mdE®n beydk] SoRed me sahi pt
y°nteminin bir-ok avantajé vardér. Bu y°ntem
Hem materyallerin oksit b iyénehibritrofganikk i ne ol ana
i norgani k mat er ywiriMalzemelerirgterraal boznnnra eiskinire i n

bu y°nt eml ee bmilna ayaijkies ekdislaf | é k edilebileste ki omet r i
go°steril-j@iikktlierndi¢rkSgoll c a k | € ¢ jéuakdt umktéryallerin
kristalizasyon s ®¢€ gkneaedeérn éanmaarl ft émallazdeeme veer et
verir Ener j i tasarruf u, pyngkeme dentehi,onmlzgmelerih i j e s ahi
mi kr o vykaopnétsreonlénedi | ebi l i rl iJi rvyen y°rmgtie mdda neel |
girememesi sotj e | y°nt emi nin diBuesebepkenelauntdzdej | ar éndan
incelenennumuneler (YB%, Nd3, Tm™ k a t kriguimésilikat malzemeler sokjel

y°nt emi kul |l anm&ltarmak sentezl en

Bu tezin genelmaalnzaecnge | enra nool faorsdivaTi*andeér él an
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1. INTRODUCTION

The materials doped with the raearth (lanthanideRE) ions are extremely quite
interesting systems ithe scientific area due to their excellent optical properties. In
some circumstances, since these materials show the upconversion and multiphoton
absorption luminescence characteristitisey have been investigated for many
applications such as optical sensing photovoltaics, data storage, nonlinear imaging,
biosensors, multiphoton confocal microscopy, and photodynamic thestapy1-6].

The mateals doped with the rare earth iofsich as Nd*, Tn*, Yb®") can convert

near infrared emission to the visible light that process is known as upconversion (UC).
Upconversion is the process where one or more photons are absorbed by a material
and reemitted with a higher energy photon. Matesigdnshow this effect is known

as ugonverters. These materials can respond to near IR eneegafople with ~980

nm or ~800 nm diode lasers, and emit a range of photon energies at visible
wavelengths. A major type of wgonverter is based on rare earth (RE) doped salts of
vari ous met al sandsiicatasa dolidgrysfaloogtass anatrsces-9J.

The photons withrergies below the material bagabcannotexcite an electron into

the conduction band. Howeveby upconversion process, the photons go up to
conduction band by lower energy and this mechanism is used for many optical
applications. In cooperative emission that is a kind obuapersion two interacting

ions in the excited state return ttzeir groundstate simultaneouslylhey emitone

photon with the sum of energies of single ion transitions. Cooperative emission has

been observeddm Yb3* pairs inthis thesis

REionsgenerallyappear in a trivalent staémd4f electron shell determines the optica
properties ofthem.Since 4f electron shal shielded bybs and 5p electron shelisis
almost insensitive tthe surrounding atom ahe host environment. This is the reason
for weak interaction between optical centers and the crystalline field (weak electron
phonon coupling).The rare earth doped nanostructures &aee itleal systems to

investigate the dependence of electrical, optical, amiechanical properties of



materials on size and dimensionality. RE compounds have been demonstrated in
wide range applicatiosuch as luminescence materials and catalysts, and most of these
applications depend strongly on the size and struclurerefoe, the lumhescence
characteristics anehergy transfer mechanisms in rare earth doped materials have been
studied to improve their optical properties. Since the interesting properties of rare earth
ions, they are used to fabricate upconverted luminestatatrialsin this thesis, N,

Tm®* and YB* were used as rare earth ioh&l** and Tn?* ions can be excited by
using ~800 nm diode laser excitation while*Yion can be extéd by 975 nm diode
laser. The luminescence properties ofalinples werstuded by975 nmand/or 808

nm excitationcorresponding to suitable excitation wavelength for eachY&.may
transferits energy toother ionsvhen it is excited at 975 nrit is well known that YB'

ion generally leaslto béng a bridge for energy transition between the idd* ion

also has a sensitizer property, however, studtfiedNd®* ion doped system is more
difficult due toits very complexelectronictransitiors.

The trivalent RE ions can be replaceith some ions wh similar atomic radius in the

host matrix and this substitution cassa distortion ofcrystal field around them.
Therefore some spectral changes are possible in luminescence spectra and at this
point, the selection dhehostmatrix is very effectivenluminescence characteristics.

The host materials should have high chemical stabilityaahidh refractive index.
Besideghe hosts preferably should lalow phonon energy to decreaselti-phonon
relaxations betweeelectronic energy levels of RiBns. Although electronic energy
levels are almost independent of the host materials, the phonon energy of host, so
lattice vibrations directly affect neradiative transition probabilities. Yttrium silicates
(Y203-Si0Oy) are suitable to be host materiats RE elements because of their high

thermal and chemical stabilities F1@].

Luminescence properties of materials dependamneparametersuchas types and
concentration of host materials or rare eadhs synthesis procedure, sample
environment etc. The different dopants give different absorption and radiation
energies in the hosin addition theinfluence of various synthesis techniquesthe
size and the effect dhe size of those nanwaterials on the optical and thermal
properties are basitesearch areafor various photonic device design and their
developments. The selection of host material changes the luminedeets en the

emission properties such as obtaining different saloremitted light. It is vital to



choose the kinds of hostaterial and dopants such as3Ybrm®** and Nd*, and
concentrations of them for luminescence propertidsny studies have been
performed to investigate the luminescence properties of rare earth doped materials and
generation of white emission obtaindm different host materials doping with a
single rare earth ion such as®EWDy** [15], Nd®* [16, 17,18], or YB' [19, 20] etc. as

well as cedoped or triple doped ones.

In this thesis, luminescent emission properties and wigite firoduced by therriig

or upconvesion energy transfer mechanisiave been investigated for yttrium silicate

(Y 203-SiO;) host material doped with various proportions of'ybid®* and Tni"* rare

earth ions. The possible transition energies due to the rare earth ions wstigatee
depending on changing the concentration and kinds of the chemicals, excitation
pumping powers, excitation wavelengths, annealing temperature, ambient pressure,
temperaturgetc. The effects of dopant concentrationsspectral features and the
luminescence profile were investigated at atmospheric pressure and vacuum. The
temperature (between 4K780 K) dependence of emissiamsstudied, in detail. In
addition, the color quality parameters were determined at each condition with the
corresponding Ipotos of emitted samples. The luminescence dynamics of samples at
variousphysicalconditions were also investigated by measuring the decay and rise

patterns.

In this thesiswe summarizedhe structural analyses arldminescenceesults about
sokgel synthesizedindoped, single rare earth ions fNdTm*" or Yb*") doped,
codoped (N@"/ Tm**, Nd®/ Yb3or Tm**/Yb?®), triply doped (N&7/ Tm" /Yb®")
yttrium silicae nanophosphors and bulk sampler the structural and morphological
properties, sevat analyss techniques werearried outand the results were discussed
to getanidea about the effectson luminescence spectra-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Energy Dispersive »XRay Spectroscopy (EDS) and Fourier Trangsiomfra-Red
(FTIR) Spectroscopy methods were performed determinethe structural and
morphological properties of the samplé&se effects of several physical parameters
such as pumping powersn excitation wavelenty of the laser beam, sample
environment (pressure andntperature), concentrations abns, and anndiag

temperature of samples on luminescence properties were investigatethil



The observed UCemissions of various color andhite light kased on both
upconversion and thermal processes were investigated at vanigsisalconditions.

In Chapter2, we have explainedome basic concepts about the studyiatrdduced

host material and dopant ions usedhethesis. The devicesxperimentabetup and

the syithesis methodhave beerdescribed in Chapter 3. In Chapter wle have
explainedthe structural analyzes @érluminescence properties ahdoped yttrium
silicate sampleWe have discussedower dependent luminescence properbés
undoped saple underboth vacuum and atmospheric pressur8@& and 975 nm
excitation wavelengths. In Chaptente have examinethe structural propertiesnd
luminescence behavior did®*, Tm*" or Yb*" doped yttrium silicate samplest
different excitation wavelggths depending ompumping power andressure. In
Chapter 6, e structural properties @bdoped sample@Nd®/Tm3*, Yb3/ Nd®*, or
Tm3" / Yb3" doped yttrium silicate sampleand their power dependent upconversion
propertiehave beeexamined at 808 nm or 975 nm excitations and various pressures.
In Chapter 7, structural analyzes of triply doped yttrium silg@g®/Tm3*/Yb3*
doped samplgshave beerperformedand how luminescence properties change in
different wavelength excitatie depending on poweChapter8 hasdescribé the

white light obtained fromun annealed (bulk) Y& doped samplet atmospheric
conditions In Chapter 9, the effects of ambient temperature on luminescence
properties and white ligttave beeimvestigatedit some powersn addition, we have
studied the power dependence of white emission at some special temperature values.
Chapter 10 examimke power dependence afipconversion emission at various
pressures and describtine influence of pressure and pumppayver on luminescent
propertiesThe conclusios andcontributionsof the thesisalsorecomnendations for

future works were given in Chapter 11.



2. THEORETICAL BACKGROUND

Trivalent REions doped materials are very interesting and desirable matienials
optical applicatns since they can convert né@firared photons into visible emission.

In addition they have high luminescence efficiencies, excellent mechanical and
thermal stabilities. The upconversion emission and white light productiontfrese

kinds of materials have been studied for many years2{81 Luminescence
characteristics depend on both the energy levels of rare earth ions and the host material
propertes. Since lightmitting materials or phosphors can absorb light and emit them

in visible range on the electromagnetic spectrum, these materials are used for industrial
and photonic applications such as lightning and display techiesl&gare earth doped
materials are mostly in gwder form with various size from nanometers to
micrometers, however, nanomaterials exhibit very eresting and various
structuralbptical properties as compared to those in the bulk form. In other words, the

luminescence properties are strongly dependent on the size [25, 26].

2.1 Fundamentals of Luminescence

Luminescence materials can absorb energy due to their special electronic structure
when they are excited bylaser These gcitationsto ground levelreachieved either

by the norradiative excitation (the heat emission at vibrational energy levelsy or
radiative emission (corresponding to the emission of a photon). This phenomenon is
called as luminescence. If the absorbed energy is high enough, an electron can be
excited from its ground state in an upper electronic stiate.well known that the

erergy of emitted photons is given by:

©w0QoL B

(2.1)

There are some categories of luminescence and if the excitation source is photonic, it

is called asphotoluminescence. The emission spectrum, absorpti@ctrem,



excitation spectrum anlifetime determine the luminescence characteristics of the
materials. The emission spectrum is the intensity of phaonssion versus
wavelength aparticular excitatia energy and it gives information about the energies.
The absorption spectrum means the intensity of absorption as a function of

wavelength.

We know that amtom in higher energy state from its initial state wants to fall lower
state due to the law of enpy from thermodynamics. The jumping from the high
energy level to low, photons are generated with energy, which is the difference
between the levels. This is called emission. If the transition is |lgrigetons that are

more energetiare appeared, foxample, blue and red coldoFhe luminescence can

be classifiedinto two kinds due toemission properties. These diee radiative
transition and namdiative transition. Luminescence is created by the radiative
transitions between two states of atoms olecudes. When an electron in an atom is
excited to higher energy level and then turn into its lower energy stateptghits

and this transition is called radiative transition. In other words, if the energy appear
as photons, the transition is radiativ@nsition. The electronic transition occurs from

the lowest excited of singlet or triplet state to ground state in the radiative
luminescenceAnothertransition is nonradiative transitions where the energy is lost
without emission of radiation such asat. During the radiative transition process, the
energy must be conserved and there is an energy difference between higher and lower
energy states. This difference appears either a photon of emitted light or energy
transferred to another energy state.

211Llumi nescent Efyciency

In photoluminecence procesth)e material absorbs light. The incident and final
intensities of light are ndhesame due tthe passing of the light through the material

and the emitted intensity must be proportional to the absorbed intensity, given by:

) fs) ) (2.2)

where km is emitted, 4 is incident and is the final intensities which are given in

photons per second. The proportionality cons
or gquantum ef yci e ntoeyatiooffhenusmbercobtmeemittedand i s al s o
absorbed photons and vary frontoQL.



The performance of phosphors is described as quantum efficienitye byllowing

expression:

1 O0A1 G@HAE AEAT AU (2.3)

2.1.2Stokes and AntiStokes Shifts

The emissiorspectrum is shifted to lower energies when it is compared with the
absaption spectrum. It is called$tokes shift. The part of the absorbed energy that is
not emitted transfer to the crystal lattice as phonons (heat). If the photon energies are
higher tlan the absorbed photon energy, this process is calledStakes or

upconversion luminescence.

2.2 Upconversion Phenomena

Up conversion(UC) or anti Stoke process is aptical process in whichigh-energy
photons through sequential absorption of two or enlmw energy photons. Up
conversionprocessgenerate onligh-energyphoton out of two or more low energy
photons. The photons with energies below the material bandayamtexcite an
electron into the conduction band. However, byaopversion process, the photons go

up to conduction band by lower energy and this mechanism is used for many optical

applications.

2.2.1Upconversionmechanisms

There are some UC mechanisms and they can occur either alanerbinationof
processes in a sgsn These UC mechanisms degcited State Absorption (ESA),
Energy Transfer Uconversion (ETU), Photon Avalanche (PA), Cooperative
Upconversion (CUC), and Energy Migrationmediated Yconversion (EMU)

processes

2.2.1.1Excited State Absorption (ESA)

Excited stée absorption (ESA) process occurisenone or more low energy photons

were excitedfrom ground state to intermediate state. Therey populate the
intermediatestate;by way ofupconversionemission occurs. ESA can occur only after

an electron has already been excited to the lower excited state. The lower excited state

has higher energy than the ground state level and the higher excited state is higher in



energythan the lower excited stateSA processvasgenerally okervedat low doping
concentration (<1%) of the activator ions since the high doping concentration can

reduce the UC emission via nonradiative relaxation processes.

2.2.1.2Energy Transfer Upconversion (ETU)

The Energy Transfer Upcomggon (ETU) process is more efficient than ESA and it
involves sensitizer and activator ions. When the sensibreis excited, it transfers
its energy to the nearest activator ion apdonversioremission is obtained from the

activator when it goes bl¢o lower excited state or ground state.

2.2.1.3Photon Avalanche (PA)

The Photon AvalancheRA) process isa more complex process than othdC
mechanismsThe ghoton avalanche processcurs only at a critical level of pumping
power (threshold power). If the pump power is high enoaghonresonant ground
state absorption process initially fills the intermediate reservoir level of many ions
and resonant ESA or ETlere occurredrom another excingion to populate the UC
emitting level. Thensomecross relaxations takdgeze between excited amgound
stateions. Thereforethe population of the reservoir level atite UC emitting level
increaseThisc aus es an effea of gdneratingioee dons that are excited
with the feedback looping.

2.2.1.4Cooperative Upconversion(CUC)

The Cooperative Upconversicd@UC process is similar to ETU process and includes
two types of luminescent centers sensitizer and activatoCUR process, two
interacting ions in the excited state return to the ground state simultaneously, emitting
one photon with the sum of energies of the single ion transitions. Cooperative emission
has been observed for ¥tpairs in many studies [381]. The effiégency of CUC is

lower than that of the ETU.

2.2.1.5Energy Migration Mediated Upconversion(EMU)

The Energy Migration Mediated WmnversionEMU process was first proposed in
2011 [32]. The EMU process involves sensitizer, accumulator, migrators, and
activator. Inthis process, the sensitizer is excited by ground state absorptidgheand

transfersts energy to an accumulator. Thipgradedt to ahigher excited state. Then,



energy migration takes place from higher excited statieezfccumulator to migrator,
andthis process followed by migration of excitation enetlgpugh the migrators via
coreshell interfaceThe migrated energy is trapped by an activator in the she@and

emits UC luminescend83].

2.2.2 Powerdependence ofipconversion

The dependence of ession intensities on pump powers for the samigldstermined

by the formula,

® 0 (2.9
where n is the number of photons required to absorbed for a particular UC emission.
The means of n is the photon number required for UC excitptimeess, whicltan
be obtained from the slope of the emission intensity versus excitation poadog-n
log plot. In adlition, the electronic structure dRE ions and so UC mechanidrasa
key role to determine the emission characteristics.

2.3 Host Lattice: Yttrium Silicates

As mentioned before, the host materials should have good optical, mechanical and
thermalproperties. In most cases, the rare earth ions replace other ions of similar size
and same charge state in the host matrixr&erearth dopegttrium silicatesamples

the dopant ions are replaced by th& Yons randomly. The selection of the host
mateaial changes the emission properti@snong the nanocrystalline materials, the
Y203-Si0O, host matrix is very suitable for doping with RE ions due to its high
mechanical properties, low phonon energy and easily synthesg6[38ecause of

their excellentchemical and thermal stability, similarity in ionic radius of* ¥h

yttrium silicate and rare earth (RE) ions, they are well suited host mat&halfiost

lattice determines the structure system such as distance between the dopant ions,
atomic interations between host and dopant ions, and the type of ions surrounding the
dopant. UC emission efficiency depends strongly on host phenengy, mult
phonon relaxation processes depressed efficiency enhanced in low phonon energy
hosts. Although thetyrium silicate has many advantages as a host material, the crystal
structures of ¥SiOs and Y2SixO7 arevery complicated In thephase diagram of 20s-

SiOp, a region exists where thelland 1:2 compositions coex|8{].



2.4 Rare Earth lons

The elements amalled as rare earths (RE) or lanthanides with the atomic numbers 57
through 71 in periodic table that are lanthanum (La), Cerium (Ce), Praseodymium (Pr),
Neodymium (Nd), Promethium(Pm), Samarium(Sm), Europium (Eu), Gadolinium
(Gd), Terbium (Tb), Dysprosm (Dy), Holmium (Ho), Erbium (Er), Thulium (Tm),
Ytterbium (Yb) and Lutetium (Lu). Rare earth elements are commonly used as
luminescent centers or activators in the host lattices. As we mentioned before, they
have a wide application area due to their ugigptical properties, high quantum
efficiency, and good stabiliés The studies on rare earth doped materials haveat
interest by researchers since industrial and photonic applications are developing by
investigating the new and efficient nanophassh In this study, three different rare

earth ionsNd®*, Tm** and YB*, were used as doping elements.

Neodymium(lll) (N&*) ion is very suitable for optical pumping the broadband
optical region from UV to NIR for photonic applications. It has a vaidgorption band

with the large absorption cresgction at ~800 nm and emits by an emission transition
in the 4f configuration. For optical pumping, using ~800 nm wavelength laser
provides to obtain efficient emissions from Rid The energy levels of Ntlions are

very complicated according to Dieke diagram smdssign the energy levels N6

may be very difficult due to thermal effects and overlapping of the energy levels of
Nd®* ionsin host material§38, 39]. Therefore investigéing the new dopingystems

for near infrared (NIR) diode laser applications to*Ndoped ions may provide
researchers to develdipe optical properties of the materials.

Thulium(l1)(Tm3*) ion is an attractive activator for solgdate lasers [40]. When the
3H, state of Tm* ion is excited by near 800 nm light from a diode laser’*Tion is
used for infrared laser oscillation in the 128 mm range with th#4Y 3Hs transition.

In addition, Tni* ion emitslight in theblue region due to th&,Y Hstransition of it.

Ytterbium (1I1) (Yb3) is the fourteenth element the lanthanide seriesAmong the

rare earth ionsytterbium (lll) has important properties for neanfrared lasers
applications because of providing diode laser pumped media and having very simple
electonic structure gnly two level?Fz2ground state antFs; excited state). Excited

Yb3* ions exhibit long lifetimegof the order of 1 mer s) andallow storinglarge
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energies in the excited state [41]. The trivalent ytterbium ion absorbs light in near
infrared range of wavelengths and shows emissitireatfrared range (~1000 nm).

2.4.1Electronic structure of rare earth ions

The inner atomic orbitals of rare eartims that are called 4f orbitals have a gradual
filling. The atomic number of rare earitbns family ranging from 8 (Ce) to 71 (Lu)
wherethe 4f orbitals are gradually filled from 1 to 1fhere are very important
properties othe electronic structure of raearth One of the most importamnes is

that4f electrons wave functiortsavea highly localized nature. They do not overlap

with the other neighboring atoms, and they are shielded by the 5s and 5p electrons.
The 4f electrons are closer to the nucleus than 5s, 5p, and 6s electrons and so, they are
embedded into the electronic cloudr@equently, rare earth ions in solid form tend

to have the same electronic structure as the free ions. So, 4f electrons are isolated from
the effect of the ligands (L) and the crystal field. This property affects the optical and
magnetic propertiegl2, 43].

The 4f electrons have quantum numbers4 andl=3, m andms can take the values

of 3, 2, 1, 01, -2, -3 and 1/2-1/2, respectively. So, each of the seven 4f orbitals
contairs two electrons. If those orbitals are empty, they hineesame energy ah

called as degenerated. If the orbitals are partially filled, the degeneracy increases. To
classify the 4f energy levels is very complex since there are 3432 energy levels for the
f electrons [42, 43]n addition the optical properties of them are ertedy rich. Since

there are seven 4f orbitals, the splitting of electronidsespeite complex for rare earth

ions and the abundance of electronic levels is important for the development of
luminescent materials. The electronic transitions between this vt photons and

these photons hawedifferent energy. The peaks on an emission spectrum express
these electronic transitions. If the electron in a rare earth atom is represented by a wave

function ( ), SchPdinger equation is

(% (2.5

where E is the electron energy and H is Hamiltonian that is the sum of the all

interactions due to the electron.

C C ( ( ( (2.9
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Hamiltonian is the sum of these four terms.igithe attractive Coulomb interaction
between the electrons and theclei;Heeis the repulsive Coulomb interaction between
electrons. kb is the inteaction between magnetic field and the magnetic moment of
electron and it is called spwrbit coupling. The last term dHrepresents the crystal
field effect[43].

The rare earth elements have the electronic configurationgi®ed*4f". When they

are ionized, the electrons of 6s and 5d layers are disappearéuisacwhfiguration
becomes to [Xe]4fwith n varying from 1 (C¥) to 14 (Lu®") for trivalent cations. The
transitions of felectrons are responsible for the interggfphotophysical properties

of lanthanide ions such as sharp absorption and emission lines. The physical
mechanism belectronrelectron interactions and spin orbit coupling are helpftihéo
determination of spectroscopic levelBieke and ceworkers [39] have westigated

the energy levels of 4f electrons of*ionsand the standard reference for rare earth

luminescence is known as Dieke diagram.

2.4.20ptical transitions amongrare earth ions

The main optical transitions among rare earth based materials are ifigacmonal
electronic transition between 4f levels:"%f4 T, interconfigurational electronic
transition between 4f and 5d (4f 5d) f 4%%5d') and charge transfer (CT)
electronic transition between 4f and ligand (L): transitiofrL4l 4"f-L"1. The
emission peaks which one indicates a special electronic transition generally sharp
due to the shielding of 4f transitions. The sharp peaks indicate that the crystal field
effect is negligible. The optical properties due to thelfdfransitions are Imost
independent ofhe host matrix. On the contrary, if there are™f transitions, the

spectra contain large bands.

Af-4f transitions for the 4f' Y 4 Ftransitions, the interaction with the phonons is very

low and the peaks are very sharp in the spectrum. In special rare earth, the energy of a
certain 4#4f transition isthe same and independent from the host matrix. The only
difference is their intensés that are changed since the crystalline field does not affect

very much theositioning of 4f energy lev¢#3].

41-5d transitions (interconfigurational transitionsthe absorption and emission
spectra of 4b6d or 5d4f transitions always have a brdmhd and the crystal field
effect is dominant, in other words, coupling with the phonons is strong. In addition,
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thechemical structure of the host is effective on the wavelengthssd #fansitions
[43].

Charge transfer transitions (interconfigurationaansition) thecharge transfer (CT)
transition is important itheabsorption mechanism of many phosphors. In the charge
transfer mechanism, the light is not absorbed by a modification of the electronic
distribution between rare eartmdaligand, e.g., rygen and the energy is then
transferred to rareagth. Chargdransfer bands anelated to excitations of a ligand
electron into a 4f orbitd¥43].

2.5 Crystal Field Effects

In a solid, charges of neighboring ions generate a perturbation and this perturbation
can have the crystal field effect. 4f orbitals were not largely affected by these
perturbations due to the shielding from their environment. The crystal field effects
very importantin the optical properties of rare earth ions. Unlike, 5d orbitals are
extremely affected by their environment and they are filled after the excitation of 4f
configuration with only one electron. These effects are the symmetry of thehsite, t
nature of the ligand (oxygen, sulfide...), the vibrations of host lattice and the structural
disorder §2,44]. The 4#4f transitions are sharp, but optical transitions betwedu4f
have broad emission energies. The host matrix is investigated byadpertes of
neighboring atoms and symmetry of sites, coordinagtm These parameters affect
the position of energy levels. Due to the crystal field of host materials, the energy
levels of rare earth ions split into several Stark levels and seledtlomsbmaterial

changes the luminescencieets ofthe emission.

2.6 Absorption Spectra

Since RE ions havaninternal partially filled 4f electron shell, this property gives
varnous electron transitions iV, visible and IR regios of the electromagnetic
spectrum. Energy transfer can play an important role in luminescent mateigals
phosphors. The luminescence efficiency of a phosphor can be increased by codoping
it with the second kind of donor. Then, an energy transfer from donor to acceptor
occurs andlirect or indirect energy transfer to the acceptor can relax thangxcit

centre These mechanisms can be determined by using absorption spectra. In the direct
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mechanism, the energy transfers occur directly from the donor to the acceptor by an
interaction[43].

2.7 Light and Color

The colors which can be obtained by combining a given set of three primary colors
(RGB) (blue, green and red) are represented on the chromaticity diagram by a triangle
contained the coordinates of the three colors and two color comslwand y. Three
dimensional color space CIE XYZ is the basis for all color management sy3taens.
two-dimensional CIE chromaticity diagram shows a special projectiontlote
dimensionalCIE color space XYZThe definition of a color basen the values known

as tristimulus values for photometry: Hue, Saturation, Brightness (HSB). In physical
optics, the dominant wavelength is Hue, the power of light is intensity per Saturation,
and luminescence value is the Luminance per Brightness. atitaral Color
Standards CIE 1931 RGB is shown in Fig2re

520 nm

* Approximate Color regions on
CIE Chromaticity Diagram :

Yellow - [Greenish

yellow

500 nm
0‘52. .........
; Yellowish
y orange
- White N | orange
Uagdh'r}i B
§ : . \Purplish
0‘2: ; |_:_in :
; Orange
Purplish] I N ==L
blue | N Reddish
; Bluish |: | _purple

0 0.1 02 03 04 05 06 07 08 X

Figure 2.1 : Approximatecolor regions on ClEEhromaticity diagram [45].

White light is defined as the complete mixture ofvadlvelengths ovisible range.
White light can be generated by a variety afireesboth in space and of artificial

sources on earth. For example, sun and other stars are sources of white light.
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Fluorescent light bulbs and white LEDs produce artificial white light. The white
coordinate is shown as x=0.33, and y=0.33 on CIE Chrottyati@agram.

2.7.1Correlated Color Temperature (CCT)

Correlated Colofemperature (CCT) is éhtemperature of an ideal bldady radiator

whose chromaticity most nearly resembles dfdight and CCT is a characteristic of
visible light. Color temperature isxpressed in Kelvins. Low CCT (below 3200K)
indicates that the light is warmer, so more yeH®a; on the other hand, high color

temperature (above 4000K) means colddsloerlight [46].

272Commi ssion I nternational de |1 0Ecl airag

Commission nt ernati onal de | O0Ecl airage (CIE)
the composition of any color denoted by X, Y, Z, also called tristimulus values, in
terms of three primaries (regreeriblue). The X, y, z, are the ratios of X, Y, Z of the

light to the sum of the three tristimulus values, and they are called as chromaticity
coordinates. We use the (X, y) donation to represent a color.

2.7.3Color Rendering Index (CRI)

The Color Renderingindex (CRI) is a quantitative measure of the ability of a light
source to show the colors of various objects by compdanwith a natural light source.

The CRI is determined froitthe spectrum of a light source and it can take the value
from zeroto 100. Ay color of light can be of combining two line emissions. At least

three spectral colors are needed to oldawo-dimensional gamut of colors [47].
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3. MATERIALS, METHODS , AND INSTRUMENTS

There are some requirements for obtaining good phosphor materials such as the
choices of host and dopants. The luminescence properties are strongly affected by
choosing them also controlling many other physical parameters sublke sige of
particles, minimizing the defects, rgiesis techique, sensitivity of equipmerstc.
Therefore fabrication of the materials and experimental techniques for detagnin

structural and optical properties are very important.

In the thesis, the s@el method is used to sthesize the luminescent yttrium silicate
(Y20s-SiOy) host materials doped with Y N&®*, Tm®* rareearth ions in different
concentrations. The sthesized samples were annealed at 9¢%0 1250°C for 12

hours. Afterthe annealing pocess, the powder sampleave been obtained by using

an agat mortar. The structural and optical properties of these nanophosphors were
determined by various teeciques and analyses. The emission properties of samples
wereinvestigateddepending on kindef dopants, concentration, excitation pumping
powers, sample environmentsuch as pressure and temperature, excitation

wavelength, and annealing temperature of the samples.

3.1 Material Synthesis: SotGel

In thestudy, to fabricate undoped and RE doped yttrium silicate nanophospbOgs (Y
SiO, doped with YB*, Nd**, Tm®"), the high purity Yttrium(lll) nitrate hexahydrate
(99.9%), Ytterbium(lll) nitrate pentahydrate (99.9 %), Neodymium(lll) nitrate
hexahydrate (29%), Thulium(lll) nitrate pentahydrate powder (99.9%) salts and
tetraethyl orthosilicate (TEOS, 99.9%) were purchased from SAjdr&ch. In
addition, HCI, HNQ, distillate water, and ethanol were used for preparing the

solutions.
Y 203-SiOz: Yb3*: Nd®*: Tm®* (3.1)

The synthesis technique is one of the most important paratieeaffecttheoptical
and structural properties of luminescent materials. Thegeloimethod is sed for

preparing ¥0s: SiO, nanocomposites since the techniquerhasyadvantages such
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as needed low temperature, minimizing thermal decomposition, easy to control of the

process [48].

In general, in the salel processhesystem passes frotheliquid phase (sol) to solid
phase (gel)The ®l-gel process generally consists of some basic steps; hydrolysis of
the initiator, solgel condendg#on (the active species afcohol or water condensation),
gelation, aging, dryingand high temperature opgion. General chemical reactions
contained in the sajel method have great significance because the technique allows
the controlling process during all steps. The devices and materials usieesolgel
technique are very simple. It provides both camig the materials as oxides
compounds and producing new hybrid organmrganic materials. The working
temperature ahesolgel process is extremdiyw; it is often below the crystallization
temperatureThe risk of thermal decomposition of the matrivas minimized by

this method and it is shown that high purity and stoichiometry are obtained by many
experiments [4-49]. Aging and drying conditions can be controlled by controlling
mechanicaktrength and pore size. Energy sayitng synthesis of nbarials with high
homogeneity, the controllability afie microstructure of the material and not entering

the pollution to the lattice are other advantages of thgedahethod.

A representative sajel procedure for all samples can be summarized forabe of
undoped and 10% Ybdoped yttrium silicate nanophosphors in detail, as follows. The
ratio of TEOS: Y(NQOs)3.6H0 and TEOS: YYNOs)s. 6H0: Yb (NOs)s. 5H.0O were
0.53:0.47 and 0.47D.423,0.1 to produce undoped and ¥ lyttrium disilicate glass,
respectively. 5 ml ethanol and 5 ml distillate water were used for solving both the rare
earth salts and YNOs)s. 6HO by using a magnetic stirrer separately at room
temperature. Thehose solutionsvere stirred by adding 1Nct HNG; asa catalyst,
separately at 78C for 45 minutes. For Y (N€)s. 6HO solution 10 ml distillate water

and 20 ml ethanol were useafether In addition TEOS, 5 ml distillate water, 5 ml
ethanol and 1N 1cc HCI solutionere stirred at room tempemate separately. Y
(NOs)3.6H0 and rare earth solutions were added and mixed % 7@ 40 minutes.
Then, we waited for the temperature of all solutions to reach the room temperature.
TEOS solution was added to the solution and all the solution is moted.5 h
continuously at room tempature. The gel sample pouredarpetri dishes and left in

a desiccator at least ~8 weeks to obtain glassy form. The powdes ébrsamples
wereobtained aftethe heat treatmendf gellike samples in a laboratory fuaceat
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1150°C or 1250°C for 12 h. The samplesgere grinded iranagate mortato produce
nanccrystalline yttrium silicate powders. &bke procedure were applied for all
samples with various concentrations of rare eartlsalts to fabricate nanophosphor

powders. The molar ratio of203-SiO; was at 1.127 for adamples.

P

Figure 3.1 : The representative photos of the fabricated a) glsasylesoped
with rare earths (Y8, Tm** and Nd*) and b) nanopowder sample after the heat
treatment.

The heating rate in thdurnacefor annealing procedure was arranged as follows;
heating continued for 6 houtsntil target temperaturehe temperature stayed tte
target temperature for 12 hours, temperatuaefallen to room temperaturior 6
hours, total anealing time for each sample wa4 hours. Picture 1.b shows the

representative photo tfiepowder sample afteheannealing process.

3.2 Structural Analysis

To develop andtadythe nanomaterials, structural analyses are very necessdtlie
appropriate devices should be used for characterizat®oth understanding the
structural and surface properties lead us to developalw@anomaterials fovarious
applications.

For the studies in this thesis, the structural characteristicolafel synthesized
nanomaterials were investigated by various techniques suchrag Riffraction

(XRD), Scanning Tunneling Microscopy (SEM), Transmission Electron Microscopy
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(TEM), Energy Dispersive Xay Spectrometry (EDS) and Fourier Transform Irgfdar
Spectroscopy (FTIR).

3.2.1X-ray Diffraction (XRD)

The X-ray diffraction (XRD) technique is a powerful technique to determine the
structure of crystalline materials. The crystalline pha§samples can be determined

by analyzing diffraction patterns. The shael placeof the diffraction lines such as
width can give an idea for size, size distribution or defects in nanomaterials. The line
width of the pattern is broadened when the sizea@nanomaterials decreases and the
line width ofthe XRD pattern can be used for determgnthegrainsizeof thesample

by Debye Scherrer equation:

$ —- (3.2

where grain size (D), K is the constant between 0 and 1 (for spherical particles 0.89),

U 2 d futl width at half maximum of the XRD peak of a specific lattice plane (h k )

in radians (FWHM), > I s YTy Wwawaenthe mqptdh do fi st
diffraction angle [50].

The X-ray diffraction (XRD) measurementsvere taken by the model Bruker D2

Phaser Model (GKU r adi ati on) diffractometer at 30 Kk
range from 1B to 70 or 5¢ with scanning stepsf 0.002 with the waslength

k=1. 5418 . The crystalline phases of sampl es
(Joint Committee for Powder Diffraction Datay usingXRD results.

3.2.2Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a very useful techniquéetermine the
surface properties of materials. The limit of the spatial resolution of an optical
microscope is usually the order of a few hundred nanometers bec#usditffaction

limit of light. For many applicatiomnand investigatiosof nanomateris, the higher
resolution is necessary and SEM techniquethasxtremely good resolution that is
down to ~1 nm. The SEM images give information abitét surface topology,
morphology and chemical composition. The efficiency of the emission depends on
same properties of the surface such as geometry, chemical characteastics

composition. Therefore it is important that SEM images provide us getting
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information about surface of the sample. The morphological properties of powder
sampleswere investigate with an FEIQuanta FEG 250 model Swang Electron
Mi croscope taking the i mages s(t20/00wW0(1QO0

3.2.3Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a technique used to @alotain
infrared spectrum of absorption or emission of materials. FTIR spectrometers collect
high spectral resolution data for all wavelengths simutiasly in a wide spectral
range.FTIR measurementive informationabout chemical bonding and vibrational
bands in the samples optically. FTIR results are used to identify and characterize the
structure of samples, determine the contamination, and decomposition in the structure.
In the thesis, the FTIR measurements were taken by using a Perkin EImer Spectrum

Onespectrometer.

3.2.4Transmission Electron Microscopy (TEM) and Energy-Dispersive Xray
spectroscopy (EDS)

Transmission electron microscopy (TEM) has a high spatial resolution and is used to
performstructural and chemical characterization. The TéMimage theatoms in
crystalline specimens at resolutions close to 0.1 nm. It also allows quantitative
chemical analysis. TEM is used for getting information about particle size, shape, and
crystallinity. The specimen should be thin enough because electrons trimeogh

the sample.

Energydispersive Xray spectroscopy (EDS) is also an analytical technique used for
the elemental analysis of a sample. The main principle in EDS, there is an interaction
betweerthe X-ray excitation source and a sample. In EDS amnglgsich element has

a unique atomic structure allowing a unique set of peaks on its electromagnetic

emission spectrum.

In the thesis, Transmission electron microscopy (TEM) measurements were carried
out in JEOL 2010F model transmission electron microsegp&ped withanenergy
dispersive Xray spectroscop(EDS). The specimen was prepared by dispersiag
powder in ethanol, followed by ultrasonic agitation, and then deposition on a lacey

carbon film on a 400 mesh copper grid.
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3.3 Optical Analyses

The optich characterization of the synthesized phosphors was studied with the
absorption, diffusive reflectee, luminescence spectroscopialso rise and decay
patterns measurements under atmospheric conditions and vacuum. The various color
and white emissions pperties, the energy transfer mechanisms vmerestigated
depending on various physical parameters as mentioned before.

3.3.1Luminescencespectroscopy components of theoptical set-up

The upconversion and whitight emission properties adre earth doped drundoped

yttrium silicate nanopowders have been measured by a near infrared cw laser
excitation of the LDI820 laser diode with 808 nm and/or 975 nm wavelength. The
measurements were performed using a Mc Phearson Inc. Model 2051 monochromator.
The opticalsignal was detected by Hamamatsu R1387 photomultiplier tube and sent
to EG&G Model 5210 lockn amplifier. To avoid scattering of the emitted light and
avoid the second harmonic generation of laser excitation 975 nm, a short pass 900 nm
cut-off filter wasused for measurements. For the excitation of 808 nm of laser diode
measurements, 775 nm short pass filter was also used. An Allied Scientific Proo ASP
MK350 Model illuminance meter was used for determining the color quality
parameters. All the output p@wvalues ofthe laser beam were measured by Power
Max 500D (Molectron) power meteFhe measurementsf decay and rise patteras
atmospheric pressure and vacuware carried out using a shutter to interrupt the laser
beam and a Tektronix model TDS 3052B oscilloscdje spectral properties of the
phosphor materials have been found to depend on several physical parameters. The

main components for the experimerdat up are introduced as follows:
9 Monochromator

The monochromator is a fundamental optabeVicefor luminescence measurements.
It is used to separate different componentbelaser light beam. It generally converts
the polychromatic beam somonochromatic beam. A simple monochromator consists
of anentrance slit, mirrorsa dispersive element suchmsm or diffraction grating.
The measurements in this thesis were perforlnedsinga McPherson model 2051

onemeter scanning monochromatdihe device has a 600 groove/mm grating and

bl azed at 1.25 Om. The device hasja resol

with repeatability of +/0.05j .
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1 Light deector (photomultiplier tube)

A photomultiplier tube (PMT) detects very weak signals ahdorption of photon
results in the emission of an electiona PMT. It consists of photathode andn
electron multiplication systenT.he photeathode converts photons to electrons and

the multiplication system amplifies the electric signal.

Figure 3.2 : The exgrimental setp; a)the whole picture of the s€i b) the vacuum
system c) the sample holder

In the experiments, Hamamatsu type R1387 photomultiplier tube was used and the

best spectral response was the range frodn@ 850 nm.
9 Signal processing apparatu

Lock-in Amplifier is used to amplifghe AC signal ofthe Photomultiplier tube. In the
setup, we usd the EG&G Model 5206 as a loak amplifier. A choppeis used to
carrythe frequency otthe optical signal and operated at 250 Hz in the sedunng

experiments. Itis placed at the entrancthemonocromator. It removeke DC biases

due to the instrumentation and amplifiers.
i Collecting data

The boxcar averager takes place time experinental saip and integratesignab
during a sampling widow and then stores the boxcar averager is connedto the
computer and data reeed from theboxcaris sent to computer. The computer is
programmed to show the plots of inséy vs. wavelength. The prograsiLabVIEW

from National Instruments.
9 Vacuum and Temperature system

For the vacuum experiments, two experimental set up were used]amsl

manufactured bothThe system used a Janis Research Model RD dewar connected
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with a Leybold Model RW2 compressor the old system. In the new system; T
Staion vacuum system was usedhich is a small automatic pumping systénatis
suitable for a wide range of vacuum applications. It uses an EXT75DX turbomolecular
pump. The pump provides the vacuum up t§ fribar. The temperature dependence
on luminescencproperties has been investigated by using JANIS model Temperature
System.The sample was mounted on the cold finger of a closed cycle Helium
refrigerator for temperature measurementse Temperature range was from ~4K to
~800 K and temperature wasntrolled bythe Lake Shore Model 335 Temperature
controller. The experimental set up feemperature measurements corssist a
refrigerated chamber with RDK 205 J 4K cold head, SRDK 205 series cryocooler, and
wide range gauge. During temperature measargs, the ehalpy of materials used

for constructing cryostats drops rapidly whigre temperature was decreased. The
helium transfer must start at a very low rate, ewhaintained at that rate until the
entire contents dhehelium reservoiarecoolel below 20K. Model 335 Temperature
controller provides to control temperature by udingheater during measurements
and arrange the temperature ramp rate. When a sample is attached on a cold finger, it
IS necessary to establish good thermal contactatsadreduce the heat load into the
sample as much as possible.

3.3.2Absorption measurements setp

The deice known as spectrophotometer used forabsorption measurements.
Generally,it consists of a light source, a monochromator, a sample holder, a light
detector and a computer. The light source is usually a tungsten lamp for visible and
infrared ranges, a deuterium lampttoeultraviolet range. The monochromator is used
for selecting wavelength by the light source and sitan thedesired range. Thegint
detector that is generally photomultiplier tube for YAS range and SPb cell for IR
range measusghe light intensity passing through the sample. A computer displays
the absorption spectrumma record it. The pectrophotometecan be operated at
different modes, for example, optical density, absorbance or transmittance. The
absorption measurements in the study were recordigd Varian Cary 5000
UV/VIS/NIR spectrphotometer between 350 and 1200 nm.
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3.3.3Diffusive reflectancemeasurementssetup

Thereflectivity spectra give complementary information for absorption resulteéo
powder form of samples. Reflectivity and absorption spectra are related to each other

by using KramersKronig relationsReflectivity is:
Y - (3.3)

where § is incident intensity ancklis the reflected intensity. Reflectivity spectra can
be in two modes that are direct or diffuse reflectivity. The dW¥kiseflectance data
was taken by usinthe Perkin Elmer Model Lambda 35 UWis spectrometer in the

range of 400 nr1100 nm at room temperature to identify the absorption lines.
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4. STRUCTURAL AND LUMINESCENCE PROPERTIES OF UNDOPED
YTTRIUM SILICATE(Y 20s: SiO2) NANO PHOSPHOR

Yttrium silicate (Y20s: SiQp) is one of the most suitable hosts for luminescence
applications as mentionéa Chapter 2. Depending on the phonon energidisedfost
medium, some othel i f e tlevem@i® Be strongly quenched by mipltionon
transitions Therefore the hosts should have low phonon energy to decrease the multi

phonon relaxations between electronic energy levels of RE ions [51, 52].

In this partof the tesis, the studies aboutdoped yttrium silicate saméwithout

doping rare earth ions) will be explained.

4.1 Structural Analyses ofUndoped Y203-SiO2 Sample

For the structural analyses of undoped powder sampRay Diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM) and Enedppersive Xray

spectroscopy (EDS) measurertsewerecarried outat room temperature

XRD patterns othe undoped sample are shown Figure 4.1. The average particle
size ofthe sample is estimated as ~86 nm by uding Scherer equation and the
structure ofthes amp | e was  £YeSieQy avith tcavd nbneber 38223
according to Joint Committee for Powder Diffraction Data (JCPDS) [53].

For TEM measurement, the specimen was prepared by dispéngimmpwder in
ethanol, followed by ultrasonic agitation for 2 hours, and then deposition orya lac
carbon film on a 400 mesh copper giiEM measurement and EDS images are shown

in Figure 4.2a and 4.2b, respectively. Figure 4.2a shows that the sample has a
crystalline structure and it sgood agreement with XRD result as indicated in Figure
4.1.The signals and numerical values obtained flloei=DS image show the presence

of Y (18.8 atomic %), Si (21.23 atomic %) and O (59.98 atomic %).
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—— Undoped sample
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Figure 4.1 : XRD patterns of undoped yttrium silicate powder.

The other peaks in the spectra indicate C andu@lthey ee due to carboitopper

grids used for measurement (Figure 4.2b).

Figure 4.2 : a) TEM and b) EDS images of undoped yttrium silicate

The SEM i mages are shown in Fi gws$SeO;4. 3. As
particles were observed as grandilke nanoparticles, with the particle diameters

ranging from 69 to 128 nm [19Figure 4.4 shows Fourier Transform Infrared
Spectroscopy (FTIR) ressland Table 4.1 sumanizesthe peaks corresponding bonds

[54, 55]. 8@-1000 cm' domain corresponds to -8 stretching vibration involving

non-bridging oxygenThe band situated at around 843 csmascribed to multiple Si
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O stretching in which all oxygen and silicon atoms of silicate groups participate in the
vibration.

Figure 4.3 : The SEM images of wloped powder annealed at 126Gor 12h.

FTIR results showed that 6aA200 cm' domain corresponds to -8 and YO

stretching vibration involving nehridging oxygen.
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Figure 4.4 : The FTIR result of undoped powder annealed at 4256r 12h.

In this domain, to characterize the vibrational bands are difficult because siile Y
and SiO vibrations ceexist in similar spectral range4000 3000 cm?! where OH

stretching vibrations of water and OH groups appear antl1400 cm! where the
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Sii O andY O vibrations occur [55]. 1000200 cm! domain for stretching vibrations

of silicon atomsareagainst oxygen atoms Bi-O-Si bonds. The slight broadnd in

the range 1000100 cm' is due to the presence of silicon as precursors and this band
is assgned to asymmetric ($D-Si) vibration. The peak at 1030 drmay correspond

to the superposition of rocking SD vibrations and YO bond vibrationsThe broad
bands above 800 chareassigned to SD and Y-O vibrations. The frguency shifts

and broadenig of yttrium silicate samples may be due to combined effecthef
transfer of electron density from the yttrium to theC8bond and a wider distribution

of Si-O bond antps available in silicate$=TIR results for all samples in this thesis
are the same so the result othe undoped sample was given as a representative

example in Figure 4.4.

Table 4.1 :The summary of the FTIR results for undoped yttrium silicate

wavenumber(cn) bonding
1030 Si-O-Si asymmetric stretching vibration
969 C-O stretching
949 Si-O or Y-O vibration
940 O-H bending or asymmetric vibration of-GiH
906 O-H bend or ¥O vibration or SiO vibration
875 C-H bend or ¥O vibration or SiO vibration
840 C-H bend or ¥O vibration or SiO vibration
716 C-H bend or ¥O vibration or SiO stretching

42Absorption and Lumines-cYeSnQrsampee asur ement s o1

For optical analyses, absorption measurement was recuofitte®/arian Cary 5000
UV/VIS/NIR spectrophotometer between 350 and 1200 nrthédsulk sample before
theannealing process. The luminescence spectemiéaledsample were measured

by using a diode laser LEd20 with both 975 and 808 nm excitaticarsd usingMic
Phearson Inc. Model 2051 monochromator. The short pass 900 nm and 775 nm cutoff
filters were used to avoid scattering of emitted light and avoid the second harmonic
generation of laser excitation 975nm and 808 nm, respectively. The color quality
paraméers and the deg#ise patterns measurements were carried out at atmospheric

pressure and vacuum.
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4.2.1Absorption spectra of undopedsample

Figure 4.5 shows representative absorption spectrion undoped yttrium silicate
sample before annealing, there &we peaks at 978mand 1171 nm and they can be
attributed to water absorbance [56]. It is expected that there was not any peak in the
absorption spectra fothe host sample. However, we have observed the peaks
belonging to water.

— yttrium silicate sample
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Figure 4.5 : The absorption spectra of the-annealed undopeallk yttrium
silicate

4.2.2Luminescencepr o p e r t -YASisO7 saniple Bt 975 nmexcitation

The luminescence spectra tfe undoped samplare shown in Figure 4.6 at
atmospheric conditiaunder diode laser ekation of 975 nm. The broadband white
light spectra were obtained at high powers of outpsgi. The white light of wloped

Y 2SikO7 was notvery strong at atmospheric pressure when we compare it with the
vacuum case (Figure 4.6 and Figure 4f/gan beexpected that obtaining wth light

can be possible by apnversion energy transfer mechanisms between the rare earth
ions forthenanghosphor system. However, we obtained white emissiontfiehost
sample Therefore it is also proved thahe generation of white light is related to the

structure of the host sample.
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Figure 46 : Whi t e | i g h-tv;SisOpat atmiosphericopfessiite depending on
pumping powers

If we haveasuitable host structure, we can observe the white emission thermally from

host[57, 58]. In addition, white emission was observed fitbmundoped ¥Si>O7

sample under vacuum at least 1.45 W as shown in Figure 4.7.

4.23 watt
— 3.82 watt
— 3.38 watt
— 3.16 watt
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——2.21 watt
—— 1.45 watt
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wavelength (nm)
Figure 4.7 :Whi t e | i g h-tv.SigOpaevaduuma(0.0d mbak), cmaticity

diagram and photo of the sample at 3.38 W.

The peak position of white light is ~745 nm below 3.38 W. Above 3.38 W, the
maximum intensity is centered at ~716 nm with a 8n@nge. There is shifting
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high energy region thatis from ~742 nm at ~1.96 W to ~711 nm at ~4W and it indicates
that theseshiftingsarei n good agreement with Wi enbds di
blackbody radiation [59,60Figures4.8 and 4.9 show the number of photons involved

in thepopulation process at atmospheric pressure and vacuum, respectively.
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Figure 4.8 : Double logarithmicplot of IntensityversusPower for white light
spectra f r-¥48-0usardpte ptatthospheric pressure

1 —=—undoped Y,8i,0,
1 Aey~701 nm

log (intensity)

o
2 3 4

log (LD power)

Figure 4.9 : Double logarithmic plot of IntensityersusPower for white light
spectra f r-d48:0usanple pteatuurd

The slope values indicate that thermal processes for white light generation are more

effective at atmospheric conditions than that is in vacuum. The white emission was
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observed fromthe undoped ¥SiOr sample at least for 1.45W and 5W pumping

powers undevacuum and atmospheric pressure, respectively.

Thermal processes are responsible for white light generatidthefandoped sample.

The decay/rise patterns are also evidence for occurring of thermal processes due to

takingalong time in several secondBhis behavior can be seen in Figure 4Toe

decay and rise patterns filve undoped sample are shown in Figures 4.10a and 4.10Db,

respectively, under vacuum with 975 nm excitation at 701 nm emission wavelength.

Intensity (a.u)
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— 5.92 watt
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Intensity (a.u)

4.01 watt
4.42 watt
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—— 6.62 watt

time (s)

Figure 4.10 : Decay and rise pa&tns for 701 nndepending on power from
undo p¥8i04at vacuum (0.01 mbar)

The

decay

A

patterns havenot

strongedependenc

patterns are sensitive to pumping powers. Thiagipattern is faster at low output

laser powers and decreaselden the power is increased.
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4.2.3Luminescencepr o p e r t -YASisO7 saniple Bt 808 nmexcitation

The luminescence behavior tbie yttrium silicate sample was investigated at a diode
laser excitation of 808 nm. Figure 4.11 shows the thermal white light spectra obtained
from the sample. Below ~4.9 W, the emission was very weakaurid notbedetected

at atmospheric conditions. Thesat figure indicates that thermal processes and photon
avalanche mechanishare effective for white emision due tothe high value of n
(n~14)Thi s e mi s-¥:Biu@®msaniple at wacudm conditions was stronger and
the threshold power is lower than that atmospheric conditiaat 808 nm excitatian

We observedhe same behavior &75 nm excitation.

1 —so97w
| ——659wW
— 618w
| —579W
—— 492w

)

log (intensity){a.u|

T T
— 1] 7

log {power){(W)

Intensity (a.u)

450 500 550 600 650 700 750

wavelength (nm)

Figure 4.11: Thel umi ne s c e n c e-YsSple depending om power ate U
atmospheric pressure.

Figure 4.12 shows the luminescence spectra at vacuum conditides 8®8 nm
excitation.The emission was observedawide range of exciteon powers from 6.97
W to 0.84W. The inset figure shows double log representation of the intensity versus
pumping powers and two different slopes regions were obtain¢defsampe that is

similar to ourarother work [61].
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Figure 4.12: Thel umi ne s c e n c e-YsSpQe depending am pumpinge U
powers at vacuum (0.01 mbar).

The results at 808 nm excitation show that thermal effects are more effective at
atmospheric conditions. The weak shoulder centered near 580 nm rdag bethe
impurities and defects ithe yttrium silicate host. The excitation energy can be

transportedo crystal defects where naadiative decay occurs.

The illuminance meter results were listedliable 4.2 for both atmospheric pressure
and vacuum cases at 808 nm excitation. It is seen that CIE 19384l y values are
increasing withpumpingpower. In addition, CRI values are increasing while CCT
values are decreasing withhcreasing pumpingowess at atmospheripressureThe
chromaticity values (X, y) are increasimgd CCT is decreasingvith increasing
pumping powersat vacuum The CRI values are kept a constant value (~87) for

vacuum conditions at 808 nm excitation.
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Table 4.2 : llluminance meter results and photosuoflopedyttrium silicate
sample at 808 nm excitation.

Undoped yttrium silicate at 808 nm excitation (under atmosppegisure)

Power (W) CIE1931 CCT(K) CRI(Ra) llluminance Image of
coordinates meter spectrum the
(C9Y) emission

91
(0.4559,

6.97 0.3729)

2448

85
(0.36086,

6.18 0.3214)

4194

86
(0.3431,

4.92 0.3177)

4947

Undoped yttrium silicate at 808 nm excitation (unascuun)

Power (W) CIE1931 CCT(K) CRI(Ra) llluminance Image of
coordinates meter spectrum the
*.y) emission

87
(0.3655,

6.97 0.3248)

4032

87
(0.3586,

°.18 0.3222)

4284

87
(0.3496,

4.92 0.3191)

4647
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5. STRUCTURAL AND LUMINESCENCE PROPERTIES OF SINGLE
RARE EARTH DOPED YTTRIUM SILICATE (Y 20s3: SiO2) NANO
PHOSPHORS

5.1 Nd3* doped Yttrium Silicate Nano Powders

The investigation othe new source of visible light is anteresting field of research

and we are presenting a new and relevant addition to the scientific literature in this
field, a contribution based on NIR excitation of a nanopowder of yttrium silicate doped
with Nd®" ions. The electronic structure of thegararth ions and thus upconversion
mechanism play an important role to determine the emission characteristics. For this
purpose, in literature, Nddoped systems have been investigated in various hosts such

as glasses, transparent gtaesamics, polymerand crystals [6264].

Until now, there are very limited studies about luminescence properties including the
white emissions of NY doped nanopowders. In this part of the thesis, white light
production from 1% N# doped ¥%0s:SiO, becauseof blue, greenorange and red

color emissionsndthermal processes were analybedth in the vacuum (0.01 mbar)

and atmospherigressures. In order to investigate its optical properties, the sample was
excited by 808 nm beam of a laser diode. The emission was folwed fanction of
outputpowes of laser andhepr essur e of the sampleds en
upconverted white light mainly due to the transitions of*Nehs was obtained below
~5.79 W of the laser beam power at atmospheric pressure. For pooesdieg ~5.79

W, the powder emitted a thermal white light (WL) duethe photon avalanche
mechanism together with thermal processes. The threshold power to obtain thermal
white light with the transitions of Nitl ions was decreased at vacuum condgion
These processes were investigated in detail by studying the spectral differethees of

rise and decay patterns at atmospheric pressure and vacuum conditions.
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5.1.1Material synthesis

1% NdP* doped yttrium silicate nanophosphor was synthesizetidsol-gel method
as described in Chapter 3. The ratio e@D¥. SiO; was kept as 1.127. The obtained

gel sample was annealed at 1968Gor 12h to obtain its powders form.

5.1.2Crystalline structure

The structural analyssf the powder sampl@as investigated with J>RayDiffraction
analysis (XRD)by using Bruker D2 Phaser Model (&W radiation,a-= 1 . 574 1.8 4
diffractometer with scanning steps of 0.002 d f %to68. TheSesult is shown

in Figure 5.1. The diffraction pattern can be indexed to monoclinic pha¥eS{GCs,
space group P21/c (JCPDS card numbebs®0810) [65].

* X5-¥55105 (JCPDS card no# 21-1458)
- B X4-¥58i0g (JCPDS card nowt 052-1810)

121

— 1% Nd3+ doped Yttrium Silicate Powder

Intensity (a.u)

Figure 5.1 : XRD patterns 1% per mole Riddoped monoclinic XY 2SiOs
nanopowder with the very small amount of impurity peaks of monoclinic
X2>-Y.Si0sanneal ed at .1250 AC for 12 h

The dominant peak was thecbreespondirgdattice plan@id= ~32. 50
indexed as (121) for monocliniciX 2SiOs. The very small amount of impurity peaks

was detected and they may be attributed to monocliniY 286i0s (JCPDS card

number PDF#211458) [66]. The weight othe very weak %-Y»SiOs phase was

determined to be ~3.6 % wt. by the reference intensity ratio (RIR) method [67, 68].

The average patrticle size was calculated to be about 51 nm bythsiGgherer
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equation [50]. ¥SiOs has polynorphic structure and can be in the monoclinie ot
Xo-type at different synthesis temperature. There may be incomplete polymorph
transformation between the X >SiOs and X-Y 2SiOs phases [69]. It is clearly found
that the sample hassangle phasestate (¥%SiOs) with main phase XY 2SiOsand very

little additional X-Y 2SiOs phase, thus confirming successful synthesis. The rare earth
ion (Nd®™) may be substituted for yttrium ¢¥) in this host lattice since they have
similar ionic radii.

A diode lagr LDI-820 with 808 nm excitation wavelength was used to medbkare
luminescence spectra of the sample. A short pass 775 naff dilter was used to
avoid the scattering and the second harmonics of laser excitation during the
measurements. An Allied Szitific Pro ASPMK350 Model illuminance meter was
used for determining the color quality parameters. The room temperatae atet

rise profiles were also obtainatiboth atmospheric pressure and vacuum conditions.

5.1.3Luminescenceproperties at atmospheric conditions

Figure 5.2 showshe luminescence spectra of the sample at atmospheric conditions.
The emission bands appeared due to upconversion processes between the electronic
states of N&' ions are much broader than those observed in the cryEtiggsmainly

due to the narsze of the particles [18, 61]. In Figure 5.2, the observed blue emission
bands were very weak when we compare them with green, orange and red emissions.
These blue UC emissions centered at ~dd0and ~488 nm below 5.79 W mbg
atributed to?P12Y “lazand?GerY “leztransitions of N&" ion, respectively, and they
completely disappear at 5.79 W. The possible energy transitions for green UC band
centered at ~542 nm may B87.Y “lopz transitionof No* and thebanddisappeared

above 5.79 W output power of laser. Above 5.79 W, the emission at ~568 nm may be
due t0?GspY “lgi2 transition. The orange band @02 nm due tdGs2+°G7i2Y *lor
transition starts to appear as a shoulder at 5.79 W with increasing efféotsnoél
processes. The broader red UC emission centered antn§38hich carbeattributed

t0 *F712 +4Ss12Y “lgiotransition of Nd* ions,shifts to 702 nm for higher excitation power
values. The sharp lines between 714 nm and 7750nm768 nm) may be duto
Fs2+2HorY Yotransitions for all excitation powers. The visible light for the sample

was white light based on upconversion mechanism below laser output power of 5.79
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W and the samplemittedvery intense candle like a white light with the emissions of
Nd**ion above 5.79 W.
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Figure 5.2 : Luminescence spectod 1% Nc&* doped yttrium silicate
nanghosphordepending on poweat atmospheric conditions.
Chromaticity values (x, y) were given for a) 6.97 Web/9 and c) 1.4 W

For the luminescence characteristics, host matrix, def@ets dopant ions are very
important and from Figure 5.2, it is shown that there is shifting for locations of the
maximum emissions intensities wiém increasing output poweof the laser Thus,
thermal processes becorm affectthe spectral profile of upconversion emission
bands. The main reasons for these shifts may be due to the crystal fieldeeftkhts
defects. Any changes dhe structure of the host material can modify the energy
transfer, crystal field strength, color or luminescent intensity [70]. About 585 nm, a
broadband emission line instead of discrete energy levels may be mainly due to the

thermal effects and defects irethnaterial, especially at high pumping powers.

If the number of the required laser photons (n) for an upconversion emission is much

larger than ~2, this illustrates that there mayalpdoton avalanche mechanism [71,

72]. As seen in Figure 5.3, powelependencies of the emission intensities at

at mospheric conditions indicate that there i
power of ~5.79W as reported by some other researches [73, 74]. However, the slope

values aredrger than expected (Byxthatmay indicate that, below 5.79 W, a photon

avalanche upconversion mechanism together with thermal processes occur instead of
conventional two or three photon absorptions at green ~542 and red ~758 nm bands

[75-77].
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Figure 5.3 : Double logarithmic representation fo¥oINcP* doped yttrium silicate
nanopowder at atmospheric conditions.

The broad bands are possibly affected by a photon avalanche population process
because of cros®laxation processes provided that excitation power is high. Five
intensive bands centeret-&42, ~568, ~602, ~693 and ~758 nm were reported to be
due to multiphoton processes requiring three, four or seven photon absorptions. Apart
from these, thermal effects and photon avalanche mechanism due to the combination
of ground state absorption, éetl state absorption, and cross relaxation processes take
longer times [78, 79]. This behavior is in good agreement with long decay and rise
patterns at 692 nm, as shown in Figuseda and5.4b. These patterns give some
information about both the thermahture of the process and emission mechanisms
[79, 80]. In Figure 5.4a, it is shown that decay patterns seemed to increase in length
with anincreasing output power oiie laser. The rise patterns measured were found

to be very complicated with output pevg and they were shorter for higher laser
powers (Figure 5.4b). This anomalous behavial@tver time scale was also observed

in several other studies [€2] and it may be due to being together of photon avalanche

upconversion processes and thermaaf to form white light.
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Figure 5.4 : a) Decay; bRise patterns at 692 nm for 1% per mole’Na#bped
yttrium silicate nanopowder depending on output power at atmospheric
conditions.

5.1.4Luminescenceproperties at vacuum conditions

Luminescence ppeerties of the sample wegvestigated under vacuum (0.01 mbar).

In Figure 5.5, white light generation is shown with the emissions &f Nds. The

inset figure shows emissions from UC white light to thermal white light at definite
pumping powers. The v weak emission centered at ~482 nm dué@ezY *los2
transition starts to disappear above ~3.51 W. The shoulders centered at wavelengths
above ~532 nm due to several*Ntransitions start broadening-hmogeneously

above ~4.48 W because of the therafédcts. The broadband peaks at ~605 nm, ~666
nm, and ~748 nm may be due48s2+°G72Y “lorz, *FarY *lorz and*Fsiz+*Se2Y “larz,
transitions of Né&", respectivelyThe pumping power dependence shows that slope
values are extremely high (n=5 or 6) andstmay indicate thathe avalanche
mechanism is still occurring (Figure 5.6). The broadbiangossibly affectedby a

photon avalanche population process because of-mt@s@tion processes if the
excitation power is highlhe luminescence dynamics were investigated by measuring
the rise and decay intensity patterns in vacuum (Figure 5.7). The decay patterns have
similar characteristics at 605 and 666 nm and they were not strongly dependent on
output powers of laser in vacmuconditions. However, the rise patterns measured as

a function ofthe output power of laser were found to be very complicated in shape, as

they were in atmospheric conditions (Figure 5.4).
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Figure 5.5 : Emission spectra of 1% Rtdoped yttrium silicate nanbpsphor
depending on power at 0.01 mbar. Chromaticity values (X, y) were given
fora) 5.79 Wand b) 3.51 Wandc) 1.4 W

The rise patterns at 605 nm are shorter than that of it is at 666 nm and longer with
decreasing output power of the laser. The re&mahis unusual characteristic may be

due to thermal processes and the effect of superposition®6eNssions.

—a— 605nm n=4.0
—e— 666nm n=4.1
—&— 748nm n=1.7

—&— 605nm n=5.5
® 666nm n=54
—&— 748nm n= 3.9

log {intensity)(a.u)

log (Power)(W)

Figure 5.6 : Double logarithmic representation of 1% Xdoped yttrium silicate
nanopowder at vacuum (0.01 mbar).

The decay and rise patterns last severabrsgs, and it gives additional evidence for
the thermal nature of the process as at atmospheric pressure. It is also seen that the
atmospheric condition decay patterns are shorter than those at vacuum conditions

45



(Figure 5.4 and Figure 5.7). The extraoetinbehavior at lower times was also shown

at vacuum like measurements in atmospheric condition
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Figure 5.7 : a) Decay; b) rise patterns at 605 nm and c) decay d) rise patterns at
666 nm for 1% per mole Ntldoped yttrium silicate depending on output
power at vacuum.

The illuminance meter measurements show that color teropesaifl% Nd* doped

sample at both atmospheric and vacuum conditions were candle like white for high

output laser powers, as shownTiable 5.1. However, when laser output power was

decreased, the Correlated Color Temperature values were generally increased

accordi

wh i

powers of the laser. Accordingly, the Color Rendering Indices (CRI) values show that

the emitted light was more stable at vacuum conditions when compared with the

to CI

ng

ted to

atmospheric pressure results.

E

1931.

46

The

e mi

tted

col

or

by

0i ncandesceht whamedé |l f kemwhi gko6t an



Table 5.1 : The CIE 1931 (x, y) coordates for 1% Nt doped sample at 808

nm excitation

At atmospheric Pressure

Output Power (W) CCT(K) CRI(Ra) CIE coordinates
6.97 1978 95 (0.5264, 0.4093)
6.59 1921 95 (0.5322, 0.4075)
6.18 1855 96 (0.5380, 0.4040)
5.79 1801 96 (0.5409,0.3983)
5.37 1799 94 (0.5319, 0.3869)
4.92 1946 85 (0.5022, 0.3726)
4.48 1984 78 (0.4972,0.3718)

4 1895 75 (0.5101,0.3751)
3.51 1798 74 (0.5255,0.3789)
3.02 1775 76 (0.5296, 0.3800)
2.49 2247 85 (0.4716, 0.3721)
1.95 3522 83 (0.3897, 0.3510)
1.4 4411 88 (0.3578,0.3342)
0.84 4777 89 (0.3477, 0.3261)

At vacuum

Output Power (W) CCT(K) CRI(Ra) CIE coordinates
6.97 2068 90 (0.5177, 0.4121)
6.59 2027 89 (0.5226, 0.4122)
6.18 2000 88 (0.5253, 0.4116)
5.79 1976 88 (0.5276, 0.4106)
5.37 1947 87 (0.5298,0.4089)
4.92 1920 87 (0.5310, 0.4059)
4.48 1904 86 (0.5281, 0.3995)

4 1937 87 (0.5173, 0.3910)
3.51 2068 87 (0.4911, 0.3757)
3.02 2484 88 (0.4419, 0.3543)
2.49 2925 87 (0.4097, 0.3408)
1.95 2778 84 (0.4197, 0.3461)
1.4 2307 78 (0.4551, 0.3548)
0.84 3489 85 (0.3832, 0.3305)

When we notice to the results obtained at atmospheric pressure and vacuum, the

luminescence profile of Nid doped yttrium silicate powder cdre affected by the

change opressure. These changes at different pressures are mainly due to the changes

in the crystal field, not the energy transitions of the®NdVhen the N& ion is

embedded into the host, the lattice rearrangements occur and perturbations appear

between the dmant ion and its neighborhood [83, 84]. The crystal field perturbations

depend on the distance between ions, the conformity of the ionic radii between the

dopant and host cationhege omet r i c al

conyguration

of

shielding [84, 85]. e pressure changes affect the distance between ions, the strength,
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and the symmetry of the crystal field as well as the crystal field perturbations. Thus,
these perturbations may play an important role in the crystal structure and can cause
the changes imelative intensities, spectral slsifon the luminescence profile. The
previous studies indicated that high pressures can also cause changes in the host
structure completely and so luminescence properties [85, 86]. The pressure affects the
luminescence pperties due to all of these modifications and distortions in the local

symmetry in the lattice surrounding the dopant ions.

Table 5.2 summarizes the number of required laser photons (n) for different transitions,
as obtained using the slopetbélog | versus log P at two different pressurést the

Nd®* doped sample, the green band centered at ~542 nm andygiem band
centered at ~568 nm, the orange band centered at ~602 nm and red bands at ~693 nm
require ~three, four, seven, four photons absumptat atmosphericpressure,
respectively. Above ~5.79 W, n values increase dtiesteffects of growing of photon
avalanche with thermal processes. The upconversion mechanism witphbtea
absorption is more efficient at thtFsz+°He2Y “los2 transiton (~758 nm). The
4Gsi2+2GrY “lgpotransition at ~602 nm requires less photon at vacuum conditions as

compared with that at atmospheric pressure.

In conclusion, white light based on both UC emission and thermal proceases w
obtained at atmospheric amdcuum conditions for diode laser excitation of 808 nm.
Several emission bands at low pumping powers (below 5.79 W) due to energy levels
of the N&* doped samples were observed at atmospheric pressure. The photon
avalanche mechanism with thermal processes for white light spectra is more effective
at high pumping powers. In the vacuum (0.01 mbar), the spectrum consists of a thermal
white light above ~%1 W and presents peaks corresponding 5 tdahsitions. While

the emitting light was candle like white light at high powers, it was upconverted white
light at low powers for both condition¥he illuminance meter measurements show
that color temperates of the 1% N& doped sample at both atmospheric and vacuum
were close to incandescent lamps for high output laser powers. However, these values

were increased for low output laser powers according to CIE 1931.
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Table 5.2 : The list of the n values for Ntldoped sample at atmospheric
pressure and vacuum under 808 nm excitation

Atmospheric Condition

Power <5.79V Power >5.7%V
& (ni Transition Ny n,
542 2Gri2Y Harz 2.7 12.8
568 2Gs2Y Yoz 4.3 12.1
602 4Gsi2+2Gri2Y Horz 6.8 8.5
693 ‘Fr2+Sai2Y Hor2 4.3 8.1
758 AFsi+?HorY Yo 2.9 3.2

Vacuum Condition

Power <3.51W Power >3.51W

& (ni Transition Ny n,
605 4(35/2+2(3"7/2Y Hor 4.0 55
666 ForzY “lor 4.1 5.4
748 “Fs/o+*Sar2Y “lor 1.7 3.9

It is avaluable result that upconverted white light frdmeblue, green and red region
from a single dopant (Ni9) is obtained below ~5.79 W and ~3.51 W for atmospheric

pressure and vacuum, respectively. The long decay and rise patterns gave evidence for

thethermal nature of the processes. This compound could be a white light source for

usage in many scientific and industrial applications

5.2 Tm3* Doped Yttrium Silicate Nano-Powders:

Thulium (Tn?") ion has a strong absorption near 800 nm and exhibits emissioms fr

near infrared to ultraviolet region. It has a wide application area, for exame’Hs

transition of Tni* ion has applications in medicine and remote sensing of the
atmosphere (LIDAR devices). In additid®, Y *Fsand®H. Y 3F4 transitions are used
for high capacity data storage optical devices andar®l (14601530 nm)

( TDFAs)
upconversion properties of yttrium silicate>2(4: SiO;) nanopowders doped with
different concentratios(0.5%, 1% and 0.25 % per mole) of Thulium (1) Ghrare
earth ionshave beerdemonstratg at various pumping power$he samples were

ampliycation

n

opt i c-88]. Heteia,| e c o mn

annealed at 128Q during 12 h. Luminescence properties of prepared 0.5% per mole

Tm?3* doped sample (HT1) was investigated at atmospheric and vacuum conditions. In
addition, 1% per mole T# doped (HT2) and 0.25% per mole Thdoped (HT3)

samples were compared with HT1 sample at atmospheric conditions. The emissions
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due to the energiransers of appropriate dopants were obsenuben the samples
were excited by diode laseexcitation 0f808 nm

5.2.1Structural analyses of the Tm* doped samples

The phase identiycation of t h-eaypowderai ned sam
diffractometer (XRD).Figure 5.8 shows the XRD patterns of the powders and
according tothe Joint Committee on Powder Diffraction Data, all powders mostly

contain peaks correspondingthet r i c 1Y #SpQG; ghas&with the card number-38
0223

Intensity (a.u)
. .

M o-Y,Si,0, (JCPDS card number 38-0223)
- ——0.5% Tm* doped sample

—1% Tm" doped sample

——0.25% Tm"' doped sample

1wt T,TT,TTT,? 1% timry s

30 0 45 50

20

eYadSi>@r nanophosphors annealed at

Figure 5.8 : XRD patterns of Trif d o p
1250 AC for 12 h.

Average crystalline sizes were estimatedtm/Scherer equation and were found to
be ~62 nm, ~45 nm, ~59 nm for 0.5%, 1%, 0.25 %' Tdoped powders, respectively.
The representative SEM images for the samples were shown in Figure 5.9 forf1% Tm
doped sample. It can be seen that the particles were observed as dianular
nanoparticles and the polycrystals formed by agglomeratieshown inFigure 5.9.

The role of dopant concentration and excitation wavelength on upconverted
luminescence property of Thdoped nanocrystals are investigated in literature
[89,90], we observed for the low concentration ofTion that there were no chges

for crystal structure.
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Figure 5.9 : A representative example for Scanning Electron Microscopy images,
1% Tnt* doped nanophosphor.

All the powders are composed of agglomerates of particles of different sizes and

shapes forming a highly porous material.

5.2.2Luminescenceproperties of Tm** dopedsamples

The solgel synthesized T#i doped yttrium silicate nanophosphors showed the
intense upconversion luminescence under excitation by a NIR laser (808 nm). The
emission characteristics of all samples are similtr @nly differencsin relative peak
intensities. Figure 5.10 showihe luminescence spectra of the 0.5% *frdoped

sample (HT1) with depending on excitation laser powers at atmospheric conditions.

Intensity (a.u)
s

intensity(a.u)

S ' T — F T T
450 500 550 600 650 700

750
wavelength (nm)

Figure 5.10 : The luminescence profile of the 0.5% per mole*Tdoped Yttrium
silicate sample at atmospheric conditions.
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The peaks centered at ~475 nm and ~695 nm may be dGe¥to®Hs and>FsY Hs
transitions of Trd* ion, respectivelyThe pump power dependence of emission bands
at 475 and 695 nm was investigatedd ahe result is shown in Figure 5.11 at

atmospheric pressure.

m 475 nm n=2.8 goe*
® 695 nm n=24

E)
8
=
= -
[2)]
=
[1}]
3
=
k=3
i)
Ny
n
2 3 4 5 6 7 8

log(power)(W)

Figure 5.11 : Log-log plot of the 0.5% per mole T¥hdoped Yttrium silicate
sample at atmospheric conditions

The experimental data for these two emission bands have beerwith a straight
line. Theslopes werefound ~2 which confirms that these emission lines have two
photon absorption process

The luminescence spectra for 0.5%°3Tmoped yttrium silicate was also measured at
vacuum (1x16 mbar) and the results were shown in Figure 5.12. The only spectral
differencebetween atmospheric and vacuum ceséhat there is a wide shoulder
between 450 nm and 650 nm at vacutitre pump power dependence of the emission
bands was again analyzed f@acuum case with little shifting wavelengths of peaks

(476 and 694 nm) when comparing with the atmospheric pressure case (Figure 5.13).
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intensity (a.u)

400 450 500 550 600 650 700 750
wavelength (nm)

Figure 5.12 : The luminescence profile of the 0.5% per mole*Tdoped Yttrium
silicate sample at vacuumQi mbar)

The slope waagain near 2. Table 5.3 shows the @QHE31 chromaticity values of HT1

sample at various pumping powers under vacuum and atmospheric conditions.

® 476 nm n=2.2 ,o”""
® 694 nm n=1.8 2

II.Hﬂ

log (intensity)(a.u)

1

log (power)(watts)

Figure 5.13 : Log-log plot of the 0.5% per mole Tfhdoped Yttrium silicate
sample at vacuum
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Figure 5.14 shows tHeaminescence spectra of HT2 and HT3 samples at atmospheric
conditions with the excitation of 808 nm. It is shown that the spectra are very similar
to each other. We can say that luminescence behaviorsfibmed yttrium silicate
samples are similar whehe concentration of T#iis low. Upconversion emissions
due to the energy transitions of ¥nions were obtained for samples at atmospheric

conditions under 808 nm excitation.

— 734w —
——6.59W / i
6.18W
579W 1 |
—53TW
——492W A
{1 —sa8w f\

AW \

3s1wW f \\‘
302w \
1 2490W 74\
195W A\
14W i/ \\

intensity (a.u)
Intensity (a.u)

45 500 550 600 650 700 750 450 500 550 600 650 700 750
wavelength (nm) wavelength (nm)

Figure 5.14 : The luminescence profile of the a) 1% per mole€®T(HT2) and b)
0.25% per mole TAT (HT3) doped yttrium silicate sample at atmospheric
condition
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Table 5.3 : The illuminance meter results and the corresponding photos of the
emission for the 0.5 % T¥hdoped yttrium silicate sample

at atmospheric pressure

Power (W) CIE 1931 CCT(K) CRI(Ra) llluminance Image of
coordinates meter spectrum the
(x,y) emission
(0.3438, 82
7.34 0.3107) 4876
(0.3437 4
5.79 0.3130) 4894
(0.3441 %
4.0 0.3166) 4895
88
(0.3452,
1.95 0.3207) 4862
at vacuum (18 mbar)
Power (W) CIE 1931 CCT(K) CRI(Ra) llluminance  Image of
coordinates meter spectrum  the
x,y) emission
82
(0.4043, 0.
7.34 3408) 3044
81
(0.3724,
5.79 0.3261) 3794
83
(0.3562,
4.0 0.3211) 4371
86
(0.3502,
1.95 0.3239) 4655

Double log representation of the intengiiywer is also similar for the samples as seen
in Figure 5.15.
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Figure 5.15 : The log plot of the a) 1% per mole ¥hand b) 0.25% per mole Tih
doped yttrium silicate sample at atmospheric condition.

Table 5.4 shows the chromaticity coordinates, CCT and CRI values depending on the

pumping powers at atmospheric condis@according to CIE 1931.

Table 5.4 : The CIE 1931 (x, y) coordinates for the 1% per niot€* doped
(HT2) and 0.25% per mole Tihdoped (HT3) samples at atmospheric pressure with
808 nm excitation.

HT2
Output CCT(K) CRI CIE coordinates
Power (W)
7.34 4398 81 (0.3553, 0.3195)
6.97 4446 82 (0.3543, 0.3199)
6.59 4471 82 (0.3538, 0.3201)
5.79 4545 83 (0.3521, 0.3204)
4.92 4631 85 (0.3503, 0.3209,
4 4704 86 (0.3489, 0.3225)
3.02 4766 88 (0.3477, 0.3240)
1.95 4788 89 (0.3474, 0.3254)
1.4 4791 89 (0.3474, 0.3256)
HT3
Output CCT(K) CRI CIE coordinates
Power (W)

7.34 4918 75 (0.3420,0.3009)
6.59 4899 76 (0.3424, 0.3019)
5.79 4909 77 (0.3425, 0.3040)
4.92 4957 80 (0.3420, 0.3076)
4 4932 83 (0.3428, 0.3115)
3.02 4908 87 (0.3441, 0.3195)
1.4 4868 88 (0.3452,0.3215)
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5.3 Yb3*Doped Yttrium Silicate Nano-Powders

Ytterbium (Ill) ion is one of the most promising rare earthsitat has been used for
photonic applications in different host materials. Thé"Yén has several advantages
for spectroscopic properties due to its simptergy level configuratia) no cross
relaxation process and suitability of it broad absorption lines for edrkser diode
excitation. In REsystems, YB' is generally used as a sensitizer of energy transfer for
infrared to visible upconversion lasgbgcause it hassimple electronic structure with

a large energy gap between its groutiél4) and excited s states that splits into
the Starks levels when doped in a matrix. Thé"Yaéns are used as sensitizers in the
upconversiorprocess, whicldo not necessarily contribute to the overall white light
emission [9192].

In this part of the thesis, we have reported that white light generation fréhaofted

yttrium silicates in various concentrations. We observed several emission bands due
to Er¥* impurities due to technological reasons at low pumping power spectra and
many Stark levels also appeared in the spectra because of the local disorder around
Yb3*ions in yttrium silicate hosAlthoughYb3*ions have no emission in visible range
according to Dieke diagram, UC mechanism responsible for blue emission is a two
photon absorption process and is ascribed tpeative luminescence frob®*-

pairs. Broadband WL generated in samples may be dusetmal emissions. The
intensity of WL is highly nonlinear with excitation power. The luminescence
characteristics of the samples showed {gteeen UC characteristics and transitions of
unwanted Bf'i mpur i t ibe puantp i &lgo etweend.38 Wa2I94W, s

0.38 W 2.33 W, 0.12 W0.92 W, 0.12 W1.06 W for 1%, 2%, 5% and 10% ¥b

doped samples, respectively. When the concentration &f iMbreasesplue light
becomsavisible at lower power values. When the pumping power was increased, white
light spectra wereobtained fomall samples. The threshold power to obtain white light
spectra decreased by increasing™Ytmncentration anthe generation of white light

is strongly dependent on Ytconcentration. We observed that the higher is the dopant
conentration;the lower is the power at which white light appears. The increase of

Yb3* concentration causes a shift of the peak of white lighttiglzenergyregion.
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5.3.1Structural analyses of the YB*dopedsamples

Structural and morphological analysegi Yb** doped samples were performed by
using different analytic techniques such as XRD, SEM, FTIR, TEM and EBS.

XRD patterns indicate that all nanopowders contain crystalline phases. Figure 5.16
shows the XRD patterns of 1%, 2%, 5% per molé"opel and undoped yttrium
silicate nanopowders to compare them. The average partickensreestimated as

~89 nm, ~102 m, ~87 nm, ~86 nm fonanopowders, respectively, by usitige
Scherer equation. Figure 5.17a shows 10%" oped sample and average particle
size is estimated to be ~78 nm. According to JCPDS (Joint Committee for Powder
Di ffraction Data), the main st rYp0Our e
(triclinic, P-1(2) space group) with card number@&23.

(d)

: | L/ (©)

Intensity (a.u)

| | | (b)
: I | (a)

" O w-Y2Si207 A Y-Y2Si207
ﬁ Cj)*' I ! ] ! ] ' 1 ' ] ! | ﬁﬂ
0 15 20 25 30 35 40 45 50

1

20

Figure 5.16 : XRD patterns of the (a) 1% per mole (b) 2% per mole and (c) 5% per
mole YB** doped and d) undopedSi>O7 nanophosphors annealed at
1250°C for 12 h.
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The doping ytterbium (1%, 2%, 5% and 10%*Yjper mole) may cause the additional
peaks due to ¥ >Si-O7 phase with card number 1994 according to JCPDS. Figure
5.17b shows the XRD patterns of the 2094 *vdoped sample. The average particle

size of 20% per mole Y doped sample was estimated ~129 nm.

——20% Yb>* doped sample
' ‘ * X,-Y,Si0, Y,Si,0.

(a) " 0-Y,Si,0, (JCPDS 38-0223) (b)
B Y-Y,Si,0, (JCPDS 74-1994)

272°% 2°2%

Intensity (a.u)

I un,] | ”y |

.1\
: »U ‘v U '.W“ wu I Mﬁm
M u W-'-* '\. H '..- ‘:H:Hl- “‘. " "™ i * Rk FHy \ ¥ V* "“ W? ‘f""*“

T
20 30 40 50 1o 20 25 30 35 40 45 50 55 60
26 20

Intensity (a.u)

Figure 5.17 : XRD patterns of (a) 1% per mole (b) 2% per mole @&% per
mole YB** doped and d) undoped:Si>O7 nanophosphors annealed at
1250°C for 12 h.

The structure of 20% per mole ¥bdoped sample is most likely2X 2SiOs phase
with monoclinic structure in 22(a) space group, (card number3&/6). 20% per
mole Yb** doped sample may also show Keiv{)-Y 2SizO7 monoclinic phase with
the card number 38440. In correspondence to 1:1 molar ratio, we can find both
phases of yttrium silicate asSi:07 and X- Y 2SiOs due tothephase diagram of 20s:

SiO; [37]. This additional phase was identified agplase of ¥Si,O7 (PDF741994)

and was attributed to the presencabigh concentration of Y& ions in the host. The
modification inthe structure of yttrim silicate powders may caubg the similarity

of the atomic radii of YB" and the host ion material f¥ions). It should be considered
as a possible cause of modification tbe structure and luminescent properties of

yttrium silicate powders [61].

The Transmission Electron Microscopy (TEM) imagess® Yb** doped yttrium
silicate powder is shown in Figure B.The averagergstallite size determined from
TEM image was found to be abou®3-nm forpowder, whichare in good agreement

with those obtained from the XRD spectra ugimgScherer equation
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Figure 5.18 : Transmission Electron microscopy images of 5%"™tmped ¥%Si,07
powder with two different resolutions; a) 10 nm scale and b) 100 nm
scale.

SEM images of both undoped and®/koped nanoparticles are presented in Figure
5.19 for comparison with undoped samplgure 5.19b shows partially agglomerated

crystallites of observed phases from XRD spectra.

Figure 5.19 : The SEM images of undope) and 10%Y#" dopedb) powders
annealed at 128G for 12h.

As seen from Figure 59, u n d - 38igdd particles were observed as granular
like nanoparticles with thdiametersof the particlesanging from 69 td28 nm. As
seen from Figure 5%, agglomeration increases in the presence of Wiith the
diametersof the particles range from 86 to 22im. The deviation in estimated sizes
between the SEM images and the XRD patterbséausealculations from the XRD
patterns refer to a single average crystalline size while those determingtidr8EM

images refer to the size of the polycrystals that are formed by agglomeration.
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5.3.2Diffusive reflectancemeasurements

Figure 5.0 shows absorption and diffusive reflectaspectraogetherf un-annealed
bulk (HY) and annealed powder (HY1250) samplgsped with 10% YbB*,
respectively. The diffusive reflectance measurement showsl@atYb** doped
yttrium silicate hasinextremely broad spectral band in the range of BDGO nm. The
reflectance spectral band is increasing when the concentration®bfovilis high in
yttrium silicate host matrices.

abs
reflectance (%)

0.0+
T T T T u T T T T T T
400 500 600 700 800 900 1000 1100

wavelength (nm)

Figure 5.20 : a) The diffusive reflectance spectra of 109¢oped powder
sampe andb) the absorption spectra of 10%°3 doped bulk sample
without heat treatment

Figure 5.2 gives the diffise reflectance spectra of both undoped (SY1250) adtl Yb
doped annealed yttrium silicate powders for comparison. The main transition is at 973
nm corresponding t&F2Y 2Fsp transitionof Yb®* ion. The main transition and Stark
splits were only obtained fromb3* dopedsample, nothe undoped sampléVe may

obtain the’F72 ( 0 )?Fs2(0) main transition at 973 nrffi72 ( 0 )2FsX(1) transition

at 951 nm andFz2( 0 )2Fs2Y(2) at 918 nm mapelong to YB* as Stark splits are
seen in Figure 21 h Moreover, thélis;{ 0 ) *11140) at 1001 s 0 )*111X1)

at 976 nm?l 1s2( 0 )*l1142) at 945 nm antlis; 0 )*l11X3) at 929 nm transitions

of Er¥*impurities are also seen figure 5.2b.
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Figure 5.21 :a) The diffuse reflectance spectra of the 10% toped powder
annealed at 125 (HY1) and undoped annealed sample(SY1) b)
possible transitions corresponding to wavelengths

5.3.3Luminescenceproperties of Yb3* dopedsamples

Theupconversion coloandwhite lightemission spectra in various concentrations of

Yb3* doped yttrium silicate nanopowdavere measured between 450 nm and 900 nm

at atmospheric pressure and vacuum (0.01 mbar) with various pumping poveers. Th

slit of the 1 m McPherson monochromator was
for 20% YB* doped sampleThe slitwaxc hanged t o tRedemissionvias c au s e

very strong and the saturation occurred dueety bright white light.

The spectra of U@re shown for 5% Y& doped nanopowder in Figure 5.22 with 975

nm laser excitation at atmospheric pressure. The sample exhibits a luminescence
emission intheblue-green region and red domain of visible spectra under the 975 nm
excitation. The blue emissiois a cooperative emission corresponding to the

simultaneous radiative relaxation of ¥% Y B*ion pairs around ~475 nm; the green
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and red emissioaredue to fHi12, *Se) Y “l1s2at ~523 nm an@Fo2 Y *liszat ~653

nm energy transitions of unwanted* impurities, respectively.
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<4 —4.01 watt
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——6.45 watt
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wavelength (nm)

Figure 5.22 : Luminescence spectra of 5% 3llloped yttrium silicates at
atmospheric pressure

The appearance of the*Etuminescence indicates presence of small amount of this
ion in the raw materials used for synthesis of the posvtispite the claimed high
purity) and, as a result the transfer of energy from*Yéns to E?* impurities is also
present for all YB" doped samples [19, 58, 61]. The white light was obtained when
the pumping power is at least ~1.32 W for 5%>Ytloped powder under vacuum
condition.The white light was obtained when the pumping power is at least ~2.45 W
for 5% Yb** doped sample at vacuum as shown in Figurg. 3.Be*lo2Y *l1s2energy
transition of E?* impurities around 835 nm becomes weak wtienpumping power

is increased fothevacuum case. At high pumping powers, red emission is spreading
and the spectra begin to turn white light speditee luminescence characteristics of
5% Yb** doped yttrium silicate samples showed biieen UC charderistics because

of the cooperative emissions of two ¥ons and transitions of unwanted3Er

i mpuritbepumpi gowower values at both
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intensity (a.u)

Figure 5.23 : Luminescence spectra of 5% %tdloped yttrium silicates at vacuum
(0.01 mbar) llluminasmeter results at lay(0.92 W) and) high (3.38

The white light was obtained when the pumping power is at lea@Wand ~1.19

W for 10% YB* doped sample under atmospheric and vacommditions, respectively
(Figure 5.2 and 5.3). A blue UC emission that could easily be seetheyaked eye
was observed in Y¥ doped powder at atmospheric conditions. The main peak of
white emission of 10% Y3 doped sample was ~680 nm for atmospheoiaditions.

The increase of Y33 concentration causes a shift of the peak of white light to & high
energy region. The wtd light becoms visible for 10%vb%* doped powder at least
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T T T T —T r T
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T ¥ T b T v T L3 T bd T
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wavelength (nm)

ot —
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W) powers.

1.19 W under vacuum conditions (Figure3j.2
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Figure 5.24 : Luminescence spectra frob®% YbB** yttrium silicate at atmospheric
pressure

WL emission becomes stronger as the UC emission disappears. Namely, at low
pumping power levels, the UC emission from the dogsdple in the 400 nm to 500

nm region is mainly from the RE ions, but it dmshes whenthe white light
continuum begins to appear with increasing pumping power. The position of the peak
of the white light shifts to the lower wavelengths of ~665 nm for 20% Wbped
sample. For 20% Y& doped yttrium silicate sample, we could pbtain blue, green

or red upconversion emission at low power values under 0.01 fiimamvhite light
becomevisible for 0.92 W for 20% Y% doped sample under vacuum. The threshold
power to obtain white light spectra decreased by increasifitc¥hbcentation andhe
generation of white light is strongly dependent orf\tmncentration.
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Luminescence spectra from 10%% pttrium silicate sample at
vacuum (0.01 mbar)

The luminescencdynamicsdecay and rise patterns, of ¥loped samplesvere

investigated depending opumping power. The decay and rise patterns of low

concentration of Y® doped samples are not strongly depending on pumping power

and the order of

time scale shows the thermal processes are effective on the emission

mechanism bewse of taking several seconds. The decay patt&ves notstrong

dependence on pumpipgwer;however, the rising patterns are more sensitive to the
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pumping powers. The representative examples at vacuum are shown in Figéres 5.2
and Figure 5.2for 1% and 5% YIB** doped nanopowders, resgively.
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Figure 5.26 : a) Decay and) rise patterns of 1% Y doped sample at 0.01 mbar
under vacuum (0.01 mbar) at 701 nm.

However, the rise patterns of the yttrium silicate samples doped with the higher
concentration of Y# are strongly dependent on the power as seen in Figure 5.28.
Figure 5.28 shows the decay and rise patterns for the 26%d¥ped nanopowder.

The rise patterns are faster at higher powers and decreased to lower power values.
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Figure 5.27 : Power dependency of 5% paole YIB** doped yttrium silicate (a)
decay and, (b) rise curves at various pumping powers at 698 nm.

As seernn Figure 5.28, the riag pattern is very fast at high powers and decreased to
low power values gradually foéhe sample. The rise time patteraxe also affected by

both pumping power anahigh concentration of Y3 ions.
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Figure 5.28 : Power dependency of 20 % per mole*Ytooped yttrium silicate
nanopowder (a) decay and, (b) rise patterns at various pumping powers.

We have also investigated the luminesegbehavior of the samples depending on the
pressure Figure 39 and Figure 5.8 show the representative examples of white light
generation depending on pressure for 5% and 10% Wbped yttrium silicate
nanopowders. The broad emission around ~791 nm, ~ 801 nm and ~ 834 nm can be

Y152Y “ar2transition of EF* impurities [97, 98].

Figure 5.8 shows the spectra of 10% ¥bdoped yttrium silicate depending on
pressure. The 10% Yhdoped sample emits blue emission due t8*Y®b3* ion pair

at ~475 nm at atmospheric pressure.
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Figure 5.29 : The spectral difference of the 5% per mole*ydoped yttrium
silicate nanopowder at a) room pressure b) 5.6 mbar c) 0.01mbar by
pumping power at 3.38 watt¥he insets are the corresponding spectra
measured byheilluminance meter.
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Figure 5.30 : Emission characteristics of 10% per mole3*YdiDped yttrium silicate
at 3.38 W pumping power at a) atmospheric pressure b) 18 mbar c)

0.01lmbar. The insets are the correspog@ipectra measured Hye
illuminance meter.
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In Figure 5.3a, the spectra of 20% Ybdoped yttrium silicate are shown under
atmospheric pressure and 0.01 méus8.38 W

Figure 5.31 : Emission characteristics of 20% ¥lwoped yttrium silicate sample
a) at 3.38 W pumping power at 0.01 mbar and atmospheric pressure b) at
0.44 W at atmospheric pressure.

In Figure 5.3b, 20% YI* doped sample emits blue emission due t3"¥#b3* ion
pair at ~475 nm at atmospheric pressurelow pumping power (0.44 W). The &r

impurities in the nanopowder cause the red emission band; also energy transfer from
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