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PRODUCTION AND CHARACTERIZATION OF WHITE LIGHT BASED
ON ENERGY UP CONVERSION MECHANISMS IN Yb**, Nd**, Tm*" RARE
EARTH IONS DOPED Y203-SiO2 NANO-PHOSPHOR MATERIALS

SUMMARY

Rare earth (RE) doped nanophosphors are used in a wide range application from
scientific areas to photonic applications due to their unique and diverse luminescence
characteristics. Most of these applications depend strongly on the size and structure of
the material. The principle strategies for obtaining new luminescent materials involve
the variation of host lattice and luminescent ions. The rare earth ions have unique
electronic configurations and this structure distinguishes them from other optically
active ions such as transition metals. The optically active electrons in rare earth are
shielded from the local Coulombic environment, and the energy levels remain quite
constant. Since the 4f electrons are shielded from the environment by the outer-filled
shells of 5s and 5p electrons, the 4f electrons do not participate in the chemical
bonding. This non-bonding property is responsible for the chemical similarity of
different rare earth ions. The shielded character of 4f electrons affects the
spectroscopic properties of the rare earth ions. Since the rare earth ions have sharp
emission lines, strong absorption band, and less sensibility, they are the most desirable
candidates as laser materials.

The overall objective of this thesis is to synthesize yttrium silicate (Y203-SiO2) host
doped with Yb%*, Nd*" and Tm?* rare earth ions that called as 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 Yb3* single doped, Tm3*/ Nd**, Yb%/ Tm3* or Nd**/Yb** codoped and Yb3*/
Nd®* /Tm** triply doped yttrium silicate samples were systematically investigated by
various experimental methods. The most important aspects of the study are the
generation of white light, investigating the effects of upconversion (UC) energy
mechanisms, the influence of the various synthesis techniques on the luminescence
properties, and examining the mechanisms responsible for the generation of white
light. Many physical parameters such as pumping powers, ambient pressure,
temperature, excitation wavelength, and annealing temperature of the sample affect
the optical properties of materials. For these reasons, investigating the luminescence
characteristics of the RE doped nanomaterials depending on various physical
parameters is very important to improve the quality and application area of the
luminescent materials.

Nanostructured materials are typically defined with the particle diameters or grain
sizes of 100 nm or less. The nanosize enhances structural, electronic, thermal and
optical properties when compared with their single-crystal form. Therefore, the
reduction to the 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 materials in
optics. Up to now, these mechanisms are not completely understood and one aim of
this thesis is to bring new improvements to literature with experimental results.
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Light in different colors for various laser applications has been obtained using the rare
earth ion doped nanophosphors until now. The white light produced by a broadband
emission or multiphoton excitation processes from different materials doped with RE’s
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 results of the thesis obtained from different
kinds and portions of rare earth ions, various pumping power, and pressure, in different
temperatures range and different excitation wavelengths of laser diode will contribute
to design new kinds of materials to generate white light for photonic and industrial
applications. The results of the thesis can contribute certainly to research and
development activities about white light.
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Yb*3, Nd*3, Tm*3 NADIiR TOPRAK IYON KATKILI Y203-SiO>
NANOFOSFOR MALZEMELERDE UST ENERJI DONUSUM
MEKANIZMASINA DAYALI BEYAZ ISIK URETIMIi VE
KARAKTERIZASYONU

OZET

Nadir toprak (RE) iyon katkili nanofosforlar kendilerine has ve ¢esitli liiminesans
ozelliklerinden dolay: bilimsel alandan fotonik uygulamalara kadar genis bir alanda
kullanilmaktadirlar. Bu uygulamalarin ¢cogu malzemenin boyutuna ve yapisina
baglidir. Yeni tiir liminesans malzemeleri elde etmek icin ana strateji g¢esitli host
latisler ve liiminesans iyonlar kullanmaktir. Nadir toprak iyonlar1 kendilerine has 6zel
elektronik bigimlere sahiptir ve bu yapilari onlar1 ge¢is metalleri gibi diger optik olarak
aktif iyonlardan ayirmaktadir. Nadir topraklardaki optik olarak aktif elektronlar yerel
Coulomb ¢evresi tarafindan perdelenmekte ve enerji seviyeleri neredeyse sabit sekilde
kalmaktadir. 4f elektronlar1 ¢evreden dis yoriingeleri dolu 5s ve 5p elektronlari ile
perdelenmektedirler ve sonug olarak, 4f elektronlar1 kimyasal baga katilmamaktadir.
Farkl1 nadir toprak iyonlarinin kimyasal yapilarinin benzer olma sebebi budur.

4f elektronlarmin perdelenme karakteri nadir toprak iyonlarmin spektroskopi
ozelliklerini etkilemektedir. Bu iyonlar keskin liiminesans ¢izgilere, gii¢lii sogurma
bandlarina sahip olduklarindan lazer malzemeleri olarak en ¢ok istenen adaylardir.
Fosfor olarak adlandirdigimiz malzemeler ise kristal formda, inorganik ve
yalitkandirlar. Nadir toprak iyonlar1 katkilandirildiginda bu malzemelerin 1s1k
yaymlama ozellikleri etkilenmektedir ve katkili nanopargaciklar diigiik enerjili olan
kizil6tesi fotonlart sogurarak daha yiiksek enerjili foton yayilimini saglayabilirler. Bu
ozellikleri onlar1 optik ve fotonik alanlarinda ¢ok kullanishi malzemeler haline
getirmekte ve wuygulama alanlar1 goriintiileme teknolojilerinden biyolojik
uygulamalara kadar ¢ok genis bir yelpazeyi kapsamaktadir.

Nadir toprak (RE) iyonlar1 katkili nanofosforlarda, diisiik frekansli fononlar
luminesansin fonon destekli durulmasina giiclii bir sekilde katki verirler ve bu
modlarin konumsal olarak sinirlanmasindan dolayr nanofosforlarin optik 6zellikleri
bulk haldeki fosforlardan farklidir. RE katkilanmis nanofosforlarin optik 6zellikleriyle
ilgili diger baz1 etkili faktorler; kristal alan etkileri, 4f elektronlarmin spin-orbit
ciftlenimi ve nanoyapili malzemelerin birim hacim basina ylizey oranlarinin genis
olmasidir. Nadir toprak iyon katkili fosfor malzemeler ince film veya toz formda ¢esitli
yontemlerle tretilebilir. Fakat goriintii keskinligin azalmasi ve 151k yayma etkisinin
kisitlanmasi sebebiyle bu tiir malzemelerin ince film olarak kullanilmasi tercih edilir
degildir. Bu sebeple toz formda iiretmek ve boyutu nano mertebesinde tutmak
kullanimin1 daha verimli hale getirmektedir. Nanofosforlarin luminesans 6zellikleri
tizerine yapilan calismalar, nanofosforlarda nadir toprak iyon konsantrasyonu
arttiginda bulk hale gore liiminesans siddetinin arttifin1 ve daha yiiksek 1s1ik elde
edildigini géstermistir. Bunun yanisira nano boyutta fosforlarin, ekran ¢oziiniirliigiinii
arttirdig1, 151810 kararh bir sekilde bozulmadan yayilmasini sagladigi ve biyo-uygunluk
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ozelliklerine sahip oldugu gériilmiistiir. Ote yandan nadir toprak iyon katkil1 inorganik
kat1 fosfor malzemeler termal radyasyonu elektrik enerjisine c¢evirebilmeleri
ozelliklerinden dolay1 beyaz 1sitk yayan diyot yapiminda da kullamilmustir. Ust
dontigiim islemini gergeklestirebilmeleri bu tiir malzemeleri optik ve fotonik
alanlarinda ¢ok kullanish hale getirmistir. Ust doniisiim (UC) diger adiyla anti-Stokes
islemi bir sistemin iki veya daha fazla fotonun enerjilerini sogurarak daha yiiksek
enerjili bir foton yaymasidir. Bu mekanizma incelenirken aktivator olarak kullanilan
iyon ve konsantrasyonu, konak malzeme (katki yapilan malzeme) ve nano boyut olmak
tizere li¢ temel faktor dikkate alinir.

Nadir toprak iyon katkili malzemeleri iiretmek i¢in en kullanigh ve kolay sentez
yontemlerinden biri sol-jel metotudur. Sol-jel metodu diisiik maliyet, diisiik ¢alisma
sicakligi ve kolaylikla yapilabilir basamaklar gerektirmesinden dolay1r bu tiir
malzemeleri tiretmek igin ¢ok uygun bir yontemdir. Genel olarak sol-jel siirecinde
sistem siv1 fazdan (sol) kat1 faza (jel) gecis yapar. Bu siiregte ana malzeme bir seri
hidroliz ve polimerizasyon tepkimeleri ile 'sol’e doniisiir. Devam eden siire¢ sonunda
da jel meydana gelir. Sol-jel yonteminin igerdigi genel kimyasal reaksiyonlar, uygun
tasarimin yapilmasi ve kararli fazin {iretimi igin baglangi¢ materyalinde son materyale
kadar tiim islem boyunca kontrole imkan verdiginden biiyiik 6neme sahiptir. Sol-jel
yonteminin bir¢ok avantaj1 vardir. Bu yontemde kullanilan alet ve malzemeler basittir.
Hem materyallerin oksit bilesimlerine olanak saglar hem de yeni hibrit organik-
inorganik materyallerin iiretimine izin verir. Malzemelerin termal bozunma riskinin
bu yontemle minimize edilebilecegi, yiiksek saflik ve stokiometrinin elde edilebilecegi
gosterilmistir. Sol-jel isleminin diisiik sicakligi, ¢ogunlukla oksit materyallerin
kristalizasyon sicakliginin altindadir ve bdylece nadir amorf malzeme tiretimine izin
verir. Enerji tasarrufu, yiikksek homojenlige sahip malzeme sentezi, malzemelerin
mikro yapisinin kontrol edilebilirligi ve yontemde olusabilecek kirliliklerin 6rgii icine
girememesi, sol-jel yonteminin diger avantajlarindandir. Bu sebeplerle bu tezde
incelenen numuneler (Yb*3, Nd*3, Tm* katkili itriyum silikat malzemeler) sol-jel
yontemi kullanilarak sentezlenmistir.

Bu tezin genel amaci, nanofosfor malzemeler olarak adlandirilan Yb*3, Nd* ve Tm*
nadir toprak iyonlari katkili itriyum silikat (Y203-SiO2) malzemelerini sentezlemek ve
bu Orneklerden iist doniisiim mekanizmalarina dayali beyaz 1sik emisyonu elde
etmektir. Bu amagla, tekli Tm*™, Nd™ veya Yb*3, ikili Tm*3/ Nd*3, Yb*3/ Tm*3, ve
Nd*3/Yb™ ile iiclii Yb*¥/ Nd*¥/Tm* katkil itriyum silikat malzemeler sistematik
olarak sol-jel metoduyla sentezlenmistir. Burada Nd** ve Tm*2 iyonlar1, fotonlar1 ~800
nm’de sogurmada rol oynamaktadir. Yb*2 iyonlar1 ise Nd*3 iyonundan Tm*® iyonuna
veya tam tersi enerji transferi gerceklestiren bir koprii gorevi gérmektedir. Nd*3 iyonu
yakin kizilotesi bolgede (NIR) optik olarak aktif bir iyondur ve 800 nm’ de giiglii bir
sogurmaya sahiptir. Nd*® daha diisiik bir seviyeye gegince durulabilir ve taban
durumdaki Yb*3 iyonunu resonans enerji transferiyle hassaslastirir. Cam, seramik ve
bulk kristal malzemelerde yapilan Olgiimlerde iist doniisiim prosesi 800 nm’de
saglanabilmistir. Fakat boyutun etkisiyle kontrol edilemeyen morfoloji, diisiik st
doniistim verimi ve yiizey kimyasindan dolayr cam, seramik ya da bulk malzemeler
biyolojik uygulamalar basta olmak {izere pek ¢cok uygulamada problem yaratmistir. Bu
sebeple nano boyutta {iclii katkilandirmayla yapilan malzemeler tizerinde ¢alisilmistir.
Klasik olarak ikili nadir iyon katk1 yapilmis {ist doniisiimlii nanoparcaciklarin 980 nm
ile uyarimiyla karsilastirildiginda, 800 nm’de ayni {ist doniisiim luminesans yayilim
siddetinde uyarilan ticlii katkili sistemlerde, daha diisiik 1s1 etkileri ortaya ¢ikmustir.
Uclii sistemler iizerinde beyaz 151k arastirmalar1 yapilmis ve beyaz 151k eldesinde
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uyarimin yapildigr giic yogunlugunun yanisira konak malzeme secimi, katkilanan
nadir toprak iyon oranlari, tavlama sicakliginin da ¢ok énemli oldugu gosterilmistir.
Uclii olarak nadir toprak iyonlariyla katkilanmis iist doniisiimlii nano pargaciklar
lizerine yapilan ¢aligmalarla, alisilagelmis ikili nadir iyon katki yapilmig malzemeler
icin uygulamada karsilasilan problemler asilmaya calisilmaktadir.

Nadir toprak iyonlart katkilandirilmis luminesans Ozellik gosteren malzemelerin
yapisal analizlerinin dikkatlice yapilmasi gerekmektedir. Ciinkii liminesans 6zellikler
atom veya molekiillerin farkli enerji durumlarindaki gegisleriyle ilgilenmektedir ve bu
olaylar malzemelerin yapisal dzellikleriyle yakindan iliskilidir. Ozellikle bu enerji
gecisleriyle 1s1masiz enerji kayiplari olusuyorsa yani latis elektron etkilesmeleri
gerceklesiyorsa mekanizmalarin degerlendirilmesinde malzemenin yapisal 6zellikleri
cok Onemli bir rol oynar. Tez kapsaminda iiretilen malzemelerin yapisal ve optik
Ozellikleri farkli analitik yontemler kullanilarak analiz edilmistir. Malzemelerin
yapisal Ozelliklerini incelemek igin X-Isim1 Kirmmim yontemi (XRD), Taramali
Elektron mikroskobu (SEM), Gegirimli elektron mikroskobu (TEM), Enerji Dagilimi
X-1s1m1 Spektroskopisi (EDS) ve Fourier Doniistim Kizilotesi (FTIR) Spektroskopisi
gibi teknikler kullanilmistir.

Tez calismasinda Once konu hakkinda genel bir bilgi verilip ardindan konu
kapsamindaki fiziksel mekanizmalar anlatilmistir. Malzemelerin sentezi, yapisal
analizler i¢in calisilan teknikler ile deneysel ekipmanlar kisaca tanitilmistir. Sirasiyla
nadir iyon katkis1 yapilmayan konak malzemenin, tekli Nd*3, Tm*3veya Yb* katkili,
ikili Nd*™/ Yb*3, Nd*3/Tm*3ve Tm*3/Yb*® katkils, ii¢lii Nd*3/Tm*3/Yb*® katkil1 itriyum
silikat malzemelerin yapisal ve optik 6zellikleri incelenmistir. Sonrasinda bulk yani
tavlanmamis haldeki %20 YDb*® katkili malzemenin emisyon o&zelliklerine yer
verilmistir. Tezin sonraki kisimlarinda beyaz 15181n sicakliga ve basing degisimlerine
gore nasil degistigi gosterilmistir.

Caligmanin en onemli yonleri, beyaz 15181in olusumunu, iist doniistim (UC) enerji
mekanizmalarinin beyaz 151k olusumundaki etkilerini, ¢esitli sentez tekniklerinin 1s1ma
ozellikleri iizerindeki etkisini arastirmak ve beyaz 1s18in olusumunda sorumlu
mekanizmalar1 incelemektir. Bunlardan baska, pompalama giicli, ortam basinci,
sicaklik, uyarma dalga boyu, numunenin tavlama sicakligi gibi bircok fiziksel
parametre malzemelerin optik 6zelliklerini etkiler. Bu nedenlerden dolayi, RE katkili
nano malzemelerin c¢esitli fiziksel parametrelere bagli olarak emisyon 6zelliklerini
arastirmak, 1styan malzemelerin kalitesini ve uygulama alanin1 gelistirmek i¢in ¢ok
onemlidir. Bu tiir malzemelerin nano boyutuna indirgenmesi, optik 6zelliklerin nasil
etkilendigi konusunu arastirmay1 ve boylece bu malzemelerin optikte kullanimini1 daha
da genisletmeyi amaglamaktadir. Fosfor boyutlarinin nano araliga indirgenmesi, tek
kristalli formlariyla karsilastirildiginda malzemelerin termal ve optik 6zelliklerini
iyilestirir. Bu mekanizmalar simdiye kadar tam olarak anlagilamamistir ve bu tez
deneysel sonuglarla konuyla ilgili literatiire katki saglamayi amaglamaktadir.

Nano boyutlu fosfor malzemelerin goriintiileme ve fotonik endiistrisinde kullanilmaya
calisilmasi 6nemli gelismeleri de beraberinde getirmistir. Fakat nanoboyutun 1s1masiz
enerji kayiplarinin ana kaynagi olan latis elektron etkilesmesine yani fonon enerji
durum yogunluguna etkisi konusunda calismalar yeterli diizeyde degildir. Fosfor
malzemelerin boyutlarinin nano mertebesine indirilmesiyle termal ve optik
Ozelliklerin tek kristal formlarina gore daha iyi bicimde gelistigi goriilmiistiir. Bu
sebeple cesitli sentezleme tekniklerinin boyuta etkisi ve boyutun bu nano
malzemelerin optik ve termal 6zelliklerini nasil etkiledigi, fotonik alani icin temel
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arastirma konularindandir. Bugiine kadar nadir toprak iyon katkili nanofosforlar
tizerinde yapilan ¢aligmalarda gesitli lazer uygulamalari altinda farkli renklerde 1siklar
elde edilmistir. Bu tezde, iist doniisiim enerji mekanizmasi esasina dayali ya da termal
beyaz 1s1k {iretimi elde etme konusunda sinirli olan c¢alismalara katki saglanacaktir.
Beyaz 15181n sadece belirli fiziksel kosullara bagl olarak m1 olustugu yoksa sadece
beyaz 15181 olusturmak icin kullanilan malzemenin yapisiyla mi ilgili oldugu net
degildir. Bu nedenle, beyaz 1sik olusumunun fiziksel mekanizmasi tam olarak
aciklanamasa bile, farkli fiziksel kosullardaki yeni malzeme tiirlerinin emisyon
Ozelliklerini arastirmak, beyaz 151k olusum mekanizmasini anlamak i¢in ¢ok 6nemlidir.
Tez kapsamindaki deneylerden ¢ikan sonuglar, farkli tiir ve konsantrasyonlardaki
nadir toprak iyonlarindan, gesitli pompalama giici ve ortam basinglarindan, farkli
sicaklik araliklarinda lazer diyodunun iki farkli (975/808 nm) uyarma dalga boyundan
elde edilmistir; bu fiziksel ve endiistriyel uygulamalar i¢in beyaz 11k iireten yeni tiir
malzemelerin tasarlanmasina katki saglayacaktir. Tez sonuglari, beyaz 1518 elde
edilmesine yonelik arastirma ve gelistirme faaliyetlerine kesinlikle katkida
bulunacaktir.
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1. INTRODUCTION

The materials doped with the rare earth (lanthanide- RE) ions are extremely quite
interesting systems in the scientific area due to their excellent optical properties. In
some circumstances, since these materials show the upconversion and multiphoton
absorption luminescence characteristics, they have been investigated for many
applications such as optical sensing photovoltaics, data storage, nonlinear imaging,
biosensors, multiphoton confocal microscopy, and photodynamic therapy, etc. [1-6].
The materials doped with the rare earth ions (such as Nd**, Tm®", 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 re-emitted with a higher energy photon. Materials can show this effect is known
as upconverters. These materials can respond to near IR energy for example; with ~980
nm or ~800 nm diode lasers, and emit a range of photon energies at visible
wavelengths. A major type of up converter is based on rare earth (RE) doped salts of
various metals, usually fluorides, and silicates in solid crystal or glass matrices [7-9].
The photons with energies below the material bandgap cannot excite an electron into
the conduction band. However, by 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 of upconversion two interacting
ions in the excited state return to their ground state simultaneously. They emit one
photon with the sum of energies of single ion transitions. Cooperative emission has

been observed from Yb** pairs in this thesis.

RE ions generally appear in a trivalent state and 4f electron shell determines the optical
properties of them. Since 4f electron shell is shielded by 5s and 5p electron shells, it is
almost insensitive to the surrounding atom of the 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 are the ideal systems to

investigate the dependence of electrical, optical, and mechanical properties of



materials on size and dimensionality. RE compounds have been demonstrated in a
wide range application such as luminescence materials and catalysts, and most of these
applications depend strongly on the size and structure. Therefore, the luminescence
characteristics and energy 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 luminescent materials. In this thesis, Nd®*,
Tm** and Yb®* were used as rare earth ions. Nd** and Tm*" ions can be excited by
using ~800 nm diode laser excitation while Yb3* ion can be excited by 975 nm diode
laser. The luminescence properties of all samples were studied by 975 nm and/or 808
nm excitation corresponding to suitable excitation wavelength for each one. Yb** may
transfer its energy to other ions when it is excited at 975 nm. It is well known that Yb**
ion generally leads to being a bridge for energy transition between the ions. Nd** ion
also has a sensitizer property, however, studying the Nd** ion doped system is more
difficult due to its very complex electronic transitions.

The trivalent RE ions can be replaced with some ions with similar atomic radius in the
host matrix and this substitution causes a distortion of crystal field around them.
Therefore, some spectral changes are possible in luminescence spectra and at this
point, the selection of the host matrix is very effective on luminescence characteristics.
The host materials should have high chemical stability and a high refractive index.
Besides the hosts preferably should have low phonon energy to decrease multi-phonon
relaxations between electronic energy levels of RE ions. Although electronic energy
levels are almost independent of the host materials, the phonon energy of host, so
lattice vibrations directly affect non-radiative transition probabilities. Yttrium silicates
(Y203-SiO3) are suitable to be host materials for RE elements because of their high

thermal and chemical stabilities [10-14].

Luminescence properties of materials depend on some parameters such as types and
concentration of host materials or rare earth ions, synthesis procedure, sample
environment, etc. The different dopants give different absorption and radiation
energies in the host. In addition, the influence of various synthesis techniques on the
size and the effect of the size of those nanomaterials on the optical and thermal
properties are basic research areas for various photonic device design and their
developments. The selection of host material changes the luminescent effects on the

emission properties such as obtaining different colors in emitted light. It is vital to



choose the kinds of host material and dopants such as Yb**, Tm® and Nd**, and
concentrations of them for luminescence properties. Many studies have been
performed to investigate the luminescence properties of rare earth doped materials and
generation of white emission obtained from different host materials doping with a
single rare earth ion such as Eu®*, Dy** [15], Nd®* [16, 17,18], or Yb** [19, 20] etc. as
well as co-doped or triple doped ones.

In this thesis, luminescent emission properties and white light produced by thermally
or upconversion energy transfer mechanism have been investigated for yttrium silicate
(Y203-SiO,) host material doped with various proportions of Yb**, Nd** and Tm3* rare
earth ions. The possible transition energies due to the rare earth ions were investigated
depending on changing the concentration and kinds of the chemicals, excitation
pumping powers, excitation wavelengths, annealing temperature, ambient pressure,
temperature, etc. The effects of dopant concentrations on spectral features and the
luminescence profile were investigated at atmospheric pressure and vacuum. The
temperature (between 4K - 780 K) dependence of emission was studied, in detail. In
addition, the color quality parameters were determined at each condition with the
corresponding photos of emitted samples. The luminescence dynamics of samples at
various physical conditions were also investigated by measuring the decay and rise

patterns.

In this thesis, we summarized the structural analyses and luminescence results about
sol-gel synthesized undoped, single rare earth ions (Nd**, Tm®" or Yb®") doped,
codoped (Nd*/ Tm3*, Nd®/ Yb3or Tm3*/Yb®"), triply doped (Nd*/ Tm*" /Yb*)
yttrium silicate nanophosphors and bulk sample. For the structural and morphological
properties, several analysis techniques were carried out and the results were discussed
to get an idea about their effects on luminescence spectra. X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Energy Dispersive X-Ray Spectroscopy (EDS) and Fourier Transform Infra-Red
(FTIR) Spectroscopy methods were performed to determine the structural and
morphological properties of the samples. The effects of several physical parameters
such as pumping powers, an excitation wavelength of the laser beam, sample
environment (pressure and temperature), concentrations of ions, and annealing

temperature of samples on luminescence properties were investigated, in detail.



The observed UC emissions of various color and white light based on both
upconversion and thermal processes were investigated at various physical conditions.
In Chapter 2, we have explained some basic concepts about the study and introduced
host material and dopant ions used in the thesis. The devices, experimental setup and
the synthesis method have been described in Chapter 3. In Chapter 4, we have
explained the structural analyzes and luminescence properties of undoped yttrium
silicate sample. We have discussed power dependent luminescence properties of
undoped sample under both vacuum and atmospheric pressure at 808 and 975 nm
excitation wavelengths. In Chapter 5, we have examined the structural properties and
luminescence behavior of Nd**, Tm* or Yb®" doped yttrium silicate samples at
different excitation wavelengths depending on pumping power and pressure. In
Chapter 6, the structural properties of codoped samples (Nd**/Tm?", Yb®**/ Nd**, or
Tm3* / Yb** doped yttrium silicate samples) and their power dependent upconversion
properties have been examined at 808 nm or 975 nm excitations and various pressures.
In Chapter 7, structural analyzes of triply doped yttrium silicates (Nd**/Tm**/Yb%*
doped samples) have been performed and how luminescence properties change in
different wavelength excitations depending on power. Chapter 8 has described the
white light obtained from un annealed (bulk) Yb®" doped sample at atmospheric
conditions. In Chapter 9, the effects of ambient temperature on luminescence
properties and white light have been investigated at some powers. In addition, we have
studied the power dependence of white emission at some special temperature values.
Chapter 10 examined power dependence of upconversion emission at various
pressures and described the influence of pressure and pumping power on luminescent
properties. The conclusions and contributions of the thesis, also recommendations for

future works were given in Chapter 11.



2. THEORETICAL BACKGROUND

Trivalent RE ions doped materials are very interesting and desirable materials for
optical applications since they can convert near-infrared photons into visible emission.
In addition, they have high luminescence efficiencies, excellent mechanical and
thermal stabilities. The upconversion emission and white light production from these
kinds of materials have been studied for many years [21-24]. Luminescence
characteristics depend on both the energy levels of rare earth ions and the host material
properties. Since light-emitting 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 technologies. Rare earth doped
materials are mostly in powder form with various size from nanometers to
micrometers, however, nanomaterials exhibit very interesting and various
structural/optical 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 structures
when they are excited by a laser. These excitations to ground level are achieved either
by the non-radiative excitation (the heat emission at vibrational energy levels) or by
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 state. It is well known that the

energy of emitted photons is given by:

hc 1240
A(nm) A(nm)

AE (eV) = hv = (2.1)

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

is called as photoluminescence. The emission spectrum, absorption spectrum,



excitation spectrum and lifetime determine the luminescence characteristics of the
materials. The emission spectrum is the intensity of photon emission versus
wavelength at particular excitation energy and it gives information about the energies.
The absorption spectrum means the intensity of absorption as a function of

wavelength.

We know that an atom in higher energy state from its initial state wants to fall lower
state due to the law of entropy 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 larger, photons that are
more energetic are appeared, for example, blue and red color. The luminescence can
be classified into two kinds due to emission properties. These are the radiative
transition and nonradiative transition. Luminescence is created by the radiative
transitions between two states of atoms or molecules. When an electron in an atom is
excited to higher energy level and then turn into its lower energy state, light occurs
and this transition is called radiative transition. In other words, if the energy appears
as photons, the transition is radiative transition. The electronic transition occurs from
the lowest excited of singlet or triplet state to ground state in the radiative
luminescence. Another transition is nonradiative transitions where the energy is lost
without emission of radiation such as heat. 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.

2.1.1 Luminescent Efficiency

In photoluminecence process, the material absorbs light. The incident and final
intensities of light are not the same due to the passing of the light through the material

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

Iemocn(lo_ I) (2-2)

where lem iS emitted, lo is incident and | is the final intensities which are given in
photons per second. The proportionality constant 1 is known as luminescent efficiency
or quantum efficiency. This constant is also the ratio of the number of the emitted and

absorbed photons and vary from 0 to 1.



The performance of phosphors is described as quantum efficiency by the following

expression:

number of emitted photons
P (2.3)

Quantum Efficiency mnj,(A) =

number of absorbed photons

2.1.2 Stokes and Anti-Stokes Shifts

The emission spectrum is shifted to lower energies when it is compared with the
absorption spectrum. It is called a Stokes 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 than the absorbed photon energy, this process is called anti-Stokes or

upconversion luminescence.

2.2 Upconversion Phenomena

Up conversion (UC) or anti Stoke process is an optical process in which high-energy
photons through sequential absorption of two or more low energy photons. Up
conversion process, generate one high-energy photon out of two or more low energy
photons. The photons with energies below the material band gap cannot excite an
electron into the conduction band. However, by up conversion process, the photons go
up to conduction band by lower energy and this mechanism is used for many optical

applications.

2.2.1 Upconversion mechanisms

There are some UC mechanisms and they can occur either alone or a combination of
processes in a system. These UC mechanisms are Excited State Absorption (ESA),
Energy Transfer Upconversion (ETU), Photon Avalanche (PA), Cooperative
Upconversion (CUC), and Energy Migration-mediated Upconversion (EMU)

processes.

2.2.1.1 Excited State Absorption (ESA)

Excited state absorption (ESA) process occurs when one or more low energy photons
were excited from ground state to intermediate state. Then, they populate the
intermediate state; by way of upconversion, emission 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



energy than the lower excited state. ESA process was generally observed at low doping
concentration (<1%) of the activator ions since the high doping concentration can

reduce the UC emission via nonradiative relaxation processes.

2.2.1.2 Energy Transfer Upconversion (ETU)

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

activator when it goes back to lower excited state or ground state.

2.2.1.3 Photon Avalanche (PA)

The Photon Avalanche (PA) process is a more complex process than other UC
mechanisms. The photon avalanche process occurs only at a critical level of pumping
power (threshold power). If the pump power is high enough, a nonresonant ground
state absorption process initially fills the intermediate reservoir level of many ions,
and resonant ESA or ETU were occurred from another exciting ion to populate the UC
emitting level. Then, some cross relaxations take place between excited and ground
state ions. Therefore, the population of the reservoir level and the UC emitting level
increase. This causes an “avalanche’ effect of generating more ions that are excited

with the feedback looping.

2.2.1.4 Cooperative Upconversion (CUC)

The Cooperative Upconversion CUC process is similar to ETU process and includes
two types of luminescent centers sensitizer and activator. In CUC 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 Yb** pairs in many studies [30, 31]. The efficiency of CUC is
lower than that of the ETU.

2.2.1.5 Energy Migration Mediated Upconversion (EMU)

The Energy Migration Mediated Upconversion EMU process was first proposed in
2011 [32]. The EMU process involves sensitizer, accumulator, migrators, and
activator. In this process, the sensitizer is excited by ground state absorption and then

transfers its energy to an accumulator. This upgraded it to a higher excited state. Then,



energy migration takes place from higher excited state of the accumulator to migrator,
and this process followed by migration of excitation energy through the migrators via
core-shell interface. The migrated energy is trapped by an activator in the shell and so

emits UC luminescence [33].

2.2.2 Power dependence of upconversion

The dependence of emission intensities on pump powers for the samples is determined
by the formula,

[ ~P" (2.4)
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 excitation process, which can
be obtained from the slope of the emission intensity versus excitation powers in a log-
log plot. In addition, the electronic structure of RE ions and so UC mechanism has a
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
thermal properties. In most cases, the rare earth ions replace other ions of similar size
and same charge state in the host matrix. For rare earth doped yttrium silicate samples,
the dopant ions are replaced by the Y3 ions randomly. The selection of the host
material changes the emission properties. Among the nanocrystalline materials, the
Y203-SiO2 host matrix is very suitable for doping with RE ions due to its high
mechanical properties, low phonon energy and easily synthesis [34-36]. Because of
their excellent chemical and thermal stability, similarity in ionic radius of Y3* in
yttrium silicate and rare earth (RE) ions, they are well suited host materials. The host
lattice determines the structure of system such as distance between the dopant ions,
atomic interactions between host and dopant ions, and the type of ions surrounding the
dopant. UC emission efficiency depends strongly on host phonon energy, multi-
phonon relaxation processes depressed, and efficiency enhanced in low phonon energy
hosts. Although the yttrium silicate has many advantages as a host material, the crystal
structures of Y2SiOs and Y2Si>Oy7 are very complicated. In the phase diagram of Y20s-
SiO», a region exists where the 1:1 and 1:2 compositions coexist [37].



2.4 Rare Earth lons

The elements are called 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), Dysprosium (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 unique optical properties, high quantum
efficiency, and good stabilities. The studies on rare earth doped materials have a great
interest by researchers since industrial and photonic applications are developing by
investigating the new and efficient nanophosphors. In this study, three different rare

earth ions, Nd**, Tm®" and Yb®*, were used as doping elements.

Neodymium(II1) (Nd®*) ion is very suitable for optical pumping in the broadband
optical region from UV to NIR for photonic applications. It has a wide absorption band
with the large absorption cross-section 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 Nd*". The energy levels of Nd** ions are
very complicated according to Dieke diagram and to assign the energy levels of Nd**
may be very difficult due to thermal effects and overlapping of the energy levels of
Nd3* ions in host materials [38, 39]. Therefore, investigating the new doping systems
for near infrared (NIR) diode laser applications to Nd** doped ions may provide
researchers to develop the optical properties of the materials.

Thulium(111)(Tm?3") ion is an attractive activator for solid-state lasers [40]. When the
3H, state of Tm®" ion is excited by near 800 nm light from a diode laser, Tm3* ion is
used for infrared laser oscillation in the 1.8—2.2 mm range with the *F4—3Hs transition.

In addition, Tm3* ion emits light in the blue region due to the ‘Gs—3Hg transition of it.

Ytterbium (111) (Yb®) is the fourteenth element in the lanthanide series. Among the
rare earth ions, ytterbium (I11) has important properties for near infrared lasers
applications because of providing diode laser pumped media and having very simple
electronic structure (only two level 2F7, ground state and 2Fs excited state). Excited

Yb® ions exhibit long lifetimes (of the order of 1 ms or s) and allow storing large
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energies in the excited state [41]. The trivalent ytterbium ion absorbs light in near

infrared range of wavelengths and shows emission at the infrared range (~1000 nm).

2.4.1 Electronic structure of rare earth ions

The inner atomic orbitals of rare earth ions that are called 4f orbitals have a gradual
filling. The atomic number of rare earth ions family ranging from 58 (Ce) to 71 (Lu)
where the 4f orbitals are gradually filled from 1 to 14. There are very important
properties of the electronic structure of rare earth. One of the most important ones is
that 4f electrons wave functions have a 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 cloud. Consequently, 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 properties [42, 43].

The 4f electrons have quantum numbers n= 4 and I=3, m; and ms can take the values
of 3,2, 1,0, -1, -2, -3 and 1/2, -1/2, respectively. So, each of the seven 4f orbitals
contains two electrons. If those orbitals are empty, they have the same energy and
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
felectrons [42, 43]. In addition, the optical properties of them are extremely rich. Since
there are seven 4f orbitals, the splitting of electronic levels quite complex for rare earth
ions and the abundance of electronic levels is important for the development of
luminescent materials. The electronic transitions between the levels emit photons and
these photons have a different 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 (¥), Schrodinger equation is
Hw = Ew (2.5)

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

interactions due to the electron.

H = HO + He_e + HSO + HCf (26)
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Hamiltonian is the sum of these four terms. Ho is the attractive Coulomb interaction
between the electrons and the nuclei; He- is the repulsive Coulomb interaction between
electrons. Hso is the interaction between magnetic field and the magnetic moment of
electron and it is called spin-orbit coupling. The last term Hct represents the crystal
field effect [43].

The rare earth elements have the electronic configuration [Xe] 6s?5d'4f". When they
are ionized, the electrons of 6s and 5d layers are disappeared and this configuration
becomes to [Xe]4f" with n varying from 1 (Ce®*) to 14 (Lu®") for trivalent cations. The
transitions of f-electrons are responsible for the interesting photo physical properties
of lanthanide ions such as sharp absorption and emission lines. The physical
mechanism of electron-electron interactions and spin orbit coupling are helpful to the
determination of spectroscopic levels. Dieke and co-workers [39] have investigated
the energy levels of 4f electrons of Ln** ions and the standard reference for rare earth

luminescence is known as Dieke diagram.

2.4.2 Optical transitions among rare earth ions

The main optical transitions among rare earth based materials are intraconfigurational
electronic transition between 4f levels: 4f"—4f", interconfigurational electronic
transition between 4f and 5d (4f 5d) (4f"— 4f"1-5d') and charge transfer (CT)
electronic transition between 4f and ligand (L): transition 4f"-L—4f™-L"1 The
emission peaks in which one indicates a special electronic transition generally sharp
due to the shielding of 4f-4f transitions. The sharp peaks indicate that the crystal field
effect is negligible. The optical properties due to the 4f-4f transitions are almost
independent of the host matrix. On the contrary, if there are 4f-5d transitions, the

spectra contain large bands.

4f-4f transitions; for the 4f" —4{" transitions, 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 4f-4f transition is the same and independent from the host matrix. The only
difference is their intensities that are changed since the crystalline field does not affect

very much the positioning of 4f energy level [43].

4f-5d transitions (interconfigurational transitions); the absorption and emission
spectra of 4f-5d or 5d-4f transitions always have a broadband and the crystal field

effect is dominant, in other words, coupling with the phonons is strong. In addition,
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the chemical structure of the host is effective on the wavelengths of 4f-5d transitions
[43].

Charge transfer transitions (interconfigurational transition); the charge transfer (CT)
transition is important in the absorption mechanism of many phosphors. In the charge
transfer mechanism, the light is not absorbed by a modification of the electronic
distribution between rare earth and ligand, e.g., oxygen and the energy is then
transferred to rare earth. Charge-transfer bands are related to excitations of a ligand
electron into a 4f orbital [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 are
very important in 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 the site, the
nature of the ligand (oxygen, sulfide...), the vibrations of host lattice and the structural
disorder [42, 44]. The 4f-4f transitions are sharp, but optical transitions between 4f-5d
have broad emission energies. The host matrix is investigated by the properties of
neighboring atoms and symmetry of sites, coordination, etc. 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 selection of host material

changes the luminescence effects of the emission.

2.6 Absorption Spectra

Since RE ions have an internal partially filled 4f electron shell, this property gives
various electron transitions in UV, visible and IR regions of the electromagnetic
spectrum. Energy transfer can play an important role in luminescent materials, so
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 and direct or indirect energy transfer to the acceptor can relax the exciting

centre. These mechanisms can be determined by using absorption spectra. In the direct

13



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 coordinates x and y. Three
dimensional color space CIE XYZ is the basis for all color management systems. The
two-dimensional CIE chromaticity diagram shows a special projection of three-
dimensional CIE color space XYZ. The definition of a color base on 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. International Color
Standards CIE 1931 RGB is shown in Figure 2.1.

520 nm
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Figure 2.1 : Approximate color regions on CIE chromaticity diagram [45].

White light is defined as the complete mixture of all wavelengths of visible range.
White light can be generated by a variety of sources both 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 Chromaticity diagram.

2.7.1 Correlated Color Temperature (CCT)

Correlated Color Temperature (CCT) is the temperature of an ideal blackbody radiator
whose chromaticity most nearly resembles that of light and CCT is a characteristic of
visible light. Color temperature is expressed in Kelvins. Low CCT (below 3200K)
indicates that the light is warmer, so more yellow-red; on the other hand, high color

temperature (above 4000K) means colder or bluer light [46].

2.7.2 Commission International de I’Eclairage (CIE)

Commission International de I’Eclairage (CIE) is the international method to describe
the composition of any color denoted by X, Y, Z, also called tristimulus values, in
terms of three primaries (red—green-blue). 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.

2.7.3 Color Rendering Index (CRI)

The Color Rendering Index (CRI) is a quantitative measure of the ability of a light
source to show the colors of various objects by comparing it with a natural light source.
The CRI is determined from the spectrum of a light source and it can take the value
from zero to 100. Any color of light can be of combining two line emissions. At least

three spectral colors are needed to obtain a two-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 such as the size of
particles, minimizing the defects, synthesis technique, sensitivity of equipment etc.
Therefore, fabrication of the materials and experimental techniques for determining

structural and optical properties are very important.

In the thesis, the sol-gel method is used to synthesize the luminescent yttrium silicate
(Y203-SiO2) host materials doped with Yb3*, Nd**, Tm** rare-earth ions in different
concentrations. The synthesized samples were annealed at 1150°C or 1250 °C for 12
hours. After the annealing process, the powder samples have been obtained by using
an agate mortar. The structural and optical properties of these nanophosphors were
determined by various techniques and analyses. The emission properties of samples
were investigated depending on kinds of dopants, concentration, excitation pumping
powers, sample environments such as pressure and temperature, excitation

wavelength, and annealing temperature of the samples.

3.1 Material Synthesis: Sol-Gel

In the study, to fabricate undoped and RE doped yttrium silicate nanophosphors (Y20s-
SiO, doped with Yb®", Nd®*", Tm3*), the high purity Yttrium(I11) nitrate hexahydrate
(99.9%), Ytterbium(lll) nitrate pentahydrate (99.9 %), Neodymium(lll) nitrate
hexahydrate (99.9%), Thulium(Ill) nitrate pentahydrate powder (99.9%) salts and
tetraethyl orthosilicate (TEOS, 99.9%) were purchased from Sigma-Aldrich. In
addition, HCI, HNOs, distillate water, and ethanol were used for preparing the

solutions.
Y203-SiOz2: Yb%: Nd®: Tm®* (3.1)

The synthesis technique is one of the most important parameters that affect the optical
and structural properties of luminescent materials. The sol-gel method is used for

preparing Y203: SiO2 nanocomposites since the technique has many advantages such
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as needed low temperature, minimizing thermal decomposition, easy to control of the

process [48].

In general, in the sol-gel process, the system passes from the liquid phase (sol) to solid
phase (gel). The sol-gel process generally consists of some basic steps; hydrolysis of
the initiator, sol-gel condensation (the active species of alcohol or water condensation),
gelation, aging, drying, and high temperature operation. General chemical reactions
contained in the sol-gel method have great significance because the technique allows
the controlling process during all steps. The devices and materials used in the sol-gel
technique are very simple. It provides both combining the materials as oxides
compounds and producing new hybrid organic-inorganic materials. The working
temperature of the sol-gel process is extremely low; it is often below the crystallization
temperature. The risk of thermal decomposition of the materials was minimized by
this method and it is shown that high purity and stoichiometry are obtained by many
experiments [47-49]. Aging and drying conditions can be controlled by controlling
mechanical strength and pore size. Energy saving, the synthesis of materials with high
homogeneity, the controllability of the microstructure of the material and not entering

the pollution to the lattice are other advantages of the sol-gel method.

A representative sol-gel procedure for all samples can be summarized for the case of
undoped and 10% Yb** doped yttrium silicate nanophosphors in detail, as follows. The
ratio of TEOS: Y (NO3)3.6H20 and TEOS: Y (NOs)s. 6H20: Yb (NOs)s. 5H20 were
0.53:0.47 and 0.477, 0.423, 0.1 to produce undoped and Yb3* yttrium disilicate glass,
respectively. 5 ml ethanol and 5 ml distillate water were used for solving both the rare
earth salts and Y (NOs)z. 6H20 by using a magnetic stirrer separately at room
temperature. Then, those solutions were stirred by adding 1N 1cc HNOs as a catalyst,
separately at 70 °C for 45 minutes. For Y (NOs)s. 6H-0 solution 10 ml distillate water
and 20 ml ethanol were used together. In addition, TEOS, 5 ml distillate water, 5 ml
ethanol and 1N 1cc HCI solution were stirred at room temperature separately. Y
(NO3)3.6H20 and rare earth solutions were added and mixed at 70 °C for 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 mixed for 2.5 h
continuously at room temperature. The gel sample poured into petri dishes and left in
a desiccator at least ~8 weeks to obtain glassy form. The powder forms of samples
were obtained after the heat treatment of gel-like samples in a laboratory furnace at
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1150 °C or 1250 °C for 12 h. The samples were grinded in an agate mortar to produce
nano-crystalline yttrium silicate powders. These procedures were applied for all
samples with various concentrations of rare earth ions salts to fabricate nanophosphor

powders. The molar ratio of Y203-SiO2 was at 1.127 for all samples.

P

Figure 3.1 : The representative photos of the fabricated a) glassy samples doped
with rare earths (Yb®*, Tm®" and Nd*") and b) nanopowder sample after the heat
treatment.

The heating rate in the furnace for annealing procedure was arranged as follows;
heating continued for 6 hours until target temperature, the temperature stayed at the
target temperature for 12 hours, temperature has fallen to room temperature for 6
hours, total annealing time for each sample was 24 hours. Picture 1.b shows the

representative photo of the powder sample after the annealing process.

3.2 Structural Analysis

To develop and study the nanomaterials, structural analyses are very necessary and the
appropriate devices should be used for characterizations. Both understanding the
structural and surface properties lead us to develop the new nanomaterials for various
applications.

For the studies in this thesis, the structural characteristics of sol-gel synthesized
nanomaterials were investigated by various techniques such as X-ray Diffraction

(XRD), Scanning Tunneling Microscopy (SEM), Transmission Electron Microscopy
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(TEM), Energy Dispersive X-ray Spectrometry (EDS) and Fourier Transform Infrared
Spectroscopy (FTIR).

3.2.1 X-ray Diffraction (XRD)

The X-ray diffraction (XRD) technique is a powerful technique to determine the
structure of crystalline materials. The crystalline phases of samples can be determined
by analyzing diffraction patterns. The shape and place of 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 size of the nanomaterials decreases and the
line width of the XRD pattern can be used for determining the grain size of the sample
by Debye Scherrer equation:

_ KA
"~ §20c0s0

(3.2)

where grain size (D), K is the constant between 0 and 1 (for spherical particles 0.89),
8260 the full width at half maximum of the XRD peak of a specific lattice plane (h k 1)
in radians (FWHM), A is the wavelength of the incident X-ray beam, and 6 is the
diffraction angle [50].

The X-ray diffraction (XRD) measurements were taken by the model Bruker D2
Phaser Model (Cu-Ka radiation) diffractometer at 30 kV and 10 mA setting in the 20
range from 10° to 70° or 50° with scanning steps of 0.002 with the wavelength
k=1.5418 A. The crystalline phases of samples were determined according to JCPDS
(Joint Committee for Powder Diffraction Data) by using XRD results.

3.2.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a very useful technique to determine the
surface properties of materials. The limit of the spatial resolution of an optical
microscope is usually the order of a few hundred nanometers because of the diffraction
limit of light. For many applications and investigations of nanomaterials, the higher
resolution is necessary and SEM technique has the extremely good resolution that is
down to ~1 nm. The SEM images give information about the surface topology,
morphology, and chemical composition. The efficiency of the emission depends on
some properties of the surface such as geometry, chemical characteristics, and

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
samples were investigated with an FEI-Quanta FEG 250 model Scanning Electron

Microscope taking the images at low (100000%) and high magnifications (200000x).

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is a technique used to obtain an
infrared spectrum of absorption or emission of materials. FTIR spectrometers collect
high spectral resolution data for all wavelengths simultaneously in a wide spectral
range. FTIR measurements give information about 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

One spectrometer.

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

Transmission electron microscopy (TEM) has a high spatial resolution and is used to
perform structural and chemical characterization. The TEM can image the atoms 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 transmit through

the sample.

Energy-dispersive X-ray spectroscopy (EDS) is also an analytical technique used for
the elemental analysis of a sample. The main principle in EDS, there is an interaction
between the X-ray excitation source and a sample. In EDS analysis, each element has
a unigue 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 microscope equipped with an energy
dispersive X-ray spectroscopy (EDS). The specimen was prepared by dispersing the
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 optical characterization of the synthesized phosphors was studied with the
absorption, diffusive reflectance, luminescence spectroscopies, also rise and decay
patterns measurements under atmospheric conditions and vacuum. The various color
and white emissions properties, the energy transfer mechanisms were investigated

depending on various physical parameters as mentioned before.

3.3.1 Luminescence spectroscopy; components of the optical set-up

The upconversion and white light emission properties of rare earth doped and undoped
yttrium silicate nanopowders have been measured by a near infrared cw laser
excitation of the LDI-820 laser diode with 808 nm and/or 975 nm wavelength. The
measurements were performed using a Mc Phearson Inc. Model 2051 monochromator.
The optical signal was detected by Hamamatsu R1387 photomultiplier tube and sent
to EG&G Model 5210 lock-in 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 was used for measurements. For the excitation of 808 nm of laser diode
measurements, a 775 nm short pass filter was also used. An Allied Scientific Pro ASP-
MK350 Model illuminance meter was used for determining the color quality
parameters. All the output power values of the laser beam were measured by Power
Max 500D (Molectron) power meter. The measurements of decay and rise patterns at
atmospheric pressure and vacuum were carried out using a shutter to interrupt the laser
beam and a Tektronix model TDS 3052B oscilloscope. The spectral properties of the
phosphor materials have been found to depend on several physical parameters. The

main components for the experimental set up are introduced as follows:
e Monochromator

The monochromator is a fundamental optical device for luminescence measurements.
It is used to separate different components of the laser light beam. It generally converts
the polychromatic beam to a monochromatic beam. A simple monochromator consists
of an entrance slit, mirrors, a dispersive element such as prism or diffraction grating.
The measurements in this thesis were performed by using a McPherson model 2051
one-meter scanning monochromator. The device has a 600 groove/mm grating and
blazed at 1.25 um. The device has a resolution and wavelength resetability of 0.1 A
with repeatability of +/- 0.05 A.
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e Light detector (photomultiplier tube)

A photomultiplier tube (PMT) detects very weak signals and absorption of photon
results in the emission of an electron in a PMT. It consists of photocathode and an
electron multiplication system. The photocathode converts photons to electrons and

the multiplication system amplifies the electric signal.

Figure 3.2 : The experimental setup; a) the whole picture of the setup 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 from 350 to 850 nm.
¢ Signal processing apparatus

Lock-in Amplifier is used to amplify the AC signal of the Photomultiplier tube. In the
set-up, we used the EG&G Model 5206 as a lock-in amplifier. A chopper is used to
carry the frequency of the optical signal and operated at 250 Hz in the set up during
experiments. It is placed at the entrance of the monocromator. It removes the DC biases

due to the instrumentation and amplifiers.
e Collecting data

The box-car averager takes place in the experimental setup and integrates signals
during a sampling window and then stores it. The boxcar averager is connected to the
computer and data received from the boxcar is sent to computer. The computer is
programmed to show the plots of intensity vs. wavelength. The program is LabVIEW

from National Instruments.
e Vacuum and Temperature system

For the vacuum experiments, two experimental set up were used and Janis

manufactured both. The system used a Janis Research Model RD dewar connected
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with a Leybold Model RW2 compressor in the old system. In the new system, T-
Station vacuum system was used which is a small automatic pumping system that is
suitable for a wide range of vacuum applications. It uses an EXT75DX turbomolecular
pump. The pump provides the vacuum up to 10® mbar. The temperature dependence
on luminescence properties 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 measurements. The temperature range was from ~4K to
~800 K and temperature was controlled by the Lake Shore Model 335 Temperature
controller. The experimental set up for temperature measurements consists of a
refrigerated chamber with RDK 205 J 4K cold head, SRDK 205 series cryocooler, and
wide range gauge. During temperature measurements, the enthalpy of materials used
for constructing cryostats drops rapidly when the temperature was decreased. The
helium transfer must start at a very low rate, and is maintained at that rate until the
entire contents of the helium reservoir are cooled below 20K. Model 335 Temperature
controller provides to control temperature by using the heater during measurements
and arrange the temperature ramp rate. When a sample is attached on a cold finger, it
is necessary to establish good thermal contact, and also reduce the heat load into the

sample as much as possible.

3.3.2 Absorption measurements setup

The device known as spectrophotometer is used for absorption 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 lamp for the ultraviolet range. The monochromator is used
for selecting wavelength by the light source and scans it in the desired range. The light
detector that is generally photomultiplier tube for UV-VIS range and SPb cell for IR
range measures the light intensity passing through the sample. A computer displays
the absorption spectrum and records it. The spectrophotometer can be operated at
different modes, for example, optical density, absorbance or transmittance. The
absorption measurements in the study were recorded with Varian Cary 5000
UV/VIS/NIR spectrophotometer between 350 and 1200 nm.
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3.3.3 Diffusive reflectance measurements setup

The reflectivity spectra give complementary information for absorption results for the
powder form of samples. Reflectivity and absorption spectra are related to each other

by using Kramers- Kronig relations. Reflectivity is:

R=Z& (3.3)

)

where lo is incident intensity and Ir is the reflected intensity. Reflectivity spectra can
be in two modes that are direct or diffuse reflectivity. The diffusive reflectance data
was taken by using the Perkin EImer Model Lambda 35 UV —Vis spectrometer in the
range of 400 nm-1100 nm at room temperature to identify the absorption lines.
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4. STRUCTURAL AND LUMINESCENCE PROPERTIES OF UNDOPED
YTTRIUM SILICATE(Y203: SiO2) NANO PHOSPHOR

Yttrium silicate (Y203: SiO2) is one of the most suitable hosts for luminescence
applications as mentioned in Chapter 2. Depending on the phonon energies of the host
medium, some of the lifetime’s level can be strongly quenched by multi-phonon
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 part of the thesis, the studies about undoped yttrium silicate samples (without

doping rare earth ions) will be explained.

4.1 Structural Analyses of Undoped Y203-SiO2 Sample

For the structural analyses of undoped powder sample, X-Ray Diffraction (XRD),
Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM) and Energy-dispersive X-ray

spectroscopy (EDS) measurements were carried out at room temperature.

XRD patterns of the undoped sample are shown in Figure 4.1. The average particle
size of the sample is estimated as ~86 nm by using the Scherer equation and the
structure of the sample was found to be a-Y2Si.O7 with card number 38-0223
according to Joint Committee for Powder Diffraction Data (JCPDS) [53].

For TEM measurement, the specimen was prepared by dispersing the powder in
ethanol, followed by ultrasonic agitation for 2 hours, and then deposition on a lacey
carbon film on a 400 mesh copper grid. TEM 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 is a good agreement with XRD result as indicated in Figure
4.1. The signals and numerical values obtained from the EDS image show the presence
of Y (18.8 atomic %), Si (21.23 atomic %) and O (59.98 atomic %).
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Figure 4.1 : XRD patterns of undoped yttrium silicate powder.

The other peaks in the spectra indicate C and Cu and they are due to carbon-copper

grids used for measurement (Figure 4.2Db).
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Figure 4.2 : a) TEM and b) EDS images of undoped yttrium silicate.

The SEM images are shown in Figure 4.3. As seen from the figure, undoped a-Y2Si2O7
particles were observed as granular-like nanoparticles, with the particle diameters
ranging from 69 to 128 nm [19]. Figure 4.4 shows Fourier Transform Infrared
Spectroscopy (FTIR) results and Table 4.1 summarizes the peaks corresponding bonds
[54, 55]. 800-1000 cm™ domain corresponds to Si-O stretching vibration involving

non-bridging oxygen. The band situated at around 843 cm™ is ascribed 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 undoped powder annealed at 1250°C for 12h.

FTIR results showed that 600-1200 cm™* domain corresponds to Si-O and Y-O
stretching vibration involving non-bridging oxygen.
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Figure 4.4 : The FTIR result of undoped powder annealed at 1250°C for 12h.

In this domain, to characterize the vibrational bands are difficult because single Y-O
and Si-O vibrations co-exist in similar spectral ranges. 4000-3000 cm™* where OH
stretching vibrations of water and OH groups appear and 400-1100 cm™! where the
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Si—0 and Y-O vibrations occur [55]. 1000 -1200 cm™ domain for stretching vibrations
of silicon atoms are against oxygen atoms in Si-O-Si bonds. The slight broadband in
the range 1000-1100 cm™ is due to the presence of silicon as precursors and this band
is assigned to asymmetric (Si-O-Si) vibration. The peak at 1030 cm™ may correspond
to the superposition of rocking Si-O vibrations and Y-O bond vibrations. The broad
bands above 800 cm™ are assigned to Si-O and Y-O vibrations. The frequency shifts
and broadening of yttrium silicate samples may be due to combined effects of the
transfer of electron density from the yttrium to the Si-O bond and a wider distribution
of Si-O bond angles available in silicates. FTIR results for all samples in this thesis
are the same, so the result of the 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(cm™) 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 Si-OH
906 O-H bend or Y-O vibration or Si-O vibration
875 C-H bend or Y-O vibration or Si-O vibration
840 C-H bend or Y-O vibration or Si-O vibration
716 C-H bend or Y-O vibration or Si-O stretching

4.2 Absorption and Luminescence Measurements of a - Y2Si2O7 sample

For optical analyses, absorption measurement was recorded with Varian Cary 5000
UV/VIS/NIR spectrophotometer between 350 and 1200 nm for the bulk sample before
the annealing process. The luminescence spectra of annealed sample were measured
by using a diode laser LDI-820 with both 975 and 808 nm excitations and using Mc
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
parameters and the decay/rise patterns measurements were carried out at atmospheric

pressure and vacuum.
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4.2.1 Absorption spectra of undoped sample

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

— yttrium silicate sample

0.10

abs

0.05

0.00

I ! T T T T T T T
400 500 600 700 800 900 1000 1100 1200
wavelength (nm)

Figure 4.5 : The absorption spectra of the un-annealed undoped bulk yttrium
silicate.

4.2.2 Luminescence properties of a-Y2Si2O7 sample at 975 nm excitation

The luminescence spectra of the undoped sample are shown in Figure 4.6 at
atmospheric conditions under diode laser excitation of 975 nm. The broadband white
light spectra were obtained at high powers of output laser. The white light of undoped
Y2SioO7 was not very strong at atmospheric pressure when we compare it with the
vacuum case (Figure 4.6 and Figure 4.7). It can be expected that obtaining white light
can be possible by upconversion energy transfer mechanisms between the rare earth
ions for the nanophosphor system. However, we obtained white emission from the host
sample. Therefore, it is also proved that the generation of white light is related to the

structure of the host sample.
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Figure 4.6 : White light spectra of a- Y2Si2O7 at atmospheric pressure depending on
pumping powers.

If we have a suitable host structure, we can observe the white emission thermally from

host [57, 58]. In addition, white emission was observed from the undoped Y2Si>O7

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

4.23 watt
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— 3.16 watt
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/ —— 1.45 watt
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Figure 4.7 : White light spectra of a- Y2Si>O7 at vacuum (0.01 mbar), chromaticity
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 broad range. There is shifting to a
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high energy region that is from ~742 nm at ~1.96 W to ~711 nm at ~4W and it indicates
that these shiftings are in good agreement with Wien’s displacement law resulted from
blackbody radiation [59,60]. Figures 4.8 and 4.9 show the number of photons involved

in the population process at atmospheric pressure and vacuum, respectively.
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Figure 4.8 : Double logarithmic plot of Intensity versus Power for white light
spectra from undoped a- Y2Si>O7 sample at atmospheric pressure.
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Figure 4.9 : Double logarithmic plot of Intensity versus Power for white light
spectra from undoped a- Y2Si>O7 sample at vacuum.

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 from the undoped Y2Si>O7 sample at least for 1.45W and 5W pumping

powers under vacuum and atmospheric pressure, respectively.

Thermal processes are responsible for white light generation for the undoped sample.

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

taking a long time in several seconds. This behavior can be seen in Figure 4.10. The

decay and rise patterns for the undoped sample are shown in Figures 4.10a and 4.10b,

respectively, under vacuum with 975 nm excitation at 701 nm emission wavelength.
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Figure 4.10 : Decay and rise patterns for 701 nm depending on power from

undoped a- Y2Si>O7 at vacuum (0.01 mbar).

The decay patterns haven’t strong dependence on pumping power, however, rise

patterns are sensitive to pumping powers. The rising pattern is faster at low output

laser powers and decreased when the power is increased.
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4.2.3 Luminescence properties of a-Y2Si20O7 sample at 808 nm excitation

The luminescence behavior of the 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 weak and could not be detected
at atmospheric conditions. The inset figure indicates that thermal processes and photon
avalanche mechanisms are effective for white emission due to the high value of n
(n~14). This emission from a-Y2Si2O7 sample at vacuum conditions was stronger and
the threshold power is lower than that of atmospheric conditions at 808 nm excitation.

We observed the same behavior at 975 nm excitation.

1 —so97w
| ——659wW
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| —579W
—— 492w
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wavelength (nm)

Figure 4.11 : The luminescence spectra of the a-Y2Si2O7 depending on power at
atmospheric pressure.

Figure 4.12 shows the luminescence spectra at vacuum conditions under 808 nm
excitation. The emission was observed in a wide range of excitation powers from 6.97
W to 0.84 W. The inset figure shows double log representation of the intensity versus
pumping powers and two different slopes regions were obtained for the sample that is

similar to our another work [61].
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Figure 4.12 : The luminescence spectra of the a-Y2Si>O7 depending on pumping
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 may be due to the
impurities and defects in the yttrium silicate host. The excitation energy can be

transported to crystal defects where non-radiative decay occurs.

The illuminance meter results were listed in Table 4.2 for both atmospheric pressure
and vacuum cases at 808 nm excitation. It is seen that CIE 1934, x and y values are
increasing with pumping power. In addition, CRI values are increasing while CCT
values are decreasing with increasing pumping powers at atmospheric pressure. The
chromaticity values (X, y) are increasing and CCT is decreasing with increasing
pumping powers at 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 photos of undoped yttrium silicate
sample at 808 nm excitation.

Undoped yttrium silicate at 808 nm excitation (under atmospheric pressure)

Power (W) CIE 1931 CCT(K) CRI(Ra) Illuminance Image of
coordinates meter spectrum the
(x,y) emission
91
(0.4559,
6.97 0.3729) 2448
85
(0.3606,
6.18 0.3214) 4194
86
(0.3431,
4.92 0.3177) 4947
360410 480 510 560 610 660 710 760
Undoped yttrium silicate at 808 nm excitation (under vacuum)
Power (W) CIE 1931 CCT(K) CRI(Ra) Illuminance Image of
coordinates meter spectrum the
*.y) emission
87
(0.3655,
6.97 0.3248) 4032
87 bl &l aol) ol ool ol ool FI riol
(0.3586,
6.18 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 (Y20s: SiO2) NANO
PHOSPHORS

5.1 Nd®* doped Yttrium Silicate Nano Powders

The investigation of the new source of visible light is an interesting 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 the rare earth ions and thus upconversion
mechanism play an important role to determine the emission characteristics. For this
purpose, in literature, Nd** doped systems have been investigated in various hosts such

as glasses, transparent glass-ceramics, polymers and crystals [62- 64].

Until now, there are very limited studies about luminescence properties including the
white emissions of Nd*" doped nanopowders. In this part of the thesis, white light
production from 1% Nd*" doped Y.03:SiO, because of blue, green, orange and red
color emissions and thermal processes were analyzed both in the vacuum (0.01 mbar)
and atmospheric pressures. In order to investigate its optical properties, the sample was
excited by 808 nm beam of a laser diode. The emission was found to be a function of
output powers of laser and the pressure of the sample’s environment. Emission for
upconverted white light mainly due to the transitions of Nd** ions was obtained below
~5.79 W of the laser beam power at atmospheric pressure. For powers exceeding ~5.79
W, the powder emitted a thermal white light (WL) due to the photon avalanche
mechanism together with thermal processes. The threshold power to obtain thermal
white light with the transitions of Nd®" ions was decreased at vacuum conditions.
These processes were investigated in detail by studying the spectral differences of the

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

1% Nd** doped yttrium silicate nanophosphor was synthesized by the sol-gel method
as described in Chapter 3. The ratio of Y203: SiO2 was kept as 1.127. The obtained

gel sample was annealed at 1250 °C for 12h to obtain its powders form.

5.1.2 Crystalline structure

The structural analysis of the powder sample was investigated with X-Ray Diffraction
analysis (XRD) by using Bruker D2 Phaser Model (Cu-Ka radiation, A=1.54184A)
diffractometer with scanning steps of 0.002%/26 from 15° to 65°. The result is shown
in Figure 5.1. The diffraction pattern can be indexed to monoclinic phase X1-Y2SiOs,
space group P21/c (JCPDS card number 00-52-1810) [65].

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

— 1% Nd3+ doped Yttrium Silicate Powder

121

Intensity (a.u)

Figure 5.1 : XRD patterns 1% per mole Nd** doped monoclinic X1-Y2SiOs
nanopowder with the very small amount of impurity peaks of monoclinic
X2-Y2SiOs annealed at 1250 °C for 12 h.

The dominant peak was observed at 26=~32.50 and the corresponding lattice plane is
indexed as (121) for monoclinic X1-Y2SiOs. The very small amount of impurity peaks
was detected and they may be attributed to monoclinic X2-Y>SiOs (JCPDS card
number PDF#21-1458) [66]. The weight of the very weak X»>-Y>SiOs phase was
determined to be ~3.6 % wt. by the reference intensity ratio (RIR) method [67, 68].
The average particle size was calculated to be about 51 nm by using the Scherer
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equation [50]. Y2SiOs has polymorphic structure and can be in the monoclinic Xi- or
Xo-type at different synthesis temperature. There may be incomplete polymorph
transformation between the X1-Y2SiOs and X2-Y2SiOs phases [69]. It is clearly found
that the sample has a single-phase state (Y2SiOs) with main phase X1-Y2SiOsand very
little additional X2-Y2SiOs phase, thus confirming successful synthesis. The rare earth
ion (Nd®*") may be substituted for yttrium (Y3*) in this host lattice since they have
similar ionic radii.

A diode laser LDI-820 with 808 nm excitation wavelength was used to measure the
luminescence spectra of the sample. A short pass 775 nm cut-off filter was used to
avoid the scattering and the second harmonics of laser excitation during the
measurements. An Allied Scientific Pro ASP-MK350 Model illuminance meter was
used for determining the color quality parameters. The room temperature decay and

rise profiles were also obtained at both atmospheric pressure and vacuum conditions.

5.1.3 Luminescence properties at atmospheric conditions

Figure 5.2 shows the luminescence spectra of the sample at atmospheric conditions.
The emission bands appeared due to upconversion processes between the electronic
states of Nd** ions are much broader than those observed in the crystals. This is mainly
due to the nanosize 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 ~440 nm and ~488 nm below 5.79 W may be
attributed to 2P12—*lgr2 and 2Gero—*lgs2 transitions of Nd** ion, respectively, and they
completely disappear at 5.79 W. The possible energy transitions for green UC band
centered at ~542 nm may be 2G7,—*lgs2 transition of Nd** and the band disappeared
above 5.79 W output power of laser. Above 5.79 W, the emission at ~568 nm may be
due to 2Gsp—*lgi2 transition. The orange band at ~602 nm due to *Gs.2+2G72—*lar2
transition starts to appear as a shoulder at 5.79 W with increasing effects of thermal
processes. The broader red UC emission centered at ~693 nm, which can be attributed
t0 *F7/2 +*Sai—*lgp2 transition of Nd** ions, shifts to 702 nm for higher excitation power
values. The sharp lines between 714 nm and 775 nm (or ~758 nm) may be due to
*Fsi+2Hon—*lgs2 transitions 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 sample emitted very intense candle like a white light with the emissions of
Nd** ion above 5.79 W.
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Figure 5.2 : Luminescence spectra of 1% Nd** doped yttrium silicate
nanophosphor depending on power at atmospheric conditions.
Chromaticity values (x, y) were given for a) 6.97 W b) 5.79 and c) 1.4 W.

For the luminescence characteristics, host matrix, defects, and dopant ions are very
important and from Figure 5.2, it is shown that there is shifting for locations of the
maximum emissions intensities with an increasing output power of the laser. Thus,
thermal processes become to affect the spectral profile of upconversion emission
bands. The main reasons for these shifts may be due to the crystal field effects and the
defects. Any changes of the 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 in the material, 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 may be a photon avalanche mechanism [71,
72]. As seen in Figure 5.3, power dependencies of the emission intensities at
atmospheric conditions indicate that there is an ‘n shape’ behavior below output laser
power of ~5.79W as reported by some other researches [73, 74]. However, the slope
values are larger than expected (n=2) that may 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 for 1% Nd** doped yttrium silicate
nanopowder at atmospheric conditions.

The broad bands are possibly affected by a photon avalanche population process
because of cross-relaxation processes provided that excitation power is high. Five
intensive bands centered at ~542, ~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, excited 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 Figures 5.4a and 5.4b. These patterns give some
information about both the thermal nature of the process and emission mechanisms
[79, 80]. In Figure 5.44, it is shown that decay patterns seemed to increase in length
with an increasing output power of the laser. The rise patterns measured were found
to be very complicated with output powers and they were shorter for higher laser
powers (Figure 5.4b). This anomalous behavior at a lower time scale was also observed
in several other studies [80-82] and it may be due to being together of photon avalanche

upconversion processes and thermal effects to form white light.
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Figure 5.4 : a) Decay; b) Rise patterns at 692 nm for 1% per mole Nd** doped
yttrium silicate nanopowder depending on output power at atmospheric
conditions.

5.1.4 Luminescence properties at vacuum conditions

Luminescence properties of the sample were investigated under vacuum (0.01 mbar).
In Figure 5.5, white light generation is shown with the emissions of Nd®* ions. The
inset figure shows emissions from UC white light to thermal white light at definite
pumping powers. The very weak emission centered at ~482 nm due to 2Gop—*lor2
transition starts to disappear above ~3.51 W. The shoulders centered at wavelengths
above ~532 nm due to several Nd** transitions start broadening in-homogeneously
above ~4.48 W because of the thermal effects. The broadband peaks at ~605 nm, ~666
nm, and ~748 nm may be due to *Gs;+2Gr2— *lar2, “Forr—*larz and *Fsi2+*San—*los2,
transitions of Nd%*, respectively. The pumping power dependence shows that slope
values are extremely high (n=5 or 6) and this may indicate that the avalanche
mechanism is still occurring (Figure 5.6). The broadband is possibly affected by a
photon avalanche population process because of cross-relaxation processes if the
excitation power is high. The 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 vacuum conditions. However, the rise patterns measured as
a function of the 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% Nd** doped yttrium silicate nanophosphor
depending on power at 0.01 mbar. Chromaticity values (X, y) were given
fora) 5.79 W and 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 reason for this unusual characteristic may be

due to thermal processes and the effect of superposition of Nd** emissions.

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

—&— 605nm n=5.5
® 666nm n=54
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log (Power)(W)

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

The decay and rise patterns last several seconds, 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
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(Figure 5.4 and Figure 5.7). The extraordinary behavior at lower times was also shown

at vacuum like measurements in atmospheric conditions.

Normalized Intensity
Normalized Intensity

\w% }4‘” 4.92 W

4.00 W
T T T T T T T
6 8 10 12 14 16 18 20

=]
N
N

Time (s) Time (s)

(c)

—697W
—659W
—579W
——4.92W
—4.00W

Normalized Intensity
Normalized Intensity

Time (s)

Time (s)

Figure 5.7 : a) Decay; b) rise patterns at 605 nm and c) decay d) rise patterns at
666 nm for 1% per mole Nd** doped yttrium silicate depending on output
power at vacuum.

The illuminance meter measurements show that color temperatures of 1% Nd** doped
sample at both atmospheric and vacuum conditions were candle like white for high
output laser powers, as shown in Table 5.1. However, when laser output power was
decreased, the Correlated Color Temperature values were generally increased
according to CIE 1931. The emitted color by sample converted from candle like ‘warm
white’ to ‘incandescent lamp like white’ and ‘cool white’ from high to low output
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

atmospheric pressure results.
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Table 5.1 : The CIE 1931 (X, y) coordinates for 1% Nd** 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 Nd*" doped yttrium silicate powder can be affected by the
change of pressure. These changes at different pressures are mainly due to the changes
in the crystal field, not the energy transitions of the Nd**. When the Nd** ion is
embedded into the host, the lattice rearrangements occur and perturbations appear
between the dopant 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 cation, the geometrical configuration of the ions and electronic

shielding [84, 85]. The 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 in relative intensities, spectral shifts on 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 properties 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 slope of the log I versus log P at two different pressures. For the
Nd** doped sample, the green band centered at ~542 nm and green-yellow band
centered at ~568 nm, the orange band centered at ~602 nm and red bands at ~693 nm
require ~three, four, seven, four photons absorption at atmospheric pressure,
respectively. Above ~5.79 W, n values increase due to the effects of growing of photon
avalanche with thermal processes. The upconversion mechanism with three-photon
absorption is more efficient at the *Fsi2+°Ho—"*loi2 transition (=758 nm). The
4Gs12+2G7— *lgiz transition 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 processes was
obtained at atmospheric and vacuum 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 Nd*" 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 ~3.51 W and presents peaks corresponding to Nd** transitions. While
the emitting light was candle like white light at high powers, it was upconverted white
light at low powers for both conditions. The illuminance meter measurements show
that color temperatures of the 1% Nd** 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 Nd** doped sample at atmospheric
pressure and vacuum under 808 nm excitation.

Atmospheric Condition
Power <5.79W Power >5.79W

A (nm) Transition N1 n2
542 2G70—lop 2.7 12.8
568 2Gsi—*lor2 4.3 12.1
602 4Gs12+2Gr0— *lap 6.8 8.5
693 4712 +4S30—4ar2 4.3 8.1
758 *Fs0+2Ho—"lor2 2.9 3.2

Vacuum Condition
Power <3.51W  Power >3.51W

A (nm) Transition ny n,
605 4Gs2+2Gr— *lor 4.0 5.5
666 4Fgr2—*lor2 4.1 5.4
748 4Fs2+4S30— o2 1.7 3.9

It is a valuable result that upconverted white light from the blue, green and red region
from a single dopant (Nd*") 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
the thermal nature of the processes. This compound could be a white light source for

usage in many scientific and industrial applications.

5.2 Tm?® Doped Yttrium Silicate Nano-Powders:

Thulium (Tm®*) ion has a strong absorption near 800 nm and exhibits emissions from
near infrared to ultraviolet region. It has a wide application area, for example, 3Fs—3Hs
transition of Tm*" ion has applications in medicine and remote sensing of the
atmosphere (LIDAR devices). In addition, !D, —3Fsand ®Hs —3F4 transitions are used
for high capacity data storage optical devices and S-band (1460-1530 nm)
amplification (TDFAs) in optical telecommunication, respectively [87-88]. Herein,
upconversion properties of yttrium silicate (Y203: SiO2) nanopowders doped with
different concentrations (0.5%, 1% and 0.25 % per mole) of Thulium (111) (Tm3*) rare
earth ions have been demonstrated at various pumping powers. The samples were
annealed at 1250°C during 12 h. Luminescence properties of prepared 0.5% per mole
Tm?®* doped sample (HT1) was investigated at atmospheric and vacuum conditions. In
addition, 1% per mole Tm** doped (HT2) and 0.25% per mole Tm3* doped (HT3)

samples were compared with HT1 sample at atmospheric conditions. The emissions
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due to the energy transfers of appropriate dopants were observed when the samples
were excited by a diode laser excitation of 808 nm.

5.2.1 Structural analyses of the Tm3* doped samples

The phase identification of the obtained samples was performed on X-ray powder
diffractometer (XRD). Figure 5.8 shows the XRD patterns of the powders and
according to the Joint Committee on Powder Diffraction Data, all powders mostly

contain peaks corresponding to the triclinic a-Y2Si.O7 phase with the card number 38-
0223.
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. .

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

Figure 5.8 : XRD patterns of Tm** doped a-Y>Si>O7 nanophosphors annealed at
1250 °C for 12 h.

Average crystalline sizes were estimated by the Scherer equation and were found to
be ~62 nm, ~45 nm, ~59 nm for 0.5%, 1%, 0.25 % Tm?" doped powders, respectively.
The representative SEM images for the samples were shown in Figure 5.9 for 1% Tm?3*
doped sample. It can be seen that the particles were observed as granular-like
nanoparticles and the polycrystals formed by agglomeration are shown in Figure 5.9.
The role of dopant concentration and excitation wavelength on upconverted
luminescence property of Tm3* doped nanocrystals are investigated in literature
[89,90], we observed for the low concentration of Tm3* jon that there were no changes
for crystal structure.
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Figure 5.9 : A representative example for Scanning Electron Microscopy images,
1% Tm?** doped nanophosphor.

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

shapes forming a highly porous material.

5.2.2 Luminescence properties of Tm3* doped samples

The sol-gel synthesized Tm®*" doped yttrium silicate nanophosphors showed the
intense upconversion luminescence under excitation by a NIR laser (808 nm). The
emission characteristics of all samples are similar with only differences in relative peak
intensities. Figure 5.10 shows the luminescence spectra of the 0.5% Tm3" doped

sample (HT1) with depending on excitation laser powers at atmospheric conditions.
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Figure 5.10 : The luminescence profile of the 0.5% per mole Tm*" doped Yttrium
silicate sample at atmospheric conditions.
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The peaks centered at ~475 nm and ~695 nm may be due to 'Gs— *Hs and *Fs—3Hs
transitions of Tm®* ion, respectively. The pump power dependence of emission bands
at 475 and 695 nm was investigated, and the result is shown in Figure 5.11 at

atmospheric pressure.
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Figure 5.11 : Log-log plot of the 0.5% per mole Tm** doped Yttrium silicate
sample at atmospheric conditions.

The experimental data for these two emission bands have been fitted with a straight
line. The slopes were found ~2 which confirms that these emission lines have two-
photon absorption processes.

The luminescence spectra for 0.5% Tm?3* doped yttrium silicate was also measured at
vacuum (1x107° mbar) and the results were shown in Figure 5.12. The only spectral
difference between atmospheric and vacuum case is that there is a wide shoulder
between 450 nm and 650 nm at vacuum. The pump power dependence of the emission
bands was again analyzed for vacuum 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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Figure 5.12 : The luminescence profile of the 0.5% per mole Tm** doped Yttrium
silicate sample at vacuum (10 mbar).

The slope was again near 2. Table 5.3 shows the CIE-1931 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 ®
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Figure 5.13 : Log-log plot of the 0.5% per mole Tm3* doped Yttrium silicate
sample at vacuum.
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Figure 5.14 shows the luminescence 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 behaviors of Tm®* doped yttrium silicate
samples are similar when the concentration of Tm3* is low. Upconversion emissions
due to the energy transitions of Tm®* ions were obtained for samples at atmospheric

conditions under 808 nm excitation.
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Figure 5.14 : The luminescence profile of the a) 1% per mole Tm3* (HT2) and b)
0.25% per mole Tm** (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 % Tm3* doped yttrium silicate sample.

at atmospheric pressure

Power (W) CIE 1931 CCT(K) CRI(Ra) Illuminance Image of
coordinates meter spectrum the
x,y) emission
(0.3438, 82
7.34 0.3107) 4876
(0.3437 o
5.79 0.3130) 4894
(0.3441 %
4.0 0.3166) 4895
88
(0.3452,
1.95 0.3207) 4862
at vacuum (10~ mbar)
Power (W) CIE 1931 CCT(K) CRI(Ra) Illuminance 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 intensity-power 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 Tm3* and b) 0.25% per mole Tm**
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 conditions according to CIE 1931.

Table 5.4 : The CIE 1931 (X, y) coordinates for the 1% per mole Tm3* doped
(HT2) and 0.25% per mole Tm3* doped (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 (111) ion is one of the most promising rare earth ions that has been used for
photonic applications in different host materials. The Yb®* ion has several advantages
for spectroscopic properties due to its simple energy level configurations, no cross
relaxation process and suitability of it broad absorption lines for infrared laser diode
excitation. In RE systems, Yb** is generally used as a sensitizer of energy transfer for
infrared to visible upconversion lasers, because it has a simple electronic structure with
a large energy gap between its ground (?F72) and excited (*Fsy2) states that splits into
the Starks levels when doped in a matrix. The Yb®* ions are used as sensitizers in the
upconversion process, which do not necessarily contribute to the overall white light
emission [91, 92].

In this part of the thesis, we have reported that white light generation from Yb** doped
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
Yb® ions in yttrium silicate host. Although Yb®* 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 to cooperative luminescence from Yb3*-
pairs. Broadband WL generated in samples may be due to thermal emissions. The
intensity of WL is highly nonlinear with excitation power. The luminescence
characteristics of the samples showed blue-green UC characteristics and transitions of
unwanted Er®* impurities at ‘low’ pumping power values between 0.38 W- 2.94 W,
0.38 W- 2.33 W, 0.12 W- 0.92 W, 0.12 W- 1.06 W for 1%, 2%, 5% and 10% Yb*'
doped samples, respectively. When the concentration of Yb3" increases, blue light
becomes visible at lower power values. When the pumping power was increased, white
light spectra were obtained from all samples. The threshold power to obtain white light
spectra decreased by increasing Yb®* concentration and the generation of white light
is strongly dependent on Yb3* concentration. We observed that the higher is the dopant
concentration; the lower is the power at which white light appears. The increase of

Yb3* concentration causes a shift of the peak of white light to a high-energy region.
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5.3.1 Structural analyses of the Yb3* doped samples

Structural and morphological analyses of the Yb** doped samples were performed by
using different analytic techniques such as XRD, SEM, FTIR, TEM and EDS. The
XRD patterns indicate that all nanopowders contain crystalline phases. Figure 5.16
shows the XRD patterns of 1%, 2%, 5% per mole Yb*" doped and undoped yttrium
silicate nanopowders to compare them. The average particle sizes were estimated as
~89 nm, ~102 nm, ~87 nm, ~86 nm for nanopowders, respectively, by using the
Scherer equation. Figure 5.17a shows 10% Yb** doped sample and average particle
size is estimated to be ~78 nm. According to JCPDS (Joint Committee for Powder
Diffraction Data), the main structure of the samples may be found to be a-Y2Si>O7

(triclinic, P-1(2) space group) with card number 38-0223.
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Figure 5.16 : XRD patterns of the (a) 1% per mole (b) 2% per mole and (c) 5% per
mole Yb*" doped and d) undoped YSi>O7 nanophosphors annealed at
1250 °C for 12 h.
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The doping ytterbium (1%, 2%, 5% and 10% Yb** per mole) may cause the additional
peaks due to Y-Y2Si,O7 phase with card number 74-1994 according to JCPDS. Figure
5.17b shows the XRD patterns of the 20% Yb®*" doped sample. The average particle

size of 20% per mole Yb®* doped sample was estimated ~129 nm.
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Figure 5.17 : XRD patterns of (a) 1% per mole (b) 2% per mole and (c) 5% per
mole Yb** doped and d) undoped YSi.O7 nanophosphors annealed at
1250 °C for 12 h.

The structure of 20% per mole Yb*" doped sample is most likely X2-Y,SiOs phase
with monoclinic structure in P-12(a) space group, (card number 36-1476). 20% per
mole Yb*" doped sample may also show Keiviite-(Y)-Y2Si.O7 monoclinic phase with
the card number 38-0440. In correspondence to 1:1 molar ratio, we can find both
phases of yttrium silicate as Y2Si2O7 and Xz- Y2SiOs due to the phase diagram of Y203:
SiO2 [37]. This additional phase was identified as Y-phase of Y2Si,O7 (PDF74-1994)
and was attributed to the presence of a high concentration of Yb®* ions in the host. The
modification in the structure of yttrium silicate powders may cause by the similarity
of the atomic radii of Yb*" and the host ion material (Y3* ions). It should be considered
as a possible cause of modification for the structure and luminescent properties of

yttrium silicate powders [61].

The Transmission Electron Microscopy (TEM) images of 5% Yb®" doped yttrium
silicate powder is shown in Figure 5. 18. The average crystallite size determined from
TEM image was found to be about ~90 nm for powder, which are in good agreement

with those obtained from the XRD spectra using the Scherer equation.
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Figure 5.18 : Transmission Electron microscopy images of 5% Yb** doped Y2Si,O7
powder with two different resolutions; a) 10 nm scale and b) 100 nm
scale.

SEM images of both undoped and Yb®" doped nanoparticles are presented in Figure
5.19 for comparison with undoped sample. Figure 5.19b shows partially agglomerated

crystallites of observed phases from XRD spectra.

Figure 5.19 : The SEM images of undoped a) and 10%Yb** doped b) powders
annealed at 1250°C for 12h.

As seen from Figure 5.19a, undoped a-Y2Si207 particles were observed as granular-
like nanoparticles with the diameters of the particles ranging from 69 to 128 nm. As
seen from Figure 5.19b, agglomeration increases in the presence of Yb*" with the
diameters of the particles range from 86 to 227 nm. The deviation in estimated sizes
between the SEM images and the XRD patterns is because calculations from the XRD
patterns refer to a single average crystalline size while those determined from the SEM

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

Figure 5.20 shows absorption and diffusive reflectance spectra together of un-annealed
bulk (HY) and annealed powder (HY1250) samples doped with 10% Yb®,
respectively. The diffusive reflectance measurement shows that 10% Yb®*" doped
yttrium silicate has an extremely broad spectral band in the range of 800-1100 nm. The
reflectance spectral band is increasing when the concentration of Yb3* ion is high in

yttrium silicate host matrices.
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Figure 5.20 : a) The diffusive reflectance spectra of 10% Yb** doped powder
sample and b) the absorption spectra of 10% Yb** doped bulk sample
without heat treatment.

Figure 5.21 gives the diffuse reflectance spectra of both undoped (SY1250) and Yb**
doped annealed yttrium silicate powders for comparison. The main transition is at 973
nm corresponding to 2F7,—2Fs, transition of Yb%* ion. The main transition and Stark
splits were only obtained from Yb** doped sample, not the undoped sample. We may
obtain the 2F7;, (0) —2Fs;2 (0) main transition at 973 nm, 2F72 (0) —2Fs/2 (1) transition
at 951 nm and 2F72 (0) —2Fsp2 (2) at 918 nm may belong to Yb*" as Stark splits are
seen in Figure 5.21 b. Moreover, the *115/2(0) — *l1112(0) at 1001 nm, *l15/2(0) —*111/2(1)
at 976 nm, 41 15/2(0) —*1112(2) at 945 nm and *l15/2(0) —*111/2(3) at 929 nm transitions
of Er¥* impurities are also seen in Figure 5.21b.
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Figure 5.21 : a) The diffuse reflectance spectra of the 10% Yb®* doped powder
annealed at 1250 °C (HY1) and undoped annealed sample(SY1) b)
possible transitions corresponding to wavelengths.

5.3.3 Luminescence properties of Yb®* doped samples

The upconversion color and white light emission spectra in various concentrations of
Yb?® doped yttrium silicate nanopowders were measured between 450 nm and 900 nm
at atmospheric pressure and vacuum (0.01 mbar) with various pumping powers. The
slit of the 1 m McPherson monochromator was set at 500 um for all samples except
for 20% Yb** doped sample. The slit was changed to 20 um because the emission was

very strong and the saturation occurred due to very bright white light.

The spectra of UC are shown for 5% Yb*" doped nanopowder in Figure 5.22 with 975
nm laser excitation at atmospheric pressure. The sample exhibits a luminescence
emission in the blue-green region and red domain of visible spectra under the 975 nm
excitation. The blue emission is a cooperative emission corresponding to the

simultaneous radiative relaxation of Yb%*—Yb>" ion pairs around ~475 nm; the green
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and red emission are due to (*Hi1s, *S312) —*l1si2 at ~523 nm and *Fej2 —*l15/2 at ~653

nm energy transitions of unwanted Er** impurities, respectively.
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Figure 5.22 : Luminescence spectra of 5% Yb®* doped yttrium silicates at
atmospheric pressure.

The appearance of the Er®* luminescence indicates presence of small amount of this
ion in the raw materials used for synthesis of the powders (despite the claimed high
purity) and, as a result the transfer of energy from Yb** ions to Er** 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% Yb*" doped 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 Figure 5.23. The *lo, —*l152 €nergy
transition of Er®* impurities around 835 nm becomes weak when the pumping power
is increased for the vacuum case. At high pumping powers, red emission is spreading
and the spectra begin to turn white light spectra. The luminescence characteristics of
5% Yb** doped yttrium silicate samples showed blue-green UC characteristics because
of the cooperative emissions of two Yb®" ions and transitions of unwanted Er3*

impurities at ‘low’ pumping power values at both atmospheric and vacuum conditions.

63



— 2.94 watt
—— 2.45 watt a)
| ——1.96 watt
——0.92 watt
5 o
&
=
w
<
2 —
£
¥ l'l'l"l'ﬁ'l'l'
450 500 550 600 650 700 750 800 850 900
wavelength (nm)
403watt b)
4 ——3.82 watt
| ——3.38 watt
5 -
L
T
(%2
o
(O] -
<
=
o . T ¥ T b T v T L3 T bd T

R —
450 500 550 600 650 700 750 800 850 900
wavelength (nm)

Figure 5.23 : Luminescence spectra of 5% Yb®*" doped yttrium silicates at vacuum
(0.01 mbar) Hluminasmeter results at low a) (0.92 W) and b) high (3.38
W) powers.

The white light was obtained when the pumping power is at least ~3.0 W and ~1.19
W for 10% Yb** doped sample under atmospheric and vacuum conditions, respectively
(Figure 5.24 and 5.25). A blue UC emission that could easily be seen by the naked eye
was observed in Yb% doped powder at atmospheric conditions. The main peak of
white emission of 10% Yb®** doped sample was ~680 nm for atmospheric conditions.
The increase of Yb®* concentration causes a shift of the peak of white light to a high-
energy region. The white light becomes visible for 10%Yb*" doped powder at least

1.19 W under vacuum conditions (Figure 5.25).
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Figure 5.24 : Luminescence spectra from 10% Yb®" 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 doped sample in the 400 nm to 500
nm region is mainly from the RE ions, but it diminishes when the 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% Yb®* doped
sample. For 20% Yb** doped yttrium silicate sample, we could not obtain blue, green
or red upconversion emission at low power values under 0.01 mbar. The white light
becomes visible for 0.92 W for 20% Yb** doped sample under vacuum. The threshold
power to obtain white light spectra decreased by increasing Yb®* concentration and the
generation of white light is strongly dependent on Yb3* concentration.
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Figure 5.25 : Luminescence spectra from 10% Yb3" yttrium silicate sample at
vacuum (0.01 mbar).

The luminescence dynamics decay and rise patterns, of Yb®* doped samples, were
investigated depending on pumping power. The decay and rise patterns of low
concentration of Yb** 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 because of taking several seconds. The decay patterns have not strong

dependence on pumping power; however, the rising patterns are more sensitive to the
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pumping powers. The representative examples at vacuum are shown in Figures 5.26
and Figure 5.27 for 1% and 5% Yb*" doped nanopowders, respectively.
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Figure 5.26 : a) Decay and b) rise patterns of 1% Yb®* 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 Yb®" are strongly dependent on the power as seen in Figure 5.28.
Figure 5.28 shows the decay and rise patterns for the 20% Yb®* doped 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% per mole Yb** doped yttrium silicate (a)
decay and, (b) rise curves at various pumping powers at 698 nm.

As seen in Figure 5.28, the rising pattern is very fast at high powers and decreased to
low power values gradually for the sample. The rise time patterns are also affected by

both pumping power and a high concentration of Yb3* ions.
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Figure 5.28 : Power dependency of 20 % per mole Yb®" doped yttrium silicate
nanopowder (a) decay and, (b) rise patterns at various pumping powers.

We have also investigated the luminescence behavior of the samples depending on the
pressure Figure 5.29 and Figure 5.30 show the representative examples of white light
generation depending on pressure for 5% and 10% Yb®" doped yttrium silicate
nanopowders. The broad emission around ~791 nm, ~ 801 nm and ~ 834 nm can be

*1l1s2—gr2 transition of Er** impurities [97, 98].

Figure 5.30 shows the spectra of 10% Yb®*" doped yttrium silicate depending on
pressure. The 10% Yb3* doped sample emits blue emission due to Yb**- Yb%* ion pair

at ~475 nm at atmospheric pressure.
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Figure 5.29 : The spectral difference of the 5% per mole Yb®* doped yttrium
silicate nanopowder at a) room pressure b) 5.6 mbar c) 0.01mbar by
pumping power at 3.38 watts. The insets are the corresponding spectra
measured by the illuminance meter.
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Figure 5.30 : Emission characteristics of 10% per mole Yb%* doped yttrium silicate
at 3.38 W pumping power at a) atmospheric pressure b) 18 mbar c)
0.01mbar. The insets are the corresponding spectra measured by the

illuminance meter.
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In Figure 5.31a, the spectra of 20% Yb®" doped yttrium silicate are shown under
atmospheric pressure and 0.01 mbar at 3.38 W.
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Figure 5.31 : Emission characteristics of 20% Yb®* doped 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 5.31b, 20% Yb®" doped sample emits blue emission due to Yb3*-Yb3* ion
pair at ~475 nm at atmospheric pressure but low pumping power (0.44 W). The Er*

impurities in the nanopowder cause the red emission band; also energy transfer from
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Yb® to Er** impurities tend to cause a slight green emission (~521 nm) attributed to
the #1152 —2Hu2 transition of Er®* (Figure 5.31b). In addition, the rising and decaying

time patterns were measured depending on pressure as seen in Figure 5.32.
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Figure 5.32 : a) Rise and b) decay patterns of 5% per mole Yb*" doped yttrium
silicate nanopowder depending on pressure.

The rise patterns of the white light from 5% per mole Yb** doped sample were found
to be sensitive to pressure; however, the decay patterns have no significant

dependences on pressure. Figure 5.33 indicates the normalized intensity versus
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emission wavelengths of all samples at 3.38 W power value under 0.01 mbar pressure.
While the main peak of undoped and 1% Yb** doped samples were ~715 nm and ~710
nm, respectively, the position of the peak of white light shifts to lower wavelengths of
~695 nm for 2% Yb®*" and ~680 nm for 10% and 20% Yb®" doped samples. The
increase of Yb® concentration causes a shift of the peak of white light to a high-energy
region. The white light was seen in 10% and 20% Yb®*" doped samples even at
atmospheric pressure. For 20% Yb** doped yttrium silicate sample, we could not

obtain blue, green or red upconversion emission at low power values under 0.01 mbar.
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Figure 5.33 : Normalized white light spectra of all samples at 3.38 W power and
under 0.01 mbar pressure.

The slopes of white light intensity dependence on excitation powers for all samples
were shown in Figure 5.34. The white light was obtained when the pumping power is
at least ~3.38 W, ~2.21 W, ~1.38 W, ~1.19 W, ~0.92 W and ~1.45 W for 1%, 2%, 5%,
10%, 20% and undoped yttrium silicates sequentially. The slope values for undoped
and 1%, 2%, 5%, 10%, 20% Yb*" doped yttrium silicate nanopowders of the linear fit
on graph of white light intensity versus power in log-log scale indicate that there are
two regions for the slopes except undoped and 1% Yb®* doped samples and there are

multiphonon absorption processes in the systems.
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Figure 5.34 : The intensities of white light dependence on power (log-log scale) for
a) 1% b) 2% c) 5%, d) 10%, €) 20% per mole Yb** doped and f) undoped
Y>Si>07 nanophosphors.

Figure 5.35 shows the results of the normalized intensity of emissions versus pressure
for all samples. 10% and 20% Yb** doped yttrium silicate nanopowders emitted white
light even at high pressures. We did not obtain white light for 1% and 2% samples at
higher pressure values at ~4 mbar and ~5 mbar, respectively. It is shown when the
pressure is increased, the intensity of white light is decreased. For a certain laser light
excitation, the intensity of white light increases with decreasing pressure in the dewar
chamber where the powder resides. The pressure dependence shows that the thermal
effects involve in broadband white light emission. Decreasing the pressure may
decrease the thermal conductivity, favoring the heating of the powder, hence raising
its temperature and seemingly indicating the thermal nature of the process responsible
for the white light production. At intermediate pressure values, the emission due to
*115—*1op2 transition of Er¥*impurities were very strong for 2% Yb** doped sample
(~840nm) comparing with that of the 5% and 10% per mole Yb®* doped samples. The

process of converting the near infrared photons into white light photons is nonlinear
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behavior due to the conservation of energy and is found to be so in the measured

nonlinearity of white light intensity versus excitation power.
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Figure 5.35 : The normalized maximum peak intensities of white light dependence
on pressure at 300 K and 3.38 W pumping power with 975 nm excitation.

The surface effects of the nanocrystalline powders also may play an important role in
white light production since the nanopowders have a larger ratio of surface area to its
volume concerning to their bulk form. Figure 5.36 shows the minimum power required

to obtain white light depending on Yb** concentration.
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Figure 5.36 : Yb®* concentration dependence of the threshold pumping powers.
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The threshold power to obtain white light spectra decreased by increasing Yb3®*
concentration and the generation of white light is strongly dependent on Yb®*
concentration. Figure 5.37 shows the summary of the UC emission spectra of the 1%,
2%, 5% and 10% Yb** doped nanopowders at 975 nm laser excitation under 0.01 mbar.
The power values were 1.45 W for 1% and 2% Yb*" doped samples and 0.52 W for
5% and 10% Yb** doped samples.
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Figure 5.37 : UC spectra of a) 1%, b) 2% per mole Yb*" doped yttrium silicate
powders at 1.45 W and c) 5% and d) 10% per mole Yb*" doped yttrium
silicate powders at 0.52 W.

The samples exhibit a luminescence emission in the blue-green region and red domain
of the visible spectra under the 975 nm excitation. In the experiments, the blue-green
emission is very visible to our naked eyes even at low power value (0.38 watt). The
blue emission is a cooperative emission corresponding to the simultaneous radiative
relaxation of Yo —Yb** ion pairs around ~475 nm; the green and red emission are
due to *lisp— (H11r2, *Sa12) at ~523 nm and #l1s—*Fgp2 at ~653 nm energy transitions
of unwanted Er®* impurities under the excitation wavelength 975 nm, respectively.

The *l1s2—*l92 energy transition of Er* impurities around 835 nm becomes weak
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when the pumping power is increased. It disappears when the white light spectra are
obtained at high pumping powers. At high pumping powers, red emission is spreading
and the spectra begin to turn to thermal white light spectra. The blue light emission
was very strong for 10% Yb*" doped yttrium silicate sample at low pumping power
even at atmospheric pressure by comparing the 1%, 2% and 5% Yb** doped
nanopowders when we looked by naked eyes.

The chromaticity coordinates were given for all nanopowders samples in the white

region of the 1931 Commission International I’ Eclairage (CIE) diagram in Table 5.5.

Table 5.5 : The CIE 1931 (x, y) dependences on the doping concentration of Yb**
for white light at 3.82 W under 0.01 mbar pressure for all samples.

White Light
Yb3* CIE 1931 CCT(K) CRI
concentration (per  Coordinates

mole) (X, y)
0% (0.3373, 0.3031) 5197 83
1% (0.3390, 0.3024) 5097 82
2% (0.3502, 0.3096) 4549 83
5% (0.4221, 0.3726) 2991 93
10% (0.4673, 0.4073) 2574 98
20% (0.4779, 0.4127) 2481 99

Figure 5.38 shows the n-shape-like power dependence of the UC emission intensity
for 1%, 2%, 5% and 10% Yb** doped samples. The all blue emission measurement
results obey the quadratic power law behavior (I~P") with n=0.9, 1.35, 1.65 and 1.1
for samples %10, 5%, 2% and 1% Yb*" doped samples, respectively. The blue-green
UC intensity concerning to the emission wavelength has P" shape behavior as expected

for the nonlinear phenomenon of one and two photon absorption processes.

In conclusion, white light spectra were observed for all samples under vacuum
conditions. The high concentration of Yb®" ion doped (10% and 20% per mole) yttrium

silicate nanopowders emitted very intense white light even at atmospheric pressure.
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Figure 5.38 : Integrated intensities of blue light dependence on power (log-log
scale) for samples.

The threshold power is also decreased under vacuum to obtain white light. The
experimental results show that the Yb®* doped samples should be a promising material

for novel white light sources for optical applications.
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6. STRUCTURAL AND LUMINESCENCE PROPERTIES OF RARE EARTH
CODOPED YTTRIUM SILICATE (Y203:Si02) NANO PHOSPHORS

6.1 Nd3*/ Yb®* Codoped Yttrium Silicate Nanopowders

As mentioned before, Yb3* ion has a simple electronic configuration and its energy
levels (only two levels of ?F7; and Fs) are at ~1.30 eV-1.13 eV in near infrared
region. Yb%* ion is generally used as the sensitizer to obtain high emissions from other
rare earth ions by using ~980 nm laser since its great absorption cross section at ~980
nm and the near infrared photon energy can be transferred from Yb3®" to other ions.
Besides the Nd** ion has a large absorption cross section about 800 nm so; Nd** doped
materials can be excited by using a laser at this wavelength. Efficient energy transfers
between Nd** and Yb?* ions have been investigated in different systems [93, 94]. Nd**
ions have very complex energy transfers according to the Dieke diagram and NIR laser
(~ 800 nm) may excite the Nd** ions.

In this part of the thesis, 1% Nd** /10% Yb®" codoped yttrium silicate nanophosphor
was synthesized by the sol-gel method and Y203/SiO; ratio was at 1.127 as described
in our previous work [61]. Nd (NO3)3.6H20 and Yb (NO3)3.5H.O and tetraethyl
orthosilicate (TEOS- 99.9%), all having a purity of 99.9% were purchased from the
Sigma Aldrich. The luminescence properties of Nd**/Yb** codoped nanopowder were
investigated with 975 nm and 808 nm diode laser excitations. The emission properties
and spectral changes were analyzed at atmospheric pressure and vacuum conditions.
The decay and rise patterns were carried out under vacuum (0.01 mbar) and

atmospheric pressures.

6.1.1 Structural analyses

Figure 6.1 shows the XRD patterns of the Nd**/Yb?" codoped Y203-SiO2 sample. The
diffraction patterns of the codoped sample were mainly in good accordance with a-
Y2Si>07 structure according to the JCPDS card number of 38-0223.
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Figure 6.1 : XRD patterns of 1% Nd**/10%Yb** codoped a-Y2Si,O7 nanopowder.

The structure of the sample, phase, and its average crystalline size were determined
with X-Ray Diffraction (XRD) measurements by Bruker D2 Phaser Model (Cu-Ka
radiation) diffractometer in the 20 range from 10° to 50°. The measurement has been
done in a very detailed scan with the steps of 0.002°. The crystal system was triclinic
(anorthic) and space group P-1(2) for Nd**/Yb*" codoped powder and the average
particle size was calculated to be about 60 nm by using Scherer equation [50]. We
observed that the sample has mostly a single phase as a-Y2Si2O7. The Y2Si>O7 shows
different polymorphs (a, B, y, 0, y) and obtaining a single pure phase is extremely
difficult. The atomic radii of RE ions (Yb3* and Nd®*) are similar to Y** ions in the
host material and substitute Y3*sites randomly. The possible substitution may be
between the Yb®" or Nd** and Y3* ions in host due to their similar ionic radius 0.925
A, 0.983 A, and 0.96 A, respectively [95]. Hence, some modification in the structures
of co-doped (Yb®*" and Nd") yttrium silicate powder is possible due to the high
concentration of Yb®*" (10%) and may not be distributed homogeneously in the host

matrix.
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6.1.2 Luminescence properties at 975 nm excitation

The luminescence spectra of the Yb*/Nd** codoped yttrium silicate at atmospheric

pressure with the excitation of 975 nm were shown in Figure 6.2.

Intensity (a.u)

wavelength (nm)

Figure 6.2 : Luminescence spectra of 1% Nd*-10% Yb®* codoped yttrium silicate
nanopowder at atmospheric conditions under 975 nm diode laser excitation.
Illuminance meter results and photos at a) 5.55 W, b) 3.21 W and c) 1.54 W.

The observed slight blue emission band centered at ~477 nm for output laser power
below 3W may be overlapping of the cooperative emission of two Yb®* ions and
2Gg;—*lgr2 transition of the Nd®* ion. The emissions at ~533 nm and ~589 nm may be
due to the 2G72—*lor2 and the 2Gs,—*lg/2 energy transitions of Nd** ions, respectively.
The broader emissions centered at ~660 and 692 nm may be the superposition of
*Forp—*lo2 and *Fri2 +*S3—*lo2 transitions of the Nd** ions. The observed sharp
emission between 714 nm and 775 nm (~748) may be due to *Fs2+*Sz2—*lgi2 transition
of Nd®* ions for all power values. The emission at ~ 804 nm may be the 2Hs—*lg/2
energy transition of Nd**. Nd®* ions could not be excited with diode laser of 975 nm
according to Dieke diagram; however, Yb®" ions can transfer energy to Nd** ions.
Luminescence properties of Nd**/Yb®* codoped yttrium silicate nanopowder were
studied at vacuum conditions (0.01 mbar). In Figure 6.3, we can see the white light
generation with the energy transitions of the Nd®* ion. The broad shoulder at ~541 nm
in the spectra above 1.9 W can be assigned to 2G7,—*lg2 energy transition of the Nd®*

and the strongest peak at ~597 nm in the spectra can be assigned the 2Gsp—*los2

81



transition. The emission at ~650 nm and 747 nm may be due to the *Fg—*lg/2 and

*Fs+4Sa—*loi2 transitions of Nd** ions, respectively.
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Figure 6.3 : Luminescence spectra of 1% Nd*/10% Yb** codoped yttrium silicate
nanopowder at 975 nm diode laser excitation under vacuum. llluminance meter
results and photos are at a) 5.55 W, b) 3.21 W and ¢) 1.54 W.

The decay and rise patterns measurements were carried out at atmospheric pressure
and vacuum conditions, as shown in Figures 6.4 and Figure 6.5, respectively. The
decay and rise patterns were measured at 595 nm following the sudden turning on and
shutting off the laser light, respectively, at atmospheric conditions (Figure 6.4a and
Figure 6.4b). It is shown that decay patterns seemed to be independent increasing of
the output power of the laser. However, the rise patterns are shorter for high output
powers than those observed at low output powers (Figure 4b). These measurements
were performed to observe the luminescence dynamics of the powder in the vacuum
(Figure 6.5). The decay profiles at atmospheric pressure are not dependent on power
and they take several milliseconds. The rise patterns indicate that rising takes several
seconds and it is dependent on pumping power. The decay patterns showed similar
behavior at 610 nm under vacuum as in the atmospheric conditions and were not
strongly dependent on the output powers of the laser. However, the rise patterns as a

function of the output power of the laser showed the power dependency (Figure 6.5b).
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Figure 6.4 : Decay and rise patterns of 1% Nd®*/10% Yb®* codoped yttrium
silicate sample at 595 nm under atmospheric pressure.

The rise patterns at 610 nm are shorter with increasing the output power of the laser.
We see from the Figure 6.4a and Figure 6.5a, the longer rise times in atmospheric
condition indicated that the thermal processes were effective at atmospheric pressure.
In Figure 6.5, we see the decay and rise patterns at vacuum condition and decay

patterns are longer than that are in atmospheric pressure measurements.
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Figure 6.5 : Decay and rise patterns of 1% Nd**/ 10%Yb®* codoped yttrium
silicate sample at 610 nm under vacuum.

In addition, vacuum condition decay times are dependent on pumping power. Rising
times at vacuum are shorter than that are in atmospheric pressure measurements and
they are dependent on pumping power. We observed several emission bands due to
energy levels of Nd** at low powers for the sample. The thermal white light spectra
were obtained especially at high powers both at atmospheric and low pressures. The
number of photons that are required for emission was found by using pump power
dependence for 1% Nd**/10% Yb** codoped sample for atmospheric pressure and
vacuum measurements (Figure 6.6 and 6.7). It is well known that the Nd®* ions cannot
be excited at 975 nm excitation; however, Yb®" ions can transfer their energy to Nd**

ions at this excitation energy.
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Figure 6.6 : Double logarithmic plot of Intensity-versus Power for white light
spectra from 1% Nd**/ 10% Yb®* codoped yttrium silicate sample at atmospheric
pressure.

Since the Yb®* ions have not emission in the range of 440 nm- 900 nm, the observed
emission bands are due to energy transitions of Nd**ions. When the output powers of
the laser were increased, the upconversion emission starts to become thermal emission
with Nd3* energy transitions. The yttrium silicate compound doping with Nd** and

Yb® ions could be a light source for usage in many applications and this can lead to
the development of the field of use.
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Figure 6.7 : Double logarithmic plot of Intensity-versus power for white light
spectra from 1% Nd**/ 10% Yb** codoped yttrium silicate sample at vacuum.
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6.1.3 Luminescence properties at 808 nm excitation

The luminescence measurements of 1% Nd*/ 10% Yb®* codoped yttrium silicate
(Y203:Si0O2) nanopowder were also performed with the near infrared (808 nm) laser
diode excitation at atmospheric pressure and vacuum (0.01 mbar). The emission was
observed with the wide bands corresponding to the energy transitions of Nd** ions and
the energy transfer between Nd** and Yb** at various excitation power densities. For
808 nm excitation, the spectral changes were raised at atmospheric conditions in the
case of different focusing arrangements. The luminescence profile of the sample was
changed and s- shape pump power dependence was observed at vacuum condition.
The structure of rare earth doped systems such as the distance between the dopant ions,
atomic interactions between host and dopant ions, and the type of ions surrounding the
dopant ion are very important parameters for the luminescence characteristics. UC
emission efficiency depends strongly on host phonon energy and multi-photon
relaxation processes are depressed and efficiency enhanced in low phonon energy
hosts. Because of their excellent chemical and thermal stability, the similarity in ionic
radius of Y3* in yttrium silicate and rare earth ions, and their low phonon energy, the

yttrium silicates are well-suited host materials [19,96].

Yb® ions are generally used as sensitizer by using ~970 nm excitation since its great
absorption cross-section and the near infrared photon energy can be transferred from
Yb?* to other rare earth ions. The energy level *Fs;, of Nd** is a little higher than the
2Fsp, level of Yb?*, so pumping the Nd®* doped material with an 808 nm laser diode
excitation may provide energy transfer from Nd®* to Yb** ion and also sensitization of
Nd3* jon by Yb®". Efficient energy transfers between Nd** and Yb3* ions have been
observed in different systems at various wavelengths [93, 94]. Due to the key role of
the UC mechanism for the emission characteristics, it will be of great interest to gain
a complete understanding of the UC mechanism in co-doped systems. The photon
avalanche (PA) is a kind of UC process and it has feedback, or ‘looping’, the cycle of
excited-state absorption (ESA) or energy transfer (ET) followed by cross relaxation
(CR). All of these mechanisms lead to strong UC emission due to the population of a
reservoir level of the rare-earth ions. There are some necessary conditions for this
process to appear, such as the existence of a long lifetime intermediate state and some
efficient CR processes [72]. However, in some cases, the photon avalanche mechanism

could not be completely explained in the traditional sense and a new energy transfer
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was demonstrated. Thus, the hetero-looping energy transfer that is a kind of avalanche
UC process for the green and red emissions could be observed and reported
simultaneously in some studies [97, 98]. Figures 6.8 and 6.9 show the emission spectra
of Nd**/ Yb®" codoped sample measured at atmospheric conditions at different scales
of power densities. The focusing of the laser light, which varied the excitation power
density, is a very important parameter for the measurements since the spectral profiles
of the upconversion luminescence were affected. The changes of the spectral profiles
were occurred for the low and high excitation power densities and could be adjusted
by the tightness of focusing. The luminescence spectra at atmospheric conditions
showed that up-conversion white light is dominant at low excitation power densities
between 19.8 W/cm? and 98.6 W/cm?. For the excitation power densities between 98.6
W/cm? and 570.7 W/cm?, the up-conversion luminescence spectra could not be
recorded due to the restrictions on the experimental setup used. However, the
measurements were performed for the excitation power densities between 570.7
W/cm? and 935 W/cm? which can be called as strong focusing case. The spectral
profiles were different from those measured between 19.8 W/cm? and 98.6 W/cm?.
Thus, the measurements were performed at both ranges of power densities for
atmospheric conditions (Figure 6.8 and Figure 6.9). Figure 6.8 shows the visible UC
luminescence in yttrium silicate doped with 10% Yb®*" and 1% Nd** ions with the
energy transitions of Nd** under 808 nm excitation in the case of the low excitation

power densities at a weak focusing case.
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Figure 6.8 : Emission spectra of 1% Nd** and 10% Yb** co-doped yttrium silicate
depending on power densities at atmospheric condition . The spectra and
corresponding photos of the sample are given at (a) 98.6 W/cm?, (b) 81.9 W/cm?
and (c) 11.8 W/cm?.
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The inset figure in Figure 6.8 shows the double log representation of intensity versus
laser power densities for measurements. The observed slight emission centered at ~542
nm arises from the intra-4f electronic transition *G7,—*lg;2 of Nd** ions. The other
transitions of Nd** ions at ~605 nm, ~692 nm, and ~758 nm due to 2Gz7/2+*Gsp—"lor2,
4F712 +4S32—ar2, 2Hor+*Fsia—*los2, respectively, were shown in Figure 6.8. It is well
known that the number of the required photons for upper state emission can be found
by using the relation IaP" where 1 is the luminescence intensity, P is the pump laser
power and n is the number of the photons involved in the process. The shapes of the
slopes in red emissions of intensity versus power dependence at ~605 nm, ~692 nm,
and ~758 nm were nearly identical and this behavior may indicate that the same

intermediate state reservoir is involved in all upconversion processes [72].

Figure 6.9 shows the dominant thermal white light for high power densities at a strong
focusing case. The broad emission at ~568 may be due to the *Gs,—*lar2 and this
emission was observed at 570.7 W/cm?.

The power density of 570.7 W/cm? is a threshold power to be able to record the
emission from the sample at atmospheric conditions in a strong focusing case. We
obtained the thermal white light for the excitation power densities above 570.7 W/cm?
while the upconverted white emission was a dominant mechanism for the low

excitation power densities below 98.6 W/cm?.
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Figure 6.9 : Emission spectra of 1% Nd** and 10% Yb** co-doped yttrium silicate
under atmospheric condition under 808 nm excitation at high power densities
from 935 W/cm? to 570.7 W/cm?. The emission spectra and the corresponding
photos are given at (a) 887.8 W/cm?, (b) 737.5 W/cm? and (c) 570.7 W/cm?.

The similar luminescent behavior was observed for both Nd®* and Nd®*/Yb3®* the

codoped samples for atmospheric conditions, however, in codoped case, we could not
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obtain the upconversion white light and thermal white light together with increasing
powers. For co-doped sample at atmospheric conditions, we obtained the up
conversion white and thermal white light separately at different focusing cases, namely
at various excitation power densities [18, 61]. When we compare the measurements of
high and low power densities at strong and weak focusing cases, while the spectra of
strong focusing are thermal white light, the other one is upconverted white light and
both of them have strong emissions. The thermal white light may be due to the effects
of high-intensity laser irradiation. The high power densities may cause the sample
heating and can lead to generating broadband white emission with recombination of
charge carriers [82]. The upconversion mechanism may be supposed to be very
challenging for Nd**/Yb®" codoped sample. The 808 nm laser diode excites Nd** into
its *Fs/, state, and then a non-radiative relaxation may occur to the *Fs/ level of Nd®*.
This may be followed by emissions of Nd** due to *Fsz—*l11/2, *los2 transitions. The
energy could also be transferred from Nd*" to Yb3* and this may increase the
population of the 2Fs, state of Yb3* [18, 82]. The much larger slope values than n=2
indicate that a positively closed hetero-looping enhanced energy transfer upconversion
mechanism that is a kind of photon avalanche (PA) between the Nd** and Yb®* ions
may be present. The possible energy level diagram of Nd*" and Yb** ions in the co-

doped yttrium silicate sample is shown in Figure 6.10.
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Figure 6.10 : The possible energy level diagram of Nd** and Yb®* ions in co-doped

yttrium silicate nanopowder.
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In Figure 6.11, we see the emission spectra of Nd** and Yb®" codoped yttrium silicate
nanopowder with energy transition peaks of Nd** at vacuum conditions. The peak
centered at ~483 nm due to the “Go.—*lg12 electronic transition of Nd** was in the
shape of a shoulder. The transitions at ~538 nm, ~600 nm, 661 nm and ~747 nm
corresponding to *Gro—*lor, *Gspt+?Gre—*len, *Faa—*loz and *Szp+*Fsp—*los

transitions of Nd**, respectively, were observed under vacuum conditions.

The number of photons that are required for emission was found by using pump laser
power dependence relation for 1%Nd** and 10% Yb** codoped sample for vacuum
measurements (Figure 6.12). Unexpectedly, the behavior of power dependency has an
s-like shape with different three slopes. As illustrated in Figure 6.12, the shape of
slopes and much larger n values above ~3 watts of excitation power, n ~4 or 6 may be
referred to as a closed positive hetero-looping upconversion mechanism that is a kind
of the conventional avalanche process [72]. In the vacuum, at high excitation power
densities, n values may be lower than the exact photon numbers due to increasing
competition between the decay and upconverted rate of intermediate states, which is
called as saturation effect [99,100]. If upconversion dominates over linear decay for
the depletion of intermediate excited states, the slope of luminescence from the upper

state n is almost linear [100].
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Figure 6.11 : White light generation of 10% Yb** and 1%Nd>* doped yttrium
silicate at 0.01 mbar under 808 nm excitation. The emission spectra and the
corresponding photos of the sample are given at (a) 98.6 W/cm?, (b) 35.2 W/cm
and (c) 11.8 W/cm?,
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In Figure 6.12, the slope of the double log plot of nanophosphor shows a decrease due
to reaching saturation of the upconversion (above approximately 19.8 W/cm?). For
higher excitation power densities (between 935 W/cm? and 570.7 W/cm?), the white
light emission due to the thermal processes becomes dominant and the thermal process
would introduce the much steeper growth after the saturation has begun to appear. The
number of photons to obtain red emissions at 692 nm and 758 nm are n=3.8 and n=2
respectively, and those are lower than for the emission at 605 nm at atmospheric
pressure. The separate regions for n values are characteristics of the photon avalanche
process. Below the threshold, upconverted intensity is generally weak, above, the
intensity increases by orders of magnitude, the pump light is strongly absorbed, and
thermal processes play an effective role to obtain emission. The emission intensity of
4Gs12+2G7—"1g12 transition at 605 nm is increasing faster than the red band at 758 nm

for atmospheric pressure by increasing powers as seen in Figure 6.8.
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Figure 6.12 : Double log plot for 1% Nd** and 10% Yb®* co-doped yttrium silicate
sample at 0.01 mbar.

The increase in *Gs2+2G72—*loi2 transition at 605 nm is bigger than *F7/2 +*Sap—*los2
transition at 692 nm. The cross relaxation processes between excited Yb** and Nd**

ions in *Fsz2 level may become one of the dominant processes causing an increase of
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the UC emission at 605 nm. Then, increasing the excitation power causes thermal
heating, which may increase the non-radiative transitions from upper level of emission
centered at 692 nm and 758 nm to lower lying “Fa, level of Nd** ions. As a result, the
decrease of these emission intensities compared to emission at 605 nm is observed. At
low pressure, the emission intensity of “Gz2—*lg2at 538 nm is a little higher than that
is in *Gs/2+2G72— *lo2 at 600 nm. The other red band intensity centered at 661 nm is
nearly the same with the strong orange emission at 605 nm. When the *Fs/2+*Sz2—*los2
transition of Nd®* ion at 747 nm is increasing, the orange band emission at 600 nm is

decreasing with power.

The results of illuminance meter measurements for Nd**/Yb®* codoped sample at both

atmospheric and low pressures were presented in Figure 6.13a, b, and c.
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Figure 6.13 : The CIE 1931 (X, y) coordinates for 1% Nd*" and 10% Yb** co-doped
sample at 808 nm excitation (a) Case 1. Weak focusing with low power densities
at atmospheric condition (b) Case 2. Strong focusing with high power densities at

atmospheric condition (c) Case 3. Vacuum condition (0.01 mbar).
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Chromaticity coordinates (x, y) were near to white light coordinates (0.33, 0.33) for
measurements of atmospheric pressure with higher x, y values for high power
densities. Color Rendering Index was generally higher for high power and small for
low power densities at atmospheric pressure. The chromaticity values gave the
different Correlated Color Temperature values for the sample between ~2100 K and
~4800 K for atmospheric and vacuum conditions. The emission was white at ~570
W/cm? and the color was shifted to the orange-red region like a candlelight with
increasing pumping power. We get the emission ‘like a candle white light’ as in our

previous work about Nd** single doped sample [18].

The decay and rise patterns were measured to observe the luminescence dynamics of

the sample in atmospheric and vacuum conditions (Figure 6.14 and 6.15).
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Figure 6.14 : a) Decay; b) rise patterns at 675 nm and c¢) decay d) rise patterns at
750 nm for 1% Nd** and 10% Yb®" codoped yttrium silicate nanopowder
depending on power densities at atmospheric conditions (in case of weak

focusing).

The decay and rise curves were smoother at vacuum conditions. However, some

variation in the intensities indicating some deviations from the single exponential
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behavior of rising and decay curves were observed under atmospheric conditions. This
may be due to the thermal conductivity of the air captured in the powder samples. The
decay patterns at 675 and 750 nm (Figure 6.14 a, c) were nearly the same shapes, the
strong laser absorption may occur, and thermal effects were generated in the sample.
The rising times at 675 nm were longer than those at 750 nm (Figure 6.14 b, d), so it
is indicated that the thermal effects are more effective at 675 nm and upconversion
emission is dominant at 750 nm. In other words, the slow rise times show that the
thermal effects are dominant for producing broadband white emission. The longer time
at vacuum indicated that the existence of a long lifetime intermediate state and some
efficient CR processes in the system (Figure 6.15). In Figure 6.14, it is seen from the
rising and decay patterns that the emission intensity is not stable at atmospheric
conditions. In contrast, the stability of emission at the vacuum is extremely high and
that is in good agreement with the luminescence behaviors. It is well known that the
thermal conductivity of air decreases with decreased pressure. The threshold power to
obtain white light at vacuum is lower than that at atmospheric pressure due to the

insulating effect of vacuum.

As a summary, the Nd**/Yb®" codoped yttrium silicate sample was synthesized using
the sol-gel method. The annealed powder sample was structurally characterized by
using the X-ray diffraction analysis and the results indicate that nanostructure was
successfully obtained. We observed different emission bands due to energy levels of
Nd** at low power densities for atmospheric pressure and vacuum for 808 nm laser
diode excitation. The UC mechanism, in fact, is more complex than the experimental
emission profiles seem to suggest. At atmospheric conditions, we observed the
different spectral behaviors under weak and strong focusing arrangements. We
reported an interesting photon avalanche process based on the observation of
anomalous s-shape pump power dependence of UC green and red radiations at
vacuum. Under weak excitation conditions at atmospheric pressure, UC-assisted white
light was observed for excitation power densities below ~99 W/cm? and white light
due to the thermal effects was observed for excitation power densities higher than ~570
W/cm? at atmospheric conditions. At vacuum (0.01 mbar), however, the white light
due to UC processes and the thermal effects were generated above ~20 W/cm? which

is much lower than that measured for atmospheric conditions for low excitation cases.
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Figure 6.15 : a) Decay; b) rise patterns at 600 nm for 1% Nd** and 10% Yb®" co-
doped yttrium silicate nanopowder depending on power densities at 0.01 mbar.

The emitted light intensity was not stable at atmospheric pressure while it was more
stable at 0.01 mbar. It was seen that the thermal effects due to the laser absorption,
duration of the measurement and focusing arrangements play a more important role in
the luminescence behavior at atmospheric pressure. We report the anomalous “s”-
shape pump power dependence of the up-converted green and red emissions obtained
under vacuum (0.01mbar). We have also investigated the luminescence dynamics of

these emissions by analyzing the rise and decay patterns. The threshold power to obtain
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very bright white light was decreased under vacuum condition and the color quality

parameters were analyzed for all the experimental conditions.

We obtained the thermal white light from the undoped host, only Yb** doped host, and
single Nd** doped host as indicated in our previous chapters [18, 61]. The white
emission may be due to the host, Yb** ions or Nd** ions and due to the interactions
between them. The obtained conclusions here may be applied to other single doped or
codoped nanocrystals. The studies and further efforts in the development of fabrication
and optical performance of upconversion (UC) materials can lead to improving their

UC efficiency and may also reduce the production costs.

6.2 Nd3*/ Tm3* Codoped Yttrium Silicate Nanopowders

The upconverted materials that emit different colors play an important role in
photonics. Blue light emitted solid-state systems have also attracted a great deal of
interest by the researchers due to their potential use in photonic devices. For example,
they are used for light emitting diodes, drug delivery, biological labels, and sensors,
etc. [101—104]. To achieve a blue emission, trivalent ytterbium (Yb®") can be used as
a near infrared sensitizer under ~980 nm excitation. The excited Yb3" ions can transfer
their energy to Tm3* ions so, a strong blue upconversion emission may occur [105,106]
or a blue emission can be occurred by cooperative emission of Yb3*-Yb** couple [19].
It is also possible to obtain blue light from the Tm** doped yttrium silicate sample as
mentioned in Chapter 5. The blue upconversion emission of Tm3* ion is appeared by
populating states 1G4 (~21000 cm™) and D2 (~28000 cm™) and thus D.—3F4 and
1G4—°Hs transitions peaked at ~450 nm and ~480 nm, respectively. The trivalent

Neodymium (Nd3*) is another near infrared sensitizer pumping around ~800 nm.

In this part, upconversion properties of Tm3" and Nd** codoped yttrium silicate
samples were investigated at atmospheric pressure and vacuum by using a continuous
wave laser operating at 808 nm. We used Nd*" as a sensitizer to observe the
characteristics of light and mainly investigated the effects of pressure difference and
pumping power on luminescence behavior. The gel formed sample was grinded at
agate mortar after annealing at 1250 °C for 12 h. The sol-gel process allowed us to
obtain single phase and homogeneous nanomaterial with desired elemental

composition. The emission profile of the Tm*" doped sample is dramatically influenced
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by the presence of Nd** ions when we compare the spectrum of the codoped system

with the single Tm3* doped system.

6.2.1 Structural analyses

The X-ray diffraction patterns of Y203-SiO2: 1% Nd**/ 0.5Tm?*" are shown in Figure
6.16. We can see from the figure that positions and relative intensities are most well
suited to the a-Y2Si20O7 structure with card number 38-0223 according to JCPDS.
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Figure 6.16 : XRD spectra of 1%Nd** and 0.5%Tm?** doped yttrium silicate
nanopowders.

The main phase is a-Y2Si2O7 (triclinic, P-1(2) space group) and the strongest peak is
detected at 20~29.60 with the plane (1 -2 0). There are very little impurities that can
be neglected and it confirms that Nd** and Tm?** ions were successfully located in the
matrix. The average grain size was estimated as ~90 nm, by using the Scherer equation
[50].

6.2.2 Luminescence properties of Tm3/Nd®** codoped yttrium silicate at
atmospheric conditions

The luminescence measurements of Tm®* and Nd** doped yttrium silicate
nanopowders were performed at atmospheric conditions under 808 nm laser excitation.

Figure 6.17 shows the spectra and emissions can be attributed to the energy transition

98



of Tm®" and Nd** ions. When the Tm3* singly doped and Nd**/ Tm** codoped samples
were exposed to the same excitation wavelength, the luminescence characteristics are
extremely different. When we compare 0.5%Tm?3*/ 1% Nd** codoped sample with the
0.5% Tm?®" single doped sample (Chapter 5.1), it is clearly seen that the emission

profile depends on dopant ions.
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Figure 6.17 : Spectra of 1% Nd** and 0.5% Tm?* doped yttrium silicate at
atmospheric conditions under 808 nm excitation. The inset figures show a) blue
region of the spectra in detail b) the spectra of Tm** single doped sample at
atmospheric conditions at 808 nm to see the difference adding the Nd*".

The emission spectrum of the Tm3*: Y,Si»07 has 'Gs—>Hs transition of about 475 nm
while this emission has almost diminished in the Tm3*/ Nd** codoped sample. Namely,
1G4—2Hs energy transition is considerably quenched for the codoped sample and
additional energy transitions of >G7z—*lgi2 at 536 nm, 2Gsj2+*Hi12—*lg2 at 590 nm
due to Nd** ion appeared in spectra (Figure 6.17). The emission between 650-700 nm
can be due to both Nd®* and Tm®* ions. We said that a sharp peak centered about 695
nm for a single Tm®" doped sample can be due to the (3F2, 3Fs) —°Hs of Tm® as
mentioned in Chapter 5. In this case, when we add Nd®* ion to the system, the sharp
peak centered about 695 nm for single Tm** doped sample become broad emission and

the peak shifts to 691 nm. It is understood that adding Nd®* to the system causes
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shifting of spectra to the blue region (Figure 6.18) and this behavior was observed by
Rakov and Maciel before [106, 107]. The additional broad peak about 661 nm for the
codoped samples may be due to *Fez—*l9/2 of Nd®* ions. The emission centered at 750
nm may be due to *Fs/,+*Sz2—*1g/2 transitions of Nd** ion. The emission spectrum of

the Tm3* doped sample is dramatically influenced by the presence of Nd** ions.

Intensity {a.u)

T T T T T T
€20 640 660 680 700 720 740

wavelength (nm)

Intensity (a.u)
1

1—— 0.5Tm* doped sample

] ——0.5% Tm3+l 1% Na3* codoped sample

| T T T T T T T T T T T T
450 500 550 600 650 700 750

wavelength (nm)

Figure 6.18 : The comparison of the UC luminescence spectrum of Tm3* single
doped and Tm**/ Nd** codoped samples at the atmospheric condition with an
excitation wavelength of 808 nm pumping by 4.92 W.

The experimental data measured at various excitation powers for the emission bands
of single Tm3* doped and Tm**/ Nd®** codoped samples have been fitted with a straight
line. The double log representation of the intensity versus pumping power is shown in
Figure 6.19.

The numbers of the photons involved in the processes have been found as n= ~5, ~5,
~3 and ~2 at 536 nm, 590 nm, 695 nm, and 750 nm, respectively, as seen in Figure
6.19. It is noticed that the photon number involved in the process at 695 nm is increased
from ~2 to ~3 by adding Nd** to the Tm®* doped yttrium silicate. We could not strongly
detect the blue emission at 475 nm for the codoped sample (see Figure 5.13).
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Figure 6.19 : Log-log plot of the 0.5% Tm®"/1% Nd** codoped sample at the
atmospheric condition with the excitation wavelength of 808 nm.

The CCT, CRI, CIE coordinates and the corresponding photo of the sample were given
in Table 6.1 depending on pumping powers. The color quality coordinates (CIE-1931)
were found to be (0.4777, 0.3680) and (0.3255, 0.2965) for 7.34 W and 0.84 W
respectively, at atmospheric pressure. The color temperatures were measured as 2148
K and 5928 K at 7.34 W and 0.84 W, respectively, at atmospheric conditions. It has
corresponded well with the emission turns to incandescent warm white light at high

pumping powers.
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Table 6.1 : HNT1_1250 (1% Nd** / 0.5% Tm?3* codoped Yttrium Silicate
nanophosphor) at 808 nm excitation under atmospheric conditions.

Output Power CCT(K) CRI(Ra) CIE Spectrum Photo of
(W) coordinates the
emission
(0.4777,
7.34 2148 76 0.3680)
(0.5072,
6.59 1940 69 0.3784)
(0.5204,
5.79 1857 64 0.3822)
(0.5173,
4 1797 65 0.3687)
(0.4450,
3.02 2244 82 0.3324)
(0.3505,
1.95 4453 78 0.3001)
(0.3255,
0.2965)

0.84 5928 82

6.2.3 Luminescence properties of Tm3*/ Nd** codoped yttrium silicate at vacuum

The luminescence spectra of Tm3* and Nd** codoped yttrium silicate nanopowder at
vacuum (0.01 mbar) under 808 nm laser excitation is shown in Figure 6.20. The inset
figure belongs to 0.5 Tm** doped sample and it is clearly seen that spectra shifts to the
blue region when Nd** ion is added to the system as in the case of the atmospheric
condition. The red emission centered at 682 nm corresponding to (°F2, 3Fs) —3Hg of
Tm?*. The number of emission bands is increased by adding the Nd** ions to the
system as expected. The other wideband transitions at 536 nm, 590 nm, 687 nm, and

748 nm are the same as those are in atmospheric pressure.
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Figure 6.20 : Spectra of 1% Nd** and 0.5% Tm?3* doped yttrium silicate
nanopowder depending on power at 0.01 mbar under 808 nm excitation. The inset
figure shows the spectra of the single Tm** doped sample under vacuum for
comparison.

Figure 6.21 shows intensity dependence on pumping power at vacuum conditions. The
number of photons involved in energy transfer processes are decreased by comparing

with the measurements at atmospheric pressure.
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Figure 6.21 : Log log plot of the 0.5% Tm?®*/ 1% Nd** codoped sample at 0.01
mbar under 808 nm.
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In addition, positions of the peaks at 695 nm and 750 nm attributed to *Fs—3Hs and
4Fsio+?Hon—*lo2 respectively at atmospheric pressure are shifted to lower wavelengths
at vacuum. The illuminance meter results and corresponding photos of the sample at

vacuum are shown in Table 6.2.

Table 6.2 : HNT1_1250 (1% Nd** / 0.5% Tm?3* codoped Yttrium Silicate
nanophosphor) at 808 nm excitation under vacuum conditions.

Output Power CCT(K) CRI (Ra) CIE Spectra Photo of
(W) coordinates the
emission
(0.5354,
7.34 1960 53 04184) L
(0.5367,
6.59 1936 56 04161)
(0.5371,
5.79 1021 54 0.4139)
(0.5409,
4.92 1894 49 0.4143)
(0.5483,
4 1851 45 0.4161)
(0.5463,
3.02 1825 47 0.4091)
(0.5036,
1.95 2014 66 0.3847)
(0.3829,
0.84 3608 89 0.3406)

Color rendering index is the highest value (89%) at vacuum condition at 0.84 W. The
CIE coordinates (x, y) values are higher at vacuum than that is in atmospheric pressure,
for example, (0.5354, 0.4184) at 7.34 W. At vacuum, CCT values are less than the
obtained results at atmospheric conditions.
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Further characterization of the luminescence dynamics was carried out with
performing the rise and decay patterns under atmospheric and vacuum conditions. The
decay and rise patterns of the Nd**/ Tm3* codoped system are shown in Figure 6.22. It
is clearly seen that both decay and rise times are strongly dependent on pumping
power. The decay patterns are shorter for low powers and increasing with the increased
powers. We had measured decay and rise patterns of sample doped with single Nd®* at
vacuum before. We noticed that decay patterns were noticeably longer for the Nd®*
single doped sample. This may indicate that the dominant mechanism of energy
transfer processes for the codoped sample is nonradiative energy transfer between
Nd** and Tm3* ions.
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Figure 6.22 : Luminescence dynamics of the 0.5% Tm>*/ 1 % Nd** co-doped
sample a) decay patterns b) rise patterns and c) the whole picture of the decay and
rise patterns detected together under 0.01 mbar.

In the same manner, the rise patterns are shorter for the codoped sample. The lifetime
measurements are necessary to investigate which mechanism is responsible for the
energy transfer mechanism of samples, but we have not an opportunity to get the

lifetime measurements. However, decay and rise patterns can give us an idea about it.
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6.3 Tm®"/ Yb3* Codoped Yttrium Silicate Nanopowders

Trivalent thulium ion has widely studied due to its near infrared and visible emissions
properties. It has technological importance for applications such as developing medical
laser technologies, optical fiber [108-110]. We know that the trivalent Ytterbium ion
has the simple energy level, large absorption and emission cross section, long lifetime,
and usually used as a sensitizer. There are some studies about the Tm** / Yb** codoped
systems such as fluoride crystals [111], lanthanum aluminum germanate glasses [112],
fluorophosphate glasses [113] etc. For yttrium silicate host material, the dopant ions
(Tm®*, Nd**, and Yb®") are replaced by the Y** ions randomly since they have similar

size and same valence state.

The excited Yb3*at 975 nm can transfer its energy to Tm3* ion by phonons via energy
transfer processes. Similarly, the excited Tm*®* ion at 808 nm can also gain energy for
Yb?*. The selection of the host matrix is very important at this point. High phonon
energy increases the nonradiative processes. Yttrium silicates hosts have low phonon
energy and suitable for obtaining efficient luminescence results. So, we used yttrium
silicate as host and synthesized %0.5Tm?®*"/10% Yb* (HTY1_1250), %0.25 Tm3*/10%
Yb¥*(HTY2_1250) and %1.0 Tm*/10% Yb®* (HTY3_1250) codoped nanophosphors
via sol-gel method. The luminescence properties of the samples were investigated at
atmospheric conditions by 808 and 975 nm excitations. The emission properties of
HTY1 1250 sample were also studied at vacuum conditions. Color quality parameters

and decay rise patterns were determined experimentally.

6.3.1 Structural analysis

To obtain information on crystal structure such as phase and purity for the samples,
XRD measurement was performed in the range of 20=15° and 50° with the step of
0.02. According to JCPDS, the resultant patterns are presented Figure 6.23 together
with a reference pattern for a-Y2Si.O7 (triclinic, P-1(2) space group) (JCPDS card
number: 38-0223.)
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Figure 6.23 : XRD patterns of the Tm3*/Yb®*" doped Y.03-SiO, samples.

The doping ytterbium (10% Yb3*) may cause additional peaks due to Y-Y,Si,O7 phase
with card number 74-1994. The grain sizes of the samples HTY1_1250, HTY2_1250
and HTY3_ 1250 are found as ~79 nm, ~68 nm and ~61 nm, respectively, by using

Scherrer equation.

6.3.2 Luminescence properties of Tm3*/Yb3* codoped nanophosphors at 975 nm

Luminescence emission properties in Tm**/Yb*" codoped yttrium silicate samples
have been studied at atmospheric conditions (Figure 6.24) and vacuum (Figure 6.25)
with 975 nm excitation. The excitation wavelength of 975 nm is coincident with the
ground state absorption of Yb** ions. The Yb®* ions were excited with 975 nm diode
laser and then transferred its energy to Tm®* ions, which results in characteristic
emission bands of Tm3* at ~475 nm, ~700 nm, ~ 800 nm. In Figure 6.24, the slight
blue peak about 475 nm corresponds to the 'Gs—>Hs energy transfer of Tm®" or
cooperative emission of Yb®* and near infrared peak about 800 nm corresponds to the
3H,—3Hs transition of Tm®*. Both levels are populated through the 2Fs. level of Yb%*
[114]. The band centered about the 700 nm may be due to *F3—3Hs energy transfer of

trivalent Thulium(I11) ion.
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Figure 6.24 : Luminescence spectra of 0.5%Tm?*" and 10%Yb*" doped yttrium
silicate sample (HTY1_1250) depending on pumping powers at atmospheric
conditions, excitation of 975 nm.

The vacuum results of the luminescence measurements were demonstrated at Figure

6.25 for the codoped sample.
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Figure 6.25 : Luminescence spectra of 0.5%Tm3" and 10%Yb** doped yttrium
silicate sample (HTY1_1250) depending on pumping powers at vacuum,
excitation of 975 nm.
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It was seen that upconversion peaks of Tm3* ion became to turn into thermal white
emission with increased pumping powers. However, the *F3—3Hg transition about 700
nm was dominant with thermal white emission at vacuum. The luminescence spectra
of %0.25 Tm3"/10% Yb*" (HTY2_1250) and %1 Tm3'/10% Yb* (HTY3_1250)
codoped nanophosphors at atmospheric conditions with 975 nm excitation were
similar to spectra of 0.5%Tm3*/10% Yb*" codoped yttrium silicate sample as seen in
Figure 6.26 and 6.27.
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Figure 6.26 : Luminescence spectra of 0.25%Tm>" and 10% Yb3* doped yttrium
silicate sample (HT'Y2_1250) depending on pumping powers at atmospheric
conditions, excitation of 975 nm.

The near infrared emission of about 790 nm is very intense in the spectra comparing
with blue and red emissions. The blue upconverted emission can be easily saturated at
low pumping powers. The vibrational energy or phonon energy of the host is very
important. It must be low to prevent multiphonon assisted quenching and also it must
be large enough to provide multiphonon relaxation of energy transfer from excited
states to lower states [115, 116, 117].
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Figure 6.27 : Luminescence spectra of 1.0 %Tm?®* and 10% Yb%* doped yttrium
silicate sample (HTY3_1250) depending on pumping powers at atmospheric
conditions, excitation of 975 nm.

6.3.3 Luminescence properties of Tm3*/Yb3* codoped nanophosphors at 808 nm

The luminescence spectra of the 0.5%Tm3" and 10% Yb®" doped yttrium silicate
sample were measured at a diode laser of 808 nm excitation at atmospheric pressure
and vacuum. The results from atmospheric pressure were shown in Figure 6.28 and
vacuum in Figure 6.29. The artificial peaks between 550 nm and 650 nm are due to
the scattering of laser light in the system. In Figure 6.28, we see very slight blue
emission and the strong band about 700 nm corresponded to the 3Fs—3Hs transition of
Tm?®*. The results of vacuum measurements with increasing pumping powers were
shown in Figure 6.29a and 6.29 b. We can say that the spectra below ~4.9 W are similar
to the results of atmospheric conditions (Figure 6.29a). When the pumping powers
increased, the spectra became to a thermal white emission with the peak of 3Fs—3Hs
transition of thulium (I11) (Figure 6.29 b).
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Figure 6.28 : Luminescence spectra of 0.5%Tm?" and 10% Yb** doped yttrium
silicate sample depending on pumping powers at atmospheric conditions,
excitation of 808 nm.

The luminescence spectra of %0.25 Tm**/ 10% Yb3* and %1.0 Tm**/ 10% Yb®* co-
doped nanophosphors were again similar to the 0.5%Tm?3*/ 10% Yb** codoped sample

at 808 nm excitation as seen in Figure 6.29 and 6.30.

The blue emission from the samples is stronger at atmospheric pressure than that is in
the vacuum. The spectra are broader in the vacuum instead of having sharp peaks of

emissions.
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Figure 6.29 : Luminescence spectra of 0.5%Tm?3" and 10%Yb** doped yttrium
silicate sample (HTY1_1250) depending on pumping powers at vacuum,
excitation of 808 nm.

As indicated in Figure 6.31, there are no important differences between atmospheric
pressure cases at both 975 nm or 808 nm excitation. However, the chromaticity values
are extremely different for HTY1_1250 (0.5 Tm®*/10% Yb** codoped sample) at

vacuum case under 975 nm or 808 nm excitations.
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Figure 6.30 : Luminescence spectra of 0.25%Tm?" and 10%Yb®* doped yttrium
silicate sample (HTY2_1250) depending on pumping powers at atmospheric
conditions, excitation of 808 nm.
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We see the CIE 1931 coordinates of HTY1 1250 codoped yttrium silicate
nanophosphor in Figure 6.32 as a function of excitation powers at excitation of 975

nm / 808 nm under atmospheric conditions.
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Figure 6.31 : Luminescence spectra of 1.0 %Tm?3* and 10% Yb®* doped yttrium
silicate sample (HTY3_1250) depending on pumping powers at atmospheric
conditions, excitation of 808 nm.

The CIE 1931 coordinates of the Tm3*/ Yb** codoped samples were shown in Figure
6.32, Figure 6.33, and Figure 6.34 at 975nm or 808 nm excitations under atmospheric

conditions and vacuum.

In Figure 6.32, we see the CIE 1931 coordinates of the HTY1 1250 sample as a
function of excitation powers at a) atmospheric conditions and b) vacuum at
excitations of 808 nm and c) atmospheric conditions and d) vacuum at 975 nm. In
Figure 6.33 and Figure 6.34, we see the CIE 1931 coordinates of HTY2_1250 and
HTY3_1250 samples as a function of excitation powers under atmospheric conditions

at excitation of a) 975 nm and b) 808 nm.
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Figure 6.32 : CIE 1931 coordinates of Tm3*/Yb®*" co-doped yttrium silicate
(HTY1_1250) as a function of excitation powers a) atmospheric conditions at 808
nm b) vacuum at 808 nm c) atmospheric conditions at 975 nm d) vacuum at 975
nm.

In summary, upconversion emission properties in Tm®*" and Yb®*" codoped yttrium
silicates nanophosphors with the various concentration of Tm3* ions were investigated
depending on excitation wavelengths, pumping powers and pressure. We obtain blue,

orange, yellow and red emission in different cases.
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Figure 6.33 : CIE 1931 coordinates of Tm3*/ Yb%* co-doped yttrium silicate
nanophosphor (HTY?2_1250) as a function of excitation powers a) atmospheric
conditions at 975 nm b) atmospheric conditions at 808 nm.
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Figure 6.34 : CIE 1931 coordinates of Tm3*/ Yb%* co-doped yttrium silicate
nnanophosphor (HTY3_1250) as a function of excitation powers a) atmospheric
conditions at 975 nm b) atmospheric conditions at 808 nm.
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7. STRUCTURAL AND LUMINESCENCE PROPERTIES OF RARE EARTH
TRIPLY (Nd3*/ Tm3*/ Yb3") DOPED YTTRIUM SILICATE (Y20s: SiO2)
NANO PHOSPHORS

The great interest in literature is to obtain white light by mixing the light of red, green
and blue colors in some proportions. The rare earth ions can emit these basic three
colors as we know and white light can be generated by the way of upconversion
processes using these ions. The systems doped with rare earth ions to mix the blue,
green and red can be used in the photonic industry and various optical applications
[118-120]. In literature, there are some studies Nd**/ Tm3*/ Yb®* triply doped glasses
and ceramics [121-123]. However, there is no reported study about tunable multicolor

and bright white UC on yttrium silicate host doped with these rare earth ions.

In this time, we will present luminescence properties of Nd**/Tm?*"/Yb** triply doped
yttrium silicate samples in different concentrations of ions at 975 nm and 808 nm
excitations. The luminescence studies indicated that there are efficient emissions of
samples in the range of 450-900 nm and 450-780 nm at 975 nm and 808 nm excitations,
respectively. This leads to intense upconversion processes with emissions of three
basic colors: blue, green and red. There are some energy transfers among the
sensitizers Yb%*and Nd*, and Tm®*'dopants. The concentrations of triple doped
nanophosphors are %10 Yb%*, %1 Nd®*, %0.5 Tm** (HNTY1), %10 Yb**, %0.5 Nd**,
%0.25 Tm** (HNTY2), %2 Yb%, %0.25 Nd**, %0.5 Tm** (HNTY3), %2 Yb%, %0.5
Nd3*, %0.25 Tm*" (HNTY4) and %10 Yb*", %0.25 Nd**, %0.5 Tm** (HNTY5).

Firstly, bulk forms of Yb*/Nd**/Tm3®" triple doped yttrium silicates have been
successfully prepared via the sol-gel method and powder forms were obtained by
annealing process at 1250 °C for 12h. The luminescence spectroscopy technique was
employed to measure luminescence spectra at excitation of 975 nm/ 808 nm depending

on powers under atmospheric and vacuum conditions. The samples emitted blue (~475
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nm), green (~530nm), yellow (~590 nm) and red (~693 nm and ~750 nm) colors at
various physical conditions. The combination of blue, green and red emissions created

the white light, which was visible by naked eyes.

Among the various sensitizers, Yb%* ion was used to sensitize the system since it is
excited effectively under the NIR pumping source. Nd* is used to obtain red and green
colors and Tm** is for blue light. In addition, white emission was also obtained by the
way of thermal processes. The CIE coordinates indicated that Yb3*/Nd**/Tm3* triple
doped yttrium silicate samples emitted the light close to the white region (0.33, 0.33)
at some special physical conditions. Power dependence of each emission intensity was
investigated and the possible upconversion mechanisms were discussed. The results
showed that the samples might have potential applications for the industrial and

photonics areas.

7.1 Structural Analyses

Yttrium silicate host shows different polymorphs (a, B, y, 8, y) and obtaining a single
pure phase is extremely difficult. A representative example of XRD patterns of the

triply doped samples is shown in Figure 7.1.
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Figure 7.1 : XRD patterns of the triply doped samples.

The structures of all samples were found to be mainly as a-Y2Si2O7 with card number
38-0223 according to JCPDS (Joint Committee for Powder Diffraction Data). The
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additional Y-Y>Si>O7 impurity phase with card number 74-1994 was also observed for
samples that include a high concentration of Yb3* (10% per mole). The XRD patterns
indicate that annealed powders contain mainly triclinic (anorthic) crystalline phase and
P-1(2) space group. It is observed that the samples have mainly a single phase without
obvious changes by substitution of rare earth ions thus confirming successful
synthesis. In Figure 7.2 and Figure 7.3, representative examples of Scanning Electron

Microscopy images of triple samples are shown.

Figure 7.2 : The SEM images of the HNTY1 (10%Yb**, 1%Nd**, 0.5 % Tm3*
doped sample annealed at 1250 °C).

The SEM measurements exhibited the information about the particle distribution and

particle size and it is in good agreement with XRD results.

Figure 7.3 : The SEM images of the HNTY4 (2%YDb®*, 0.5%Nd**, 0.25%Tm?3*
doped sample annealed at 1250 °C).
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SEM observations of the samples are investigated at low (50000%) and high
magnification (200000x). The agglomeration is shown for triply doped samples in
Figure 7.2 and Figure 7.3.

7.2 Luminescence Properties of Triply Doped Samples

It is worthwhile to realize that upconversion luminescence and generation of white
emission can be controlled by adjusting the concentration of rare earth ions. Therefore,
the concentration of Yb®" and Tm3* ions were adjusted and luminescence properties
were analyzed depending on various physical parameters such as pressure difference,
pumping power, excitation source, etc. Based on the decay and rise patterns, some
information about the luminescence dynamics was examined at the vacuum condition.
Also, the chromaticity properties of each measurement were determined by taking the
illuminance meter images. The luminescence spectra, corresponding photos and
illuminace meter results of 1% Nd3*, 0.5% Tm?®*, 10% Yb*" triple doped sample
(HNTY1_1250) were shown in Figure 7.4.
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Figure 7.4 : Luminescence spectra of 1% Nd®*, 0.5% Tm3*,10% Yb**
(HNTY1_1250) triply doped yttrium silicate at atmospheric pressure, illuminance
meter results at a) 5.92 W and b) 0.67 W.
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We obtained from luminescence measurements that a high concentration of Yb%*
(10%) causes to be thermal processes more effective than upconversion processes.
Upconverted white light due to blue, green, red emissions was dominant at
atmospheric conditions. At lower pumping powers below ~2.8 W, blue emission was
visible however; the intensity of blue emission was decreased with enhancing of the
pumping power. The white emission was observed that has resulted from thermal
processes with emission peaks of Nd** or Tm®* ions at vacuum (Figure 7.5). The
threshold power to obtain white light at the vacuum condition was less than that it is

in atmospheric pressure as we expected.
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Figure 7.5 : Luminescence spectra of 1% Nd®*, 0.5% Tm3*,10% Yb**
(HNTY1_1250) triply doped yttrium silicate at vacuum (0.01 mbar), illuminance
meter results at a) 3.16W b) 1.45W.

The number of the required laser photons (n) for an upconversion emission can be
found by using the relation of la P", where | is the luminescent intensity, P is the pump
laser power. When we compare the slope of the double logarithm plot of intensity
versus output power for atmospheric pressure and vacuum, atmospheric condition
values are less than vacuum for HNTY1 1250 (Figure 7.6 and 7.7).
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Figure 7.6 : Log-log plot of 1% Nd®*, 0.5% Tm?®", 10% Yb%* (HNTY1_1250) triply

doped yttrium silicate at atmospheric pressure.

It indicates that the thermal processes are more effective at vacuum conditions to

generate white light. Upconversion processes were dominant at atmospheric pressure.
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Figure 7.7 : Log-log plot of 1% Nd®*, 0.5% Tm?", 10% Yb**(HNTY1_1250) triply

doped yttrium silicate at vacuum.
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For 0.5% Nd**, 0.25% Tm?®*, 10% Yb3* (HNTY2_1250) triple doped yttrium silicate,
we see the luminescence behavior at 975 nm excitation under atmospheric conditions
depending on pumping powers (Figure 7.8). The blue, green and red emissions are

shown in the figure.
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Figure 7.8 : Luminescence spectra of 0.5% Nd®*, 0.25% Tm?", 10% Yb®* triple
doped yttrium silicate (HNTY2_1250) at atmospheric conditions, illuminance meter
results at a) 5.92 W and b) 0.67 W.

Figure 7.9 shows the log-log plot of intensity versus power for sample HNTY?2_1250.
The results of emission measurements obey quadratic power law behavior (I~P") with
n=5.6, 1.9, 2.8 and 1.3 for 590 nm, 680 nm, 751 nm, and 800 nm, respectively.

The decay patterns and rise patterns behaviors are shown in Figures 7.10. It indicates
that the decay patterns of the triple doped sample haven’t strong dependence on
pumping power, however, the rising patterns are more sensitive to the pumping
powers. As seen in Figure 7.10, the decay pattern is very fast at high powers. The rise
time patterns are affected by both pumping power and a high concentration of Yb%*

ions.
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Figure 7.9 : Log-log plot of Intensity versus power of 0.5% Nd®*, 0.25% Tm?*,
10% YDb** triple doped yttrium silicate (HNTY?2_1250) at atmospheric
conditions.

For the 0.25%Nd**, 0.5%Tm®", 2%Yb®* doped yttrium silicate sample
(HNTY3_1250), the sharp lines due to the emission from rare earth ions were shown
in Figure 7.11. The white light was obtained when the pumping power is at least ~4W
for 0.25% Nd**, 0.5% Tm?*, 2% Yb®*" triple doped sample. The spectra show that a
low concentration of Yb** (2%) supported the upconverted white light instead of
thermal processes. When Yb®* concentration is decreased to 2% from 10%, the
intensity of blue emission was increased. In other words, the high concentration of
Yb® can cause to decrease in blue emission, which may attribute to Yb®* induced

luminescence quenching [124-126].
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Figure 7.10 : a) Decay and b) rise patterns of 0.5% Nd**, 0.25% Tm?3*, 10% Yb?**
doped sample under atmospheric pressure at 590 nm.

The blue emission centered at ~474 nm may be due to the 1G4—>Hs transition of Tm3*
or cooperative emission of Yb®* ions. The green band centered at ~531 nm, the yellow
band centered at ~590 nm, red bands centered at ~693 nm and ~750 nm may be due to
2Grp— o2, *Gs?Hip— o2, *Friz +*Ssp—*loz and  *Fsp+*Sza—*lo2  energy
transitions of Nd**, respectively. The energy transfers between the ions and thermal
processes were effective to obtain white light for triply doped samples. White light as
a combination of blue, green and red colors based on UC emissions of Tm®* and Nd**

was obtained at atmospheric pressure for 975 nm diode laser excitation.
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Figure 7.11 : Luminescence spectra of 0.25% Nd3*, 0.5% Tm?*, 2% Yb®* triple
doped yttrium silicate (HNTY3_1250) at atmospheric pressure under 975 nm
excitation, illuminance meter results at a) 5.92 W and b) 0.67 W.

The intensity versus power in double log representation of the triply doped sample is
shown in Figure 7.12 for atmospheric measurements. As seen in Figure 7.12, power
dependencies of the emission intensities indicate that there are two, three, four and

seven photons absorptions.
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Figure 7.12 : Log-log plot of Intensity versus power of 0.25% Nd3*, 5% Tm?3*,
2% Yb®* triple doped yttrium silicate (HNTY3_1250) at atmospheric pressure.

126



The broad bands are possibly affected by a photon avalanche population process
because of cross-relaxation processes provided that the excitation power is high. As a
result, it may indicate that photon avalanche mechanisms present together with thermal
processes. From Figure 7.12, it was determined that blue, green, yellow, orange and
red bands require ~2, ~7, ~7, ~3, ~4 and ~2 photon absorptions at atmospheric
pressure, respectively. We see the spectra of 0.5% Nd3*, 0.25% Tm?®*, 2% Yb3* triple
doped sample (HNTY4) in Figure 7.13. Upconversion and thermal white light were
obtained from the sample. This indicates both the energy transfers between the ions

and thermal processes were effective to obtain white light for triply doped samples.
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Figure 7.13 : Luminescence spectra of 0.5% Nd%*, 0.25% Tm?*, 2% Yb®* triple
doped yttrium silicate (HNTY4_1250) at atmospheric pressure, illuminance meter
results at a) 5.92 W and b) 0.67 W.

Moreover, the concentration of Yb®" also important for white light emission. Thermal
processes are more effective for the high concentration of Yb®". The number of
photons involved upconversion processes for each emission peaks were given in
Figure 7.14. The higher value of the n than expected one indicates that there are some

thermal processes and avalanche effects about 750 nm.

The luminescence spectra and the double log plot of the intensity versus pumping
power of the 0.25% Nd**, 0.5% Tm?®*, 10% Yb** triple doped sample (HNTY5) are
shown Figure 7.15 and Figure 7.16, respectively.
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log (power)

Figure 7.14 : Log-log plot of Intensity versus power of 0.5% Nd**, 0.25% Tm®*, 2%
Yb?" triple doped yttrium silicate (HNTY4_1250) at atmospheric pressure.

The emission intensities and the shape of the spectra strongly depend on the pumping
powers. Nd** and Tm®* ions can be excited by using ~800 nm diode laser excitation
while 975 nm diode laser can excite Yb®* ion. For the triply doped samples, we used
975 nm excitation and Yb®* may transfer energy to the other ions. It is well known that
Yb® ion generally leads to being a bridge for energy transition between the ions.

Intensity (a.u)

wavelength (nm)

Figure 7.15 : Luminescence spectra of 0.25% Nd®*, 0.5% Tm**, 10% Yb®* triple
doped yttrium silicate (HNTY5_1250) at atmospheric pressure, illuminance meter
results at a) 5.92 W and b) 1.1 W.
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The color temperatures of the samples measured by illuminance meter indicate that
emitted light was close to the white region with chromaticity coordinates x=0.33,
y=0.33 according to CIE 1931 at all excitation powers. The emitted white light was
like cool white for powers between ~6.2 W and ~4.8. The white light was like daylight
below ~4 W at atmospheric conditions as given in Table 7.1. In addition, a large range
of tunability of multi-colored emission was observed from the samples by changing

ambient pressure and pumping powers.

474 nm n=1.4
535 nm n=5.0
590 nm n=5.0
690 nm n=2.0
750 nm n=2.8
791 nm n=1.1
810 nm n=1.2

vAedpon

log (Intensity)(a.u)

T
1

log (power)

Figure 7.16 : Log-log plot of Intensity versus power of 0.25% Nd**, 0.5%
Tm®*,10% Yb** triple doped yttrium silicate(HNTY5_1250) at atmospheric
pressure.

In summary, Nd** and Tm*" ions can be excited by using ~800 nm diode laser
excitation while 975 nm diode laser can excite Yb®" ion. For triply doped samples, we
used 975 nm excitation and Yb3* may transfer energy to the other ions. Upconversion
and thermal white light were obtained from the Nd**/Tm**/Yb%* doped samples. This
indicates both the energy transfers between ions and thermal processes were effective
to obtain white light for triply doped samples. Moreover, the concentrations of dopants
are important for the quality of emitted white light. Thermal processes are more
effective for the high concentration of Yb3*. Vacuum condition leads to generate white

light easier than that it is in atmospheric pressure.
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Table 7.1 : Color quality parameters for the white light measured at various
output powers of laser for HNTY5_1250.

Output Power (W) CCT(K) CRI(Ra) CIE

coordinates(X, y)
6.28 3385 91 (0.3902, 0.3392)
5.55 3862 91 (0.3718, 0.3307)
4.81 4420 89 (0.3556, 0.3238)
4.01 4777 87 (0.3470, 0.3204)
2.8 4918 88 (0.3441, 0.3217)
1.96 4876 89 (0.3452, 0.3231)
1.1 4812 89 (0.3468, 0.3251)
0.67 4809 90 (0.3471, 0.3266)

The results obtained from different concentrations of rare earth ions, various pumping
power and pressure will contribute to design new kinds of materials to generate white

light for physical and industrial applications.
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8. WHITE LIGHT FROM 20% PER MOLE Yb3* DOPED YTTRIUM
SILICATE BULK SAMPLE

So far, we said that white emission is due to upconversion mechanisms among the rare
earth ions or thermal processes among them or host lattice. There are some strategies
to develop nanocrystalline lanthanide-doped powders using various synthesis
techniques [127-129]. White light generation due to upconversion or thermal processes
requires complex mixing or doping schemes. From a conceptual point of view, optical
characteristics of rare earth doped materials depend on the energy levels of rare earth
ions and host material properties depending on the size, of course, annealing of the
sample. The nanosize so large surface to volume ratio also causes to dominate surface
states and decreases the band edge emission. Thus, very broad white emission occurs
[130].

In this part, we demonstrate the luminescence properties of the sol-gel synthesized
unannealed (bulk) 20% Yb®* doped Y.03:SiO2 sample at excitation of 975 nm under
atmospheric conditions. We have observed the broad white emission from the bulk
samples. It is found that the sample is a promising white emitting source without

complex doping or heating procedures.

8.1 Luminescence Properties of the Bulk Sample

We know that the crystals and ceramics in powder form samples doped with rare earth
ions can emit white light. The upconversion process consists of some other sub-
processes such as excited state absorption, energy transfer, cooperative emission, and
photon avalanche processes. As we mentioned in Chapter 4, we obtain white emission
from a single Nd*® doped sample in both ways of upconversion and thermally. In
literature, there are lots of studies about the white light generation from various

materials such as powder, glass or ceramic form of compounds [131-136]. According
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to our knowledge, there is a very limited study about white emitting from a bulk sample
at room temperature and atmospheric pressure [137].

Luminescence measurements of 20% Y3 doped Y203:SiO2 sample in bulk form were
performed between 0.67 W and 6.28 W with a laser diode pumping at 975 nm. At
lower powers, blue emission may be due to cooperative emission of Yb**-Yb3" ions
and other peaks may belong to unwanted Er®* impurities as mentioned before. The
main reasons to obtain white emission from the bulk sample may be the effects of
energy migration, photon avalanche, and charge-transfer luminescence processes. In
addition, any changes in host material affect the luminescence properties and dynamics
of the dopants. When laser light exposed to the sample, the sample emitted a very
bright, intense white light.
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Figure 8.1 : Luminescence spectra and corresponding photos of the 20% per mol
Yb*" doped bulk sample.

As seen in the Figure 8.1a and 8.1b, we applied various pumping powers of a diode
laser to bulk sample and obtained upconversion processes at lower powers due to
cooperative emission of Yb®**-Yb®* and presence of Er®* impurities. Above 2.17 W,
the spectrum turns to broadband thermal anti-Stokes white emission and the additional
peaks were disappearing completely just above 2.8 W. In other words, a threshold
pumping power is necessary to form a broadband thermal white light. Besides, the
double log representation of emission intensity as a function of excitation power is
shown in Figuire 8.2 and n value is approximately eight. These observations indicate

that there may be a photon avalanche effect in the luminescence process.
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Figure 8.2 : Log-log plot of the 20% per mol Yb** doped bulk sample.

Below 2.17 W, in unsaturated UC case, the emission intensity is proportional to the
excitation powers (I = P"). This relation generally holds for lower excitation powers.
If we measure the luminescence at high powers, the upconversion process will saturate.
Upconversion is a nonlinear process and energy should be conserved, however, this
behavior cannot be continuos to infinite excitation. Therefore, the power dependence
would not in the same shape, and it will change at higher pumping powers. We obtain
the slopes from the log-log plot of intensity versus excitation powers deviated from

the expected values at high powers.

Figure 8.3 shows the chromaticity values of the bulk sample on the diagram. When the
pumping powers decrease, the color was shifted to the white region. At high powers,
the sample emitted orange- red like a light. The high-intensity laser can cause sample
heating and a broadband emission with the recombination of charge carriers [82, 138].
The slow rising times means the thermal effects are again significant in producing
broadband emission. The decay and rise patterns of 20% Yb®*" doped bulk sample
depending on pumping powers were seen in Figure 8.4. The decay patterns are not
strongly dependent on power while rising patterns more dependent on power. In

addition, the time scale values of rise patterns are about sixty times of decay patterns.
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CIE 1931

Figure 8.3 : The CIE 1931 chromaticity diagram of the 20% Yb*" doped bulk
sample at 975 nm excitation with various pumping powers.

The long times of rise patterns indicate that thermal processes are effective on the

luminescence mechanism.

Normalized Intensity (a.u)

time (s)

Normalized Intensity (a.u)

time (s)

Figure 8.4 : The a) decay and b) rise patterns of the 20% Yb** doped bulk sample at
975 nm excitation depending on excitation power.

134



9. TEMPERATURE DEPENDENCE OF WHITE LIGHT EMISSION

Trivalent rare earth doped materials are very interesting for a wide range of
applications due to their unique optical properties like sharp emission bands, strong
absorbance, being effective as luminescence centers and having the similar atomic size

in host lattices.

The experimental data of this thesis showed that efficient luminescence emissions
were observed from RE doped yttrium silicates. The white emission observed was
based on thermal effects and upconversion processes. Besides various physical
parameters such as doping concentration, pressure, excitation wavelength, etc.
temperature sensitivity of rare earth doped samples affects the luminescence
properties. In literature, there are very few studies about the temperature dependence
of upconverted color or white emission [139-141]. In this part of the thesis, we have
investigated temperature-dependent luminescence properties of sol-gel synthesized/
annealed undoped and 20% Yb** doped yttrium silicate nanophosphors. In addition,

the spectra at a certain temperature were investigated as a function of pumping powers.

The measurements show that the temperature-dependent luminescence spectrum of a
sample is a characteristic property [142]. In some situations, when temperature
increased, the peak of emission can be shifted to lower energy (longer wavelength),
the emission band can broaden, the intensity of emission can quench at some
temperature values since the temperature changes affect all electron-phonon

interaction, the ground and excited states of them [142-143].

9.1 Pressure- Temperature Calibration

The measurements of the temperature dependence of luminescence properties were
performed in a wide range from 780K to 4K. Firstly, we should explain how the

temperature-dependent measurements were performed since the experimental set up
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required some modifications to take measurements truely. The study about the
experimental set up will also lead us to discuss the origin of pressure versus
temperature dependence and to consider how to keep both parameters constant during

emission measurements.

During the temperature dependence measurements, at least two physical parameters
that are pressure, temperature and pumping powers should be constant because of
taking the true data. Of course, we could not take experimental data when two
parameters were changing at the same time. Moreover, we know that luminescence
properties are very sensitive to pressure and pumping powers. According to Ideal gas
law, when the temperature goes down, pressure also goes down. To keep the pressure
as a constant value, either the number of particles must be kept stable or change the

volume by using a sensitive valve.

For our system, firstly, the changes in pressure with temperature are determined as
shown in Figure 9.1 without any modification.

Temperature is decreasing Ny
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Figure 9.1 : Temperature-Pressure calibration.

Itis shown in Figure 9.1; the pressure depends strongly on temperature changes. Below
about 250K, the dependence can be seen as if it is very little, however, even those little
changes affect the intensity of white emission very much due to strong dependence of
white light on pressure. Therefore, to keep the pressure at a constant value with various

temperatures, a modification was needed in the system and we used a special valve
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like a needle. Thanks to this special valve, the pressure value of the system was kept
constant for each temperature value during measurements by inserting air very very
slowly to the vacuum area. For example, if the temperature goes down, the pressure
was also down, if we want to increase the pressure of the system without change the
temperature, the valve needs to open and vacuum the system should be decreased.
Besides this approach, the threshold value of pressure was also determined at some
low-temperature values of the system. For example, to obtain 4K from the system, the

pressure inside must be at least 10 mbar.

9.2 Temperature Dependence of White Light Intensity for Undoped Yttrium
Silicate Nanophosphors

In Figure 9.2, we see temperature-dependent luminescent spectra of undoped yttrium
silicate sample. Based on our previous works [58, 61], we have observed the
broadband thermal bright white emission from undoped sample at either 975 nm or
808 nm excitations. For the undoped sample, the temperature dependence of white
light intensity at a definite power was investigated (see Figure 9.2 and 9.3). There is a
breakpoint about room temperature. Above 300 K, white light intensity was increasing
with the ambient temperature but it could not continuous. The result is related to non-
radiative recombination. The activation of non-radiative recombination centers was
enhanced with increasing temperature. As shown in Figure 9.2, the luminescence
intensity decreases rapidly with increasing temperature below room temperature. This
may be caused thermal quenching process, which could be due to either a multiple
phonon relaxation processes or thermal ionization of ions in the host, which was a part
of the trapping mechanism that produced long persistence. Without the
photoionization process, multiphonon processes are generally regarded as the cause of
nonradiative processes that induced thermal quenching. Smaller lattice phonon energy

is then better to reduce such a quenching process [144, 145].

The measurements depending on temperature were carried out at 5.5 W, between 4K
and 550 K. The lowest temperature was obtained as 4K for the experimental setup but
20K was recorded due to the effect of laser heating. The slits were at 0.2 mm, and the
excitation wavelength was 975 nm during the measurements. Also, blueshift and
broadening of emission spectra with increasing temperatures were obtained for the

sample. This indicates that there are some temperature-dependent electron-phonon
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interactions in the system. In nanometer materials, electron-phonon interaction

becomes much stronger than that in the bulk form.
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Figure 9.2 : Temperature effects on the luminescence spectra for undoped
yttrium silicate sample. (Pressure: between 2- 3x10*mbar).

FWHM values of emission spectra of undoped sample increase by increasing
temperature above 300 K. Below the 550 K, the emission intensity is thermally
quenched until 300 K, however, below 300K the intensity of white emission became
to increase with decreasing temperature. The increasing of FWHM and decreasing
emission intensity with increasing temperature mean that there may be thermal
quenching at a configurational coordinate diagram [147]. However, FWHM values
were increased with decreasing temperatures below 300K. When the luminescent
center is excited, it is thermally activated through phonon interaction. After that, it
thermally released through the crossing point between excited and ground states in the
configurational diagram. This process is strongly dependent on temperature and results
from a decrease in emission intensity [142]. At high temperatures, the population of
phonons increases, electron-phonon interaction is dominant and so FWHM of the
spectra is broadened. The position of the peak of the emission is shifted to the red
region above 300K with increasing temperature and is shifted to the blue region below

300 K with decreasing temperature.
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Figure 9.3 : Temperature dependence of the luminescence intensity for undoped
yttrium silicate sample. The photos of the sample at a) 550K b) 300K and c) 20K.

This behavior can be explained by the Varshini equation for temperature dependence;

E(T) = B, — % (9.1)

T+b

where E(T) is the energy difference between the excited and ground states at T, Eo is
the energy difference at OK, and a and b fitting parameters. At high temperatures,
crystal field is decreased due to increasing of bond length between the luminescent
center and its ligand ions. The symmetry of the luminescent center is distorted and it
causes split excited or ground states. These processes cause to decrease of the
transition energy and emission peak is shifted to lower energy with increasing

temperature [142].

The emission intensity of most luminescent materials usually decreases with increased
temperature due to the increase in nonradiative transition probabilities of high
temperatures. However, in our case, the intensity increases with increasing
temperature above 300K. For persistent phosphors, activators are expected to be
ionized by one photon to produce trapped electrons. Sometimes when the
electronically excited state is below the conduction band, the electrons need thermal
energy to be ionized. This process thermal ionization and needs the electron energy

level to be close to the host conduction band. If there is a thermal ionization in the
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system, thermal quenching plays an important role due to the trapping of many
electrons. In addition, the thermal quenching is not effective at very high temperatures

even 550K. We understand that the host material has excellent thermal stability [139].

9.3 Temperature Dependence of the White Light Intensity for 20% Yb3* Doped
Yttrium Silicate Nanophosphor

The intensity of white light of undoped and 20% Yb** doped samples was affected by
temperature changes of ambient. At very low temperature (below 150K) and powers,
the Yb3* doped sample gave the cooperative emission Yb**-Yb®" ions and emission

peaks of unwanted Er** impurities.

In Figure 9.4, we see the temperature dependence measurements at constant pumping
power (3.21 W), and constant pressure (P= 1.10“mbar) for 20% Yb*" doped yttrium
silicate sample. It can be seen that with the increase of temperature from 10K to 200K,

the intensity of white light is decreased due to the temperature quenching [139].

In general, there may be temperature dependence of electron-phonon interactions in
luminescence center and thermally activated photoionization of rare earth ions for the
occurance of thermal quenching. Moreover, these accepted mechanisms are strongly
related to the crystal structure of the host matrix, the crystallinity of phosphors and
quenching rates [139,144]. According to the Boltzmann distribution,

N, o exp (—E,, /KT) 9.2)

where Ny, is the number of molecules in the excited state, k is the Boltzmann constant,
n is the vibrational quantum number of the excited state molecules. The increase of
temperature will cause the redistribution of excited state molecules; will not bring up
the number of molecules in the ground state to transition to the excited state [141].
When temperature increases, the number of molecules in the excited state will
increase. In Figure 9.5 the luminescence intensity decreased above 300K while it
increased above 200K. This may be possible due to the partial energy transfer of
unwanted Er®* impurity ions. As the temperature increases, the intensity of the
emission decreases for 20% Yb®* doped sample. The reason can be an increased

number of phonons in the matrix with increasing temperature.
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Figure 9.4 : Temperature dependence of the luminescence intensity of 20% Yb3*
doped sample at pressure 1x10*mbar at 3.21 W.

In Figure 9.5, firstly the intensity of the emission increased from 700K to 350K, and
decreased from 350K to 200K.
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Figure 9.5 : Double log figure of 20% Yb** doped sample at pressure 1x10“*mbar
at3.21 W.

Below 200K, the emission increased again and the reason for these different behaviors

may be the difference in crystal-field levels for the sample. In other words, the
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phenomena can be explained by the interaction between the electrons and thermally

active phonons.

9.4 Power Dependence of White Light Intensity for 20% Yb** Doped Yttrium
Silicate Nanophosphors at Definite Temperatures (8K, 77K, 200K, 450K, and
780K)

Luminescence measurements were carried out to determine the power dependence of
the emissions at definite temperature values for 20% Yb3* doped sample. Figure 9.6
shows the luminescence spectra at 8K depending on pumping powers, however, the

laser causes heating and the temperature reached 18 K during the measurement.
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Figure 9.6 : Power dependence of the luminescence spectra of 20% Yb3* doped
sample at constant pressure (10”') mbar and temperature (8K).

To take the temperature measurements, firstly, the system was cooled until to reach
4K temperature and then measurement was started. It is determined from the
experimental results; the power dependence of the emission is stronger than the
temperature dependence. In other words, the most effective physical parameters on
emission intensity are pressure, power, and temperature, sequentially. The intensity of
white light of 20% Yb®* doped yttrium silicate powders was affected by the
temperature changes. It was observed that if the temperature was decreased, obtaining

white light was more difficult.
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Figure 9.7 : Power dependence of the luminescence spectra of 20% Yb** doped
sample at constant pressure 2x107 mbar and temperature 77K.

At temperature 77K, the emission intensity of 20%YDb%" doped samples were
increasing with the increasing pumping powers and n~6 value indicates that the photon

avalanche was effective for the system. (Figure 9.7 and 9.8, respectively)
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Figure 9.8 : Double log plot of 20% Yb** doped sample at constant pressure
2x107° mbar and temperature 77K.

The luminescence results for 200K and 8K showed that the similar behavior was
obtained from the sample with increasing pumping powers. (Figure 9.9, 9.10, 9.11 and
9.12)
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Figure 9.9 : Power dependence of the luminescence spectra of 20% Yb** doped
sample at constant pressure 2x10°3 mbar and temperature 200K.
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Figure 9.10 : Double log plot of 20% Yb** doped sample at pressure 2x10 mbar
and temperature 200K.

The power dependence of white light intensity at a definite pressure and temperature
values were observed. The intensity of white light of 20% Yb3* doped yttrium silicate
powder was affected by the temperature changes. It was observed that if we decrease

the temperature, obtaining white light is more difficult.
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Figure 9.11 : Power dependence of the luminescence spectra of 20% Yb** doped
sample at pressure 2x10-3 mbar and temperature 8K.

At very low temperatures and powers, the sample gave luminescence emission of Er3*

impurities instead of white light spectra. The integrated intensity values will be

calculated for power dependence at different temperatures.
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Figure 9.12 : Double log plot of 20% Yb** doped sample at 2x10-3mbar and

temperature 8K.
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Figure 9.13 : Pumping power dependence of the luminescence intensity of 20%
Yb** doped sample at pressure 2x10mbar at 450K. The photos of the sample at
a)6.28 W, b) 4.01 W and c)1.54 W.
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Figure 9.14 : Double log figure of 20% Yb*" doped sample at pressure 2x10-mbar
and temperature 450K.

The temperature dependence of white light intensity at a definite power was
investigated. The idea is that different pressures values may give different spectral

behavior with the temperature changes.
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Figure 9.15 : Power dependence of the luminescence intensity of 20% Yb** doped
sample at pressure 2x10-3mbar at 780K. The photos of the sample at a) 6.28 W b)

log{Intensity)

3.21W and c) 0.67 W.
-// e
m pn=54 /‘/
678 nm 5
|
- //
] ///I
o
//i/
-
Py g
///
o
- //
1 A
//
~
/-/
//
///
»
] P
— //
5 T T T AR T
2 3 4 5 € 7

log (power)(W)

Figure 9.16 : Double log figure of 20% Yb®*" doped sample at pressure 2x10 mbar

at 780K.
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10. WHITE EMISSION SPECTRA OF NANOPHOSPHORS AT VARIOUS
PRESSURES

As we know, the generation of white emission and the intensity of it depend strongly
on pressure and pumping powers. The emission intensity increases exponentially with
a decrease in pressure. The dependence of white emission intensity on the ambient

pressure within the thermal case is given by the relation [82]:

Lem = lo exp (—P/Py) (10.1)

where Py is the critical ambient pressure of sample and | em is the quenching emission
intensity except saturation case due to higher pumping powers.

The present study focuses upon the dependence of white emission on the pressure also
pumping powers. Pressure and power dependences have been investigated for 20%
Yb* doped yttrium silicate annealed at 1150 °C. We reported the luminescence
behavior of the sample at atmospheric conditions, at 1 mbar and 10 mbar pressures
depending on powers by using 975 nm excitation. The output power dependence of
the emission is examined at each pressure value. We know from our experimental
results that there is a threshold pressure value to obtain white light if the generation of

white emission is thermal.

Figure 10.1 shows the luminescence spectra of the sample at atmospheric conditions
and the chromaticity pictures of it at various powers. The unwanted Er* ions were
obtained as in the other Yb%* doped samples at low output powers of the laser. When
the output powers increase, the UC spectra and peaks of transitions of Er®* impurities
became to disappear and the spectra turn to broadband thermal white light. The result
is similar to Yb3* doped samples as explained in Chapter 5. When the sample was at
vacuum conditions, it is expected that the threshold power to obtain white light should
be decreased. Meanwhile, the white emission at 1 mbar pressure was obtained easier

than that was in atmospheric conditions. The emission spectra were shown in Figure
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10.2 for the 1 mbar. Very bright and intense white emission is obtained at 1 mbar with

increasing output powers of the laser (Figure 10.2).
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Figure 10.1 : Luminescence spectra of the 20%Yb** doped yttrium silicate
nanophosphor annealed at 1150 °C as a function of excitation powers at atmospheric
pressure, illuminance meter images at i) 6.28 W, ii) 4.01 W, and iii) 1.54 W.

Similarly, in Figure 10.3, the threshold pumping power is again decreased at 10~ mbar
and white emission was obtained easiest from the sample at that pressure value. In
addition to this observation, the pressure dependence of white emission is stronger
than the power dependence of it. In the same manner, the white emission was also
investigated at 10 mbar and the intensity of the emission was increased much more
than that was in 1 mbar case. The result was shown in Figure 10.3. The obtained

emission was very strong and energetic due to shifting the peak to the blue region.
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Figure 10.2 : Luminescence spectra of the 20% Yb®* doped yttrium silicate
nanophosphor annealed at 1150 °C as a function of excitation powers about 1 mbar,
illuminencemeter images at i) 6.28 W, ii) 4.01 W, and iii) 1.54 W.
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Figure 10.3 : Luminescence spectra of the 20% Yb®* doped yttrium silicate
nanophosphor annealed at 1150 °C as a function of excitation powers about 1073
mbar, illuminance meter images at i) 6.28 W, ii) 4.01 W, and iii) 1.54 W.

Figure 10.4 shows a summary of three values of pressures for white light generation.
It can be seen from Figure 10.4 that there is a blue shift, a more energetic region with
decreasing the pressure and the intensity of emission is also increasing with decreased
pressure. The increase in relative intensities of the shift is highest at 10-3 mbar pressure.
This behavior also proves that the emission intensity is very sensitive to pressure

changes for powder samples.

—— the spectra at atmospheric pressure
4= the spectra at 10e0 mbar
—o— the spectra at 10e-3 mbar

Intensity (a.u)
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Figure 10.4 : The comparison of the luminescence spectrum of 20% Yb®* doped

yttrium silicate nanophosphor annealed at 1150 °C at various ambient pressures with
the constant pumping power of 5.55 W.
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Figure 10.5 gives information about the dependence of intensity versus powers in each
pressure value. The numbers of photons involved in the processes are ~9, ~7, ~5 with
decreasing pressures, respectively. This demonstrated that the number of photons is

proportional to decreasing pressure.

The CIE coordinates were determined to measure the color of visible emission and the
summary of chromaticity coordinates at various pressures depending on pumping
powers were given in Table 10.1. The obtained color-rendering index from 79 to 98
indicates that there is a large range for the quality of observed emission at different

pressure cases.

B atmospheric pressure n=9.2
®  1EQ0 mbar n=7.3
1E-3 mbar n=4.9 _

log (Intensity)(a.u)

3 4 5 6
log (power)(watts)

Figure 10.5 : Log-log plot of the 20% Yb** doped yttrium silicate nanophosphor
annealed at 1150 °C.

The CIE coordinates were measured for the sample at each condition to characterize

emissions in terms of lightning performance as seen in Table 10.1.
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Table 10.1 : The illuminance meter results of 20% Yb** doped yttrium silicate
sample unnealed at 1150 °C under various pressure depending on pumping power.

Atmospheric Pressure

Power CIE1931 CCT (K) CRI
Coordinates (X, Y)

6.28 W (0.4364, 0.3544) 3863 79

4.01W (0.2217, 0.4598) 5391 80

3.21W (0.2220, 0.4610) 5320 82

2.38 W (0.2228, 0.4616) 5237 81

1.54 W (0.2237, 0.4657) 5004 85

0.67 W (0.2231, 0.4684) 4942 87

Pressure: 1 mbar

Power CIE1931 CCT (K) CRI
Coordinates (X, y)

6.28 W (0.2978, 0.5310) 2009 97

4.01W (0.3090, 0.5273) 1959 94

3.21W (0.2791, 0.5027) 2448 86

2.38 W (0.2284, 0.4743) 4461 88

1.54 W (0.2251, 0.4724) 4688 90

0.67 W (0.2236, 0.4734) 4739 89

Pressure: 10 mbar

Power CIE1931 CCT (K) CRI
Coordinates (X, y)

6.28 W (0.2709, 0.5273) 2534 98

4.01W (0.2752, 0.5250) 2461 96

3.21W (0.2849, 0.5246) 2297 95

2.38 W (0.2940, 0.5224) 2161 93

1.54 W (0.2505, 0.4867) 3286 86

0.67 W (0.2252, 0.4706) 4739 90

In conclusion, the vacuum environment provides to make white emission more intense
than atmospheric pressure as we expected. The threshold power to generate white
emission is also decreased in the vacuum. The peak position of white emission was

shifted to the blue region when the pressure decreased.
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11. CONCLUSIONS AND RECOMMENDATIONS

All the samples in this thesis were synthesized by the sol-gel method since the method
has many advantages such as minimizing defects and decompositions, low working
temperature and easy control of the processes. After the heat treatment, the structural
analyses of samples were carried out in various techniques. XRD, SEM, TEM, EDS
and FTIR methods were performed the structural and morphological properties of the
samples. XRD patterns gave information about the phase structure and average grain
sizes of the samples. The main structure was mostly a-Y2Si>O7 for samples with some
exceptions. An additional Y-Y2Si>O7 phase was seen in the XRD results of samples
that contain Yb®" ions. When the concentration of Yb** increased from 10% to 20%
per mole, both phases X>-Y>SiOs and Y:Si>O7; appeared in the spectrum. The
agglomeration in SEM results supported the XRD result for a high concentration of
Yb?®". Single Nd®" doped yttrium silicate sample has both X1-Y,SiOs and Xz- Y2SiOs
phases. According to the phase diagram of Y203-SiO2, Y2SiOs has polymorphic

structure and can be in X1- or X»- type at different synthesis temperatures.

The luminescence properties of undoped yttrium silicate samples as functions of
pumping powers were investigated in Chapter 4 both at 975/808 nm excitation
wavelengths under atmospheric pressure and vacuum. Unexpectedly, the undoped
sample emitted the white light at all physical conditions. The source of white emission
in the undoped sample may be due to defects in the sample. The high number of
photons involved in the emission process with n= ~22 and n=~14 at 975 nm and 808
nm, respectively, showed us the thermal processes were very effective and avalanche
mechanism occurred at atmospheric pressure. The long rising and decaying patterns
were evidence for thermal processes. The threshold pumping power to observe white
emission was decreased at vacuum. The luminescence behaviors of single Nd*, Tm3*
and Yb®* doped samples were analyzed in Chapter 5. Nd** doped sample showed very
challenge emission characteristics depending on pumping powers. The spectra of Nd**
doped sample turned to thermal white light above ~5.7 W, while it emitted upconverted
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white light of blue, green and red emissions below it at atmospheric pressure. The
anamolous behavior in decay and rise times of Nd** doped sample can be due to being
together of photon avalanche UC processes and thermal effects together. At vacuum,
below ~3.5 W, UC processes were dominant while the thermal processes become
stronger above ~3.5 W. This behavior was seen easily in two different regions at
double log representation of intensity versus power. The samples in various low
concentrations of Tm?" emitted the blue and red light in similar characteristics. The
1G4— 3Hes and 3Fs— 3Hg transitions of Tm>* ions were observed in power dependent
spectra at 475 nm and 695 nm, respectively. It is not expected to observe visible light
from Yb®" ions due to the electronic transition property of Yb3**. Only cooperative
emission of two Yb®" makes possible to obtain blue light in the visible spectrum.
However, some transitions were observed in spectra due to Er®* impurities in raw
chemicals. The luminescence properties were investigated for various concentrations
of Yb*" from 1% to 20% in samples. We observed the cooperative blue UC emission
of about 475 nm. When the power was increased, the spectrum becomes to turn thermal
white light. The peaks of the spectra were also shifted to a high energy region with
increasing pumping power and Yb®" concentration. The threshold power to obtain
white emission was also decreased with increasing dopant concentrations. While the
rise patterns were very sensitive to pumping powers, the decay patterns were not
strongly dependent on power. 20% Yb3* doped sample was the brightest one among

all the samples.

In Chapter 6, codoped samples were investigated with the excitations of 975 and/or
808 nm at atmospheric pressure and vacuum conditions. Since both Nd** and Yb®*
show a sensitizer characteristics, the Nd*/Yb®*" codoped sample had extremely
different emission behavior at 808 nm excitation. The sudden changes were observed
in spectral profiles for low and high excitation power densities. The transitions in
spectra were due to Nd** energy transitions. The shapes of slopes in the double log
graph were nearly identical and this may indicate the involving all UC processes in the
same intermediate state. The comparison of the low and high power cases showed us
the thermal white emission may be due to the effects of high intensity laser irradiation
and heterolooping energy transfer could be observed. At vacuum, the log-log plot of
the Nd**/Yb®* codoped sample showed s-shape power dependence instead of n- shape.

The emitted light was more stable under vacuum conditions and 975 nm excitations
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depending on the output power of the laser diode. The luminescence measurements for
Nd**/ Tm** codoped sample were performed at 808 nm since Nd** or Tm** ions could
not be excited at excitation of 975 nm. When we compared the codoped sample with
the Tm3* single doped sample, adding Nd** ions to the Tm*" system caused the
transition of Tm** to blue (high energy) region. The spectrum of Tm** doped sample
was dramatically affected by adding Nd** to the system. The emission centered
between 650 nm and 700 nm were the superposition of (°F2, 3F3)—>Hs of Tm** and
*Forp— *lgrz of Nd3*. The Tm**/ Yb®" codoped yttrium silicate samples in various
concentrations gave similar characteristics at 975 nm excitation. The intensity of
emission at 808 nm was weaker than it is at 975 nm. The energy transfer from Yb®*" to
Tm?®"* is easier than that is the case from Tm** to Yb®" ions. At vacuum, the spectra

again turned to thermal white light with the transition of 3F3—3Hs of Tm?®".

In Chapter 7, dynamical and characteristic properties of triple Nd3*/ Tm3*/Yb*" doped
yttrium silicate samples were introduced in various physical conditions. White light
based on upconversion emission of rare earth ions was observed at lower pumping
powers of diode lasers and containing low concentration of Yb®* (2% per mole) doped
samples. When the power increased and concentration of Yb** increased from 2% to
10%, the emitted light becomes to thermal white light with the energy transition of

Tm** and Nd** ions, also cooperative emission of Yb®* pairs.

It is explained that obtaining white emission is possible for a bulk sample of 20% Yb%*
doped yttrium silicate in Chapter 8. The result was important due to its avoiding
complex doping procedures to obtain white emission for some applications. Below
~2.8W, the sample emitted the blue emission due to the cooperative UC of Yb3*. The
other emissions in green, yellow and red regions in visible range were attributed to

unwanted Er®* impurities.

The temperature dependence measurements of white light were carried out for the
undoped and 20% Yb?*" doped samples from 550 K to 4K- 20K and from 780K to 4K-
20K, respectively and the results were discussed in Chapter 9. The results showed that
the temperature dependence of white light is a characteristic property for a sample.
The intensity of white emission from undoped sample was increased below and above
300K. In other words, 300 K was a breakpoint for two regions. The intensity of white
light was increased below 700K and it decreased after ~300K. Below 150K, the
intensity started again to increase. In addition, the comparison of the pumping power
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dependence and temperature dependence of white light was explained in Chapter 9 by
analyzing the power dependence of the emission at some definite temperatures such
as 8K, 77K, 200 K, 450K and 780 K.

The effects of pressure changes on white emission were investigated in Chapter 10 for
the 20% Yb** doped sample. The power dependence measurements were performed at
atmospheric pressure, 1 mbar and 0.001 mbar. One of the most important results is the
peak of the thermal white emission was shifted to a more energetic region (blue side)
with decreasing pressure. The number of photons involved in the process was

decreased with decreasing pressure.

We have studied the luminescence characteristics and the white emission of the
mentioned yttrium silicate samples depending on many physical parameters.
However, one can be improved the study in light of the information and results of this

dissertation. We can list the prospects for future works:

o The different synthesis techniques can be used to fabricate these samples and
it can be studied how the various synthesis techniques affect the luminescence

and white light properties.

o The temperature dependence of all samples can be investigated at various

power values and temperature sensing properties can be carried out.

o Unusual decay rise patterns from some samples, for example, Nd**/ Tm?

codoped sample, can be investigated in detail.

o The polarization or dielectric properties of the samples can be investigated
depending on temperature.

o In the thesis, we have studied the various concentration of Tm®" and Yb®* ions
in single doped, codoped or triply doped yttrium silicates. The results of the
Nd** doped samples were interesting in our study. Therefore, the concentration
of Nd* ions may be changed and the luminescence properties may be

examined at various physical conditions.

Even if the actual origin of the white light generation is still unknown, several
important points to product white emission were discussed in the thesis. The
experimental results will lead to future works about luminescent material,

upconversion processes, and white light generation. The originality of the measured
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warm or cold WL emission can be due to host, doped with rare earth ions (single,
codoped or triply doped) by the ways of upconversion or thermal processes. To obtain
the white emission from only the host provides us to avoid the complexity of the
synthesis and doping of RE ions procedures. It can overcome the critical issues of color
balance and thermal stability. A very large of tunable color emissions or combinations
of them to white emission were observed and vacuum conditions supported to generate
it. For the photonics and optical applications, luminescent properties of the samples

reported for the usage of them as WL sources.
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