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PRODUCTION AND CHARACTERIZATION OF WHITE LIGHT  BASED 

ON ENERGY UP CONVERSION MECHANISMS IN Yb 3+, Nd3+, Tm3+ RARE 

EARTH IONS DOPED Y2O3-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 (Y2O3-SiO2) host 

doped with Yb3+, Nd3+ and Tm3+ 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 Tm3+, 

Nd3+ or Yb3+ single doped, Tm3+/ Nd3+, Yb3+/ Tm3+ or Nd3+/Yb3+ codoped and Yb3+/ 

Nd3+ /Tm3+ 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.  



xxx 

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 REôs 

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 NADĶR TOPRAK ĶYON KATKILI Y2O3-SiO2 

NANOFOSFOR MALZEMELERDE ¦ST ENERJĶ D¥N¦ķ¦M 

MEKANĶZMASINA DAYALI BEYAZ IķIK ¦RETĶMĶ VE 

KARAKTERĶZASYONU 

¥ZET 

Nadir toprak (RE) iyon katkēlē nanofosforlar kendilerine has ve ­eĸitli l¿minesans 

ºzelliklerinden dolayē bilimsel alandan fotonik uygulamalara kadar geniĸ bir alanda 

kullanēlmaktadērlar. Bu uygulamalarēn ­oĵu malzemenin boyutuna ve yapēsēna 

baĵlēdēr. Yeni t¿r l¿minesans malzemeleri elde etmek i­in ana strateji ­eĸitli host 

latisler ve l¿minesans iyonlar kullanmaktēr. Nadir toprak iyonlarē kendilerine has ºzel 

elektronik bi­imlere sahiptir ve bu yapēlarē onlarē ge­iĸ metalleri gibi diĵer optik olarak 

aktif iyonlardan ayērmaktadēr. Nadir topraklardaki optik olarak aktif elektronlar yerel 

Coulomb ­evresi tarafēndan perdelenmekte ve enerji seviyeleri neredeyse sabit ĸekilde 

kalmaktadēr. 4f elektronlarē ­evreden dēĸ yºr¿ngeleri dolu 5s ve 5p elektronlarē ile 

perdelenmektedirler ve sonu­ olarak, 4f elektronlarē kimyasal baĵa katēlmamaktadēr. 

Farklē nadir toprak iyonlarēnēn kimyasal yapēlarēnēn benzer olma sebebi budur.  

4f elektronlarēnēn perdelenme karakteri nadir toprak iyonlarēnēn spektroskopi 

ºzelliklerini etkilemektedir. Bu iyonlar keskin l¿minesans ­izgilere, g¿­l¿ soĵurma 

bandlarēna sahip olduklarēndan lazer malzemeleri olarak en ­ok istenen adaylardēr. 

Fosfor olarak adlandērdēĵēmēz malzemeler ise kristal formda, inorganik ve 

yalētkandērlar. Nadir toprak iyonlarē katkēlandērēldēĵēnda bu malzemelerin ēĸēk 

yayēnlama ºzellikleri etkilenmektedir ve katkēlē nanopar­acēklar d¿ĸ¿k enerjili olan 

kēzēlºtesi fotonlarē soĵurarak daha y¿ksek enerjili foton yayēlēmēnē saĵlayabilirler. Bu 

ºzellikleri onlarē optik ve fotonik alanlarēnda ­ok kullanēĸlē malzemeler haline 

getirmekte ve uygulama alanlarē gºr¿nt¿leme teknolojilerinden biyolojik 

uygulamalara kadar ­ok geniĸ bir yelpazeyi kapsamaktadēr.  

Nadir toprak (RE) iyonlarē katkēlē nanofosforlarda, d¿ĸ¿k frekanslē fononlar 

luminesansēn fonon destekli durulmasēna g¿­l¿ bir ĸekilde katkē verirler ve bu 

modlarēn konumsal olarak sēnērlanmasēndan dolayē nanofosforlarēn optik ºzellikleri 

bulk haldeki fosforlardan farklēdēr. RE katkēlanmēĸ nanofosforlarēn optik ºzellikleriyle 

ilgili diĵer bazē etkili faktºrler; kristal alan etkileri, 4f elektronlarēnēn spin-orbit 

­iftlenimi ve nanoyapēlē malzemelerin birim hacim baĸēna y¿zey oranlarēnēn geniĸ 

olmasēdēr. Nadir toprak iyon katkēlē fosfor malzemeler ince film veya toz formda ­eĸitli 

yºntemlerle ¿retilebilir. Fakat gºr¿nt¿ keskinliĵin azalmasē ve ēĸēk yayma etkisinin 

kēsētlanmasē sebebiyle bu t¿r malzemelerin ince film olarak kullanēlmasē tercih edilir 

deĵildir. Bu sebeple toz formda ¿retmek ve boyutu nano mertebesinde tutmak 

kullanēmēnē daha verimli hale getirmektedir. Nanofosforlarēn luminesans ºzellikleri 

¿zerine yapēlan ­alēĸmalar, nanofosforlarda nadir toprak iyon konsantrasyonu 

arttēĵēnda bulk hale gºre l¿minesans ĸiddetinin arttēĵēnē ve daha y¿ksek ēĸēk elde 

edildiĵini gºstermiĸtir. Bunun yanēsēra nano boyutta fosforlarēn, ekran ­ºz¿n¿rl¿ĵ¿n¿ 

arttērdēĵē, ēĸēĵēn kararlē bir ĸekilde bozulmadan yayēlmasēnē saĵladēĵē ve biyo-uygunluk 



xxxii  

ºzelliklerine sahip olduĵu gºr¿lm¿ĸt¿r. ¥te yandan nadir toprak iyon katkēlē inorganik 

katē fosfor malzemeler termal radyasyonu elektrik enerjisine ­evirebilmeleri 

ºzelliklerinden dolayē beyaz ēĸēk yayan diyot yapēmēnda da kullanēlmēĸtēr. ¦st 

dºn¿ĸ¿m iĸlemini ger­ekleĸtirebilmeleri bu t¿r malzemeleri optik ve fotonik 

alanlarēnda ­ok kullanēĸlē hale getirmiĸtir. ¦st dºn¿ĸ¿m (UC) diĵer adēyla anti-Stokes 

iĸlemi bir sistemin iki veya daha fazla fotonun enerjilerini soĵurarak daha y¿ksek 

enerjili bir foton yaymasēdēr. Bu mekanizma incelenirken aktivatºr olarak kullanēlan 

iyon ve konsantrasyonu, konak malzeme (katkē yapēlan malzeme) ve nano boyut olmak 

¿zere ¿­ temel faktºr dikkate alēnēr. 

Nadir toprak iyon katkēlē malzemeleri ¿retmek i­in en kullanēĸlē ve kolay sentez 

yºntemlerinden biri sol-jel metotudur. Sol-jel metodu d¿ĸ¿k maliyet, d¿ĸ¿k ­alēĸma 

sēcaklēĵē ve kolaylēkla yapēlabilir basamaklar gerektirmesinden dolayē bu t¿r 

malzemeleri ¿retmek i­in ­ok uygun bir yºntemdir. Genel olarak sol-jel s¿recinde 

sistem sēvē fazdan (sol) katē faza (jel) ge­iĸ yapar. Bu s¿re­te ana malzeme bir seri 

hidroliz ve polimerizasyon tepkimeleri ile ǋsolôe dºn¿ĸ¿r. Devam eden s¿re­ sonunda 

da jel meydana gelir. Sol-jel yºnteminin i­erdiĵi genel kimyasal reaksiyonlar, uygun 

tasarēmēn yapēlmasē ve kararlē fazēn ¿retimi i­in baĸlangē­ materyalinde son materyale 

kadar t¿m iĸlem boyunca kontrole imk©n verdiĵinden b¿y¿k ºneme sahiptir. Sol-jel 

yºnteminin bir­ok avantajē vardēr. Bu yºntemde kullanēlan alet ve malzemeler basittir. 

Hem materyallerin oksit bileĸimlerine olanak saĵlar hem de yeni hibrit organik- 

inorganik materyallerin ¿retimine izin verir. Malzemelerin termal bozunma riskinin 

bu yºntemle minimize edilebileceĵi, y¿ksek saflēk ve stokiometrinin elde edilebileceĵi 

gºsterilmiĸtir. Sol-jel iĸleminin d¿ĸ¿k sēcaklēĵē, ­oĵunlukla oksit materyallerin 

kristalizasyon sēcaklēĵēnēn altēndadēr ve bºylece nadir amorf malzeme ¿retimine izin 

verir. Enerji tasarrufu, y¿ksek homojenliĵe sahip malzeme sentezi, malzemelerin 

mikro yapēsēnēn kontrol edilebilirliĵi ve yºntemde oluĸabilecek kirliliklerin ºrg¿ i­ine 

girememesi, sol-jel yºnteminin diĵer avantajlarēndandēr. Bu sebeplerle bu tezde 

incelenen numuneler (Yb+3, Nd+3, Tm+3 katkēlē itriyum silikat malzemeler) sol-jel 

yºntemi kullanēlarak sentezlenmiĸtir.  

Bu tezin genel amacē, nanofosfor malzemeler olarak adlandērēlan Yb+3, Nd+3 ve Tm+3 

nadir toprak iyonlarē katkēlē itriyum silikat (Y2O3-SiO2) malzemelerini sentezlemek ve 

bu ºrneklerden ¿st dºn¿ĸ¿m mekanizmalarēna dayalē beyaz ēĸēk emisyonu elde 

etmektir. Bu ama­la, tekli Tm+3, Nd+3 veya Yb+3, ikili Tm+3/ Nd+3, Yb+3/ Tm+3, ve 

Nd+3/Yb+3 ile ¿­l¿ Yb+3/ Nd+3/Tm+3 katkēlē itriyum silikat malzemeler sistematik 

olarak sol-jel metoduyla sentezlenmiĸtir. Burada Nd+3 ve Tm+3 iyonlarē, fotonlarē ~800 

nmôde soĵurmada rol oynamaktadēr. Yb+3 iyonlarē ise Nd+3 iyonundan Tm+3 iyonuna 

veya tam tersi enerji transferi ger­ekleĸtiren bir kºpr¿ gºrevi gºrmektedir. Nd+3 iyonu 

yakēn kēzēlºtesi bºlgede (NIR) optik olarak aktif bir iyondur ve 800 nmô de g¿­l¿ bir 

soĵurmaya sahiptir. Nd+3 daha d¿ĸ¿k bir seviyeye ge­ince durulabilir ve taban 

durumdaki Yb+3 iyonunu resonans enerji transferiyle hassaslaĸtērēr. Cam, seramik ve 

bulk kristal malzemelerde yapēlan ºl­¿mlerde ¿st dºn¿ĸ¿m prosesi 800 nmôde 

saĵlanabilmiĸtir. Fakat boyutun etkisiyle kontrol edilemeyen morfoloji, d¿ĸ¿k ¿st 

dºn¿ĸ¿m verimi ve y¿zey kimyasēndan dolayē cam, seramik ya da bulk malzemeler 

biyolojik uygulamalar baĸta olmak ¿zere pek ­ok uygulamada problem yaratmēĸtēr. Bu 

sebeple nano boyutta ¿­l¿ katkēlandērmayla yapēlan malzemeler ¿zerinde ­alēĸēlmēĸtēr. 

Klasik olarak ikili nadir iyon katkē yapēlmēĸ ¿st dºn¿ĸ¿ml¿ nanopar­acēklarēn 980 nm 

ile uyarēmēyla karĸēlaĸtērēldēĵēnda, 800 nmôde aynē ¿st dºn¿ĸ¿m luminesans yayēlēm 

ĸiddetinde uyarēlan ¿­l¿ katkēlē sistemlerde, daha d¿ĸ¿k ēsē etkileri ortaya ­ēkmēĸtēr. 

¦­l¿ sistemler ¿zerinde beyaz ēĸēk araĸtērmalarē yapēlmēĸ ve beyaz ēĸēk eldesinde 
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uyarēmēn yapēldēĵē g¿­ yoĵunluĵunun yanēsēra konak malzeme se­imi, katkēlanan 

nadir toprak iyon oranlarē, tavlama sēcaklēĵēnēn da ­ok ºnemli olduĵu gºsterilmiĸtir. 

¦­l¿ olarak nadir toprak iyonlarēyla katkēlanmēĸ ¿st dºn¿ĸ¿ml¿ nano par­acēklar 

¿zerine yapēlan ­alēĸmalarla, alēĸēlagelmiĸ ikili nadir iyon katkē yapēlmēĸ malzemeler 

i­in uygulamada karĸēlaĸēlan problemler aĸēlmaya ­alēĸēlmaktadēr.  

Nadir toprak iyonlarē katkēlandērēlmēĸ luminesans ºzellik gºsteren malzemelerin 

yapēsal analizlerinin dikkatlice yapēlmasē gerekmektedir. ¢¿nk¿ l¿minesans ºzellikler 

atom veya molek¿llerin farklē enerji durumlarēndaki ge­iĸleriyle ilgilenmektedir ve bu 

olaylar malzemelerin yapēsal ºzellikleriyle yakēndan iliĸkilidir. ¥zellikle bu enerji 

ge­iĸleriyle ēĸēmasēz enerji kayēplarē oluĸuyorsa yani latis elektron etkileĸmeleri 

ger­ekleĸiyorsa mekanizmalarēn deĵerlendirilmesinde malzemenin yapēsal ºzellikleri 

­ok ºnemli bir rol oynar. Tez kapsamēnda ¿retilen malzemelerin yapēsal ve optik 

ºzellikleri farklē analitik yºntemler kullanēlarak analiz edilmiĸtir. Malzemelerin 

yapēsal ºzelliklerini incelemek i­in X-Iĸēnē Kērēnēm yºntemi (XRD), Taramalē 

Elektron mikroskobu (SEM), Ge­irimli elektron mikroskobu (TEM), Enerji Daĵēlēmē 

X-ēĸēnē Spektroskopisi (EDS) ve Fourier Dºn¿ĸ¿m Kēzēlºtesi (FTIR) Spektroskopisi 

gibi teknikler kullanēlmēĸtēr.  

Tez ­alēĸmasēnda ºnce konu hakkēnda genel bir bilgi verilip ardēndan konu 

kapsamēndaki fiziksel mekanizmalar anlatēlmēĸtēr. Malzemelerin sentezi, yapēsal 

analizler i­in ­alēĸēlan teknikler ile deneysel ekipmanlar kēsaca tanētēlmēĸtēr. Sērasēyla 

nadir iyon katkēsē yapēlmayan konak malzemenin, tekli Nd+3, Tm+3veya Yb+3 katkēlē, 

ikili Nd +3/ Yb+3, Nd+3/Tm+3ve Tm+3/Yb+3 katkēlē, ¿­l¿ Nd+3/Tm+3/Yb+3 katkēlē itriyum 

silikat malzemelerin yapēsal ve optik ºzellikleri incelenmiĸtir. Sonrasēnda bulk yani 

tavlanmamēĸ haldeki %20 Yb+3 katkēlē malzemenin emisyon ºzelliklerine yer 

verilmiĸtir. Tezin sonraki kēsēmlarēnda beyaz ēĸēĵēn sēcaklēĵa ve basēn­ deĵiĸimlerine 

gºre nasēl deĵiĸtiĵi gºsterilmiĸtir. 

¢alēĸmanēn en ºnemli yºnleri, beyaz ēĸēĵēn oluĸumunu, ¿st dºn¿ĸ¿m (UC) enerji 

mekanizmalarēnēn beyaz ēĸēk oluĸumundaki etkilerini, ­eĸitli sentez tekniklerinin ēĸēma 

ºzellikleri ¿zerindeki etkisini araĸtērmak ve beyaz ēĸēĵēn oluĸumunda sorumlu 

mekanizmalarē incelemektir. Bunlardan baĸka, pompalama g¿c¿, ortam basēncē, 

sēcaklēk, uyarma dalga boyu, numunenin tavlama sēcaklēĵē gibi bir­ok fiziksel 

parametre malzemelerin optik ºzelliklerini etkiler. Bu nedenlerden dolayē, RE katkēlē 

nano malzemelerin ­eĸitli fiziksel parametrelere baĵlē olarak emisyon ºzelliklerini 

araĸtērmak, ēĸēyan malzemelerin kalitesini ve uygulama alanēnē geliĸtirmek i­in ­ok 

ºnemlidir. Bu t¿r malzemelerin nano boyutuna indirgenmesi, optik ºzelliklerin nasēl 

etkilendiĵi konusunu araĸtērmayē ve bºylece bu malzemelerin optikte kullanēmēnē daha 

da geniĸletmeyi ama­lamaktadēr. Fosfor boyutlarēnēn nano aralēĵa indirgenmesi, tek 

kristalli formlarēyla karĸēlaĸtērēldēĵēnda malzemelerin termal ve optik ºzelliklerini 

iyileĸtirir. Bu mekanizmalar ĸimdiye kadar tam olarak anlaĸēlamamēĸtēr ve bu tez 

deneysel sonu­larla konuyla ilgili literat¿re katkē saĵlamayē ama­lamaktadēr. 

Nano boyutlu fosfor malzemelerin gºr¿nt¿leme ve fotonik end¿strisinde kullanēlmaya 

­alēĸēlmasē ºnemli geliĸmeleri de beraberinde getirmiĸtir. Fakat nanoboyutun ēĸēmasēz 

enerji kayēplarēnēn ana kaynaĵē olan latis elektron etkileĸmesine yani fonon enerji 

durum yoĵunluĵuna etkisi konusunda ­alēĸmalar yeterli d¿zeyde deĵildir. Fosfor 

malzemelerin boyutlarēnēn nano mertebesine indirilmesiyle termal ve optik 

ºzelliklerin tek kristal formlarēna gºre daha iyi bi­imde geliĸtiĵi gºr¿lm¿ĸt¿r. Bu 

sebeple ­eĸitli sentezleme tekniklerinin boyuta etkisi ve boyutun bu nano 

malzemelerin optik ve termal ºzelliklerini nasēl etkilediĵi, fotonik alanē i­in temel 
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araĸtērma konularēndandēr. Bug¿ne kadar nadir toprak iyon katkēlē nanofosforlar 

¿zerinde yapēlan ­alēĸmalarda ­eĸitli lazer uygulamalarē altēnda farklē renklerde ēĸēklar 

elde edilmiĸtir. Bu tezde, ¿st dºn¿ĸ¿m enerji mekanizmasē esasēna dayalē ya da termal 

beyaz ēĸēk ¿retimi elde etme konusunda sēnērlē olan ­alēĸmalara katkē saĵlanacaktēr. 

Beyaz ēĸēĵēn sadece belirli fiziksel koĸullara baĵlē olarak mē oluĸtuĵu yoksa sadece 

beyaz ēĸēĵē oluĸturmak i­in kullanēlan malzemenin yapēsēyla mē ilgili olduĵu net 

deĵildir. Bu nedenle, beyaz ēĸēk oluĸumunun fiziksel mekanizmasē tam olarak 

a­ēklanamasa bile, farklē fiziksel koĸullardaki yeni malzeme t¿rlerinin emisyon 

ºzelliklerini araĸtērmak, beyaz ēĸēk oluĸum mekanizmasēnē anlamak i­in ­ok ºnemlidir. 

Tez kapsamēndaki deneylerden ­ēkan sonu­lar, farklē t¿r ve konsantrasyonlardaki 

nadir toprak iyonlarēndan, ­eĸitli pompalama g¿c¿ ve ortam basēn­larēndan, farklē 

sēcaklēk aralēklarēnda lazer diyodunun iki farklē (975/808 nm) uyarma dalga boyundan 

elde edilmiĸtir; bu fiziksel ve end¿striyel uygulamalar i­in beyaz ēĸēk ¿reten yeni t¿r 

malzemelerin tasarlanmasēna katkē saĵlayacaktēr. Tez sonu­larē, beyaz ēĸēĵēn elde 

edilmesine yºnelik araĸtērma ve geliĸtirme faaliyetlerine kesinlikle katkēda 

bulunacaktēr.



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 Nd3+, Tm3+, Yb3+) 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 þuorides, 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 Yb3+ 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 electronï

phonon coupling). The rare earth doped nanostructures are the ideal systems to 

investigate the dependence of electrical, optical, and mechanical properties of 
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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, Nd3+, 

Tm3+ and Yb3+ were used as rare earth ions. Nd3+ and Tm3+ 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. Yb3+ may 

transfer its energy to other ions when it is excited at 975 nm. It is well known that Yb3+ 

ion generally leads to being a bridge for energy transition between the ions. Nd3+ ion 

also has a sensitizer property, however, studying the Nd3+ 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 

(Y2O3-SiO2) 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 eǟects on the 

emission properties such as obtaining different colors in emitted light. It is vital to 
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choose the kinds of host material and dopants such as Yb3+, Tm3+ and Nd3+, 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 Eu3+, Dy3+ [15], Nd3+ [16, 17,18], or Yb3+ [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 

(Y2O3-SiO2) host material doped with various proportions of Yb3+, Nd3+ 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 (Nd3+, Tm3+ or Yb3+) doped, 

codoped (Nd3+/ Tm3+, Nd3+/ Yb3+or Tm3+/Yb3+), triply doped (Nd3+/ Tm3+ /Yb3+) 

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.  
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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 Nd3+, Tm3+ or Yb3+ doped yttrium silicate samples at 

different excitation wavelengths depending on pumping power and pressure. In 

Chapter 6, the structural properties of codoped samples (Nd3+/Tm3+, Yb3+/ Nd3+, or 

Tm3+ / Yb3+ 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 (Nd3+/Tm3+/Yb3+ 

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) Yb3+ 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. 
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 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]. 

 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: 

                                   ῳὉ Ὡὠ  Ὤὺ ͯ                                          (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, 
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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 Efýciency  

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:  

                       ) ᶿʂ )  )                                           (2.2) 

where Iem is emitted, I0 is incident and I is the final intensities which are given in 

photons per second. The proportionality constant ɖ is known as luminescent efýciency 

or quantum efýciency. This constant is also the ratio of the number of the emitted and 

absorbed photons and vary from 0 to 1.  
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The performance of phosphors is described as quantum efficiency by the following 

expression: 

               1ÕÁÎÔÕÍ %ÆÆÉÃÉÅÎÃÙ    ʂ ʇ  
   

   
                 (2.3) 

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.  

 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 
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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 ñavalancheô 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 Yb3+ 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, 
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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, 

                                                    Ὅ ͯὖ                                                              (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. 

 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 

Y2O3-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 Y2SiO5 and Y2Si2O7 are very complicated. In the phase diagram of Y2O3-

SiO2, a region exists where the 1:1 and 1:2 compositions coexist [37]. 
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 Rare Earth Ions  

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, Nd3+, Tm3+ and Yb3+, were used as doping elements.  

Neodymium(III) (Nd3+) 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 4fn configuration. For optical pumping, using ~800 nm wavelength laser 

provides to obtain efficient emissions from Nd3+. The energy levels of Nd3+ ions are 

very complicated according to Dieke diagram and to assign the energy levels of Nd3+ 

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 Nd3+ doped ions may provide 

researchers to develop the optical properties of the materials. 

Thulium(III)(Tm3+) ion is an attractive activator for solid-state lasers [40]. When the 

3H4 state of Tm3+ ion is excited by near 800 nm light from a diode laser, Tm3+ ion is 

used for infrared laser oscillation in the 1.8ï2.2 mm range with the 3F4Ÿ
3H6 transition. 

In addition, Tm3+ ion emits light in the blue region due to the 1G4Ÿ
3H6 transition of it. 

Ytterbium (III) (Yb3+) is the fourteenth element in the lanthanide series. Among the 

rare earth ions, ytterbium (III) has important properties for near infrared lasers 

applications because of providing diode laser pumped media and having very simple 

electronic structure (only two level 2F7/2 ground state and 2F5/2 excited state). Excited 

Yb3+ 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 l=3, ml 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 

f electrons [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 

                                                            ( %                                                  (2.5) 

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

interactions due to the electron. 

                                               (  ( ( ( (                                  (2.6) 
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Hamiltonian is the sum of these four terms. H0 is the attractive Coulomb interaction 

between the electrons and the nuclei; He-e 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 Hcf represents the crystal 

field effect [43].  

The rare earth elements have the electronic configuration [Xe] 6s25d14fn.  When they 

are ionized, the electrons of 6s and 5d layers are disappeared and this configuration 

becomes to [Xe]4fn with n varying from 1 (Ce3+) to 14 (Lu3+) 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 Ln3+ 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: 4fnŸ4fn, interconfigurational electronic 

transition between 4f and 5d (4f 5d) (4fnŸ 4fn-1-5d1) and charge transfer (CT) 

electronic transition between 4f and ligand (L): transition 4fn-LŸ4fn+1-Ln-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 4fn Ÿ4fn 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].   

 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 eǟects of the emission. 

 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 



14 

mechanism, the energy transfers occur directly from the donor to the acceptor by an 

interaction [43]. 

 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.  

 

  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 IôEclairage (CIE) 

Commission International de IôEclairage (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 (redïgreenïblue).  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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 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 

(Y2O3-SiO2) host materials doped with Yb3+, Nd3+, Tm3+ rare-earth ions in different 

concentrations. The synthesized samples were annealed at 11500C or 1250 0C 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. 

 Material Synthesis: Sol-Gel  

In the study, to fabricate undoped and RE doped yttrium silicate nanophosphors (Y2O3-

SiO2 doped with Yb3+, Nd3+, Tm3+), the high purity Yttrium(III) nitrate hexahydrate 

(99.9%), Ytterbium(III) nitrate pentahydrate (99.9 %), Neodymium(III) nitrate 

hexahydrate (99.9%), Thulium(III) nitrate pentahydrate powder (99.9%) salts and 

tetraethyl orthosilicate (TEOS, 99.9%) were purchased from Sigma-Aldrich. In 

addition, HCI, HNO3, distillate water, and ethanol were used for preparing the 

solutions. 

                                               Y2O3-SiO2: Yb3+: Nd3+: Tm3+                                     (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 Y2O3: 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% Yb3+ doped yttrium silicate nanophosphors in detail, as follows. The 

ratio of TEOS: Y (NO3)3.6H2O and TEOS: Y (NO3)3. 6H2O: Yb (NO3)3. 5H2O 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 (NO3)3. 6H2O by using a magnetic stirrer separately at room 

temperature. Then, those solutions were stirred by adding 1N 1cc HNO3 as a catalyst, 

separately at 70 0C for 45 minutes. For Y (NO3)3. 6H2O 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)3.6H2O and rare earth solutions were added and mixed at 70 0C 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 0C or 1250 0C 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 Y2O3-SiO2 was at 1.127 for all samples.  

 

Figure 3.1 :  The representative photos of the fabricated a) glassy samples doped      

with rare earths (Yb3+, Tm3+ and Nd3+) 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. 

 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: 

                                          $                                               (3.2) 

 

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

ŭ2ɗ the full width at half maximum of the XRD peak of a specific lattice plane (h k l) 

in radians (FWHM), ɚ is the wavelength of the incident X-ray beam, and ɗ is the 

diffraction angle [50]. 

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

Phaser Model (Cu-KŬ radiation) diffractometer at 30 kV and 10 mA setting in the 2ɗ 

range from 100 to 700 or 500 with scanning steps of 0.002 with the wavelength 

k=1.5418 ¡. 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 (100000Ĭ) and high magniýcations (200000Ĭ). 

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

emission spectrum.  

In the thesis, Transmission electron microscopy (TEM) measurements were carried 

out in JEOL 2010F model transmission electron 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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 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: 

¶ 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 Õm. The device has a resolution and wavelength resetability of 0.1 ¡ 

with repeatability of +/- 0.05 ¡.  
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¶ 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. 

¶ 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.  

¶ 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 10-6 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: 

                                                              Ὑ                                                     (3.3) 

 

where I0 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 Elmer Model Lambda 35 UV ïVis spectrometer in the 

range of 400 nm-1100 nm at room temperature to identify the absorption lines. 
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 STRUCTURAL AND LUMINESCENCE PROPERTIES OF UNDOPED 

YTTRIUM SILICATE(Y 2O3: SiO2) NANO PHOSPHOR 

Yttrium silicate (Y2O3: 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 lifetimeôs 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. 

 Structural Analyses of Undoped Y2O3-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 Ŭ-Y2Si2O7 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 4.2b). 

 

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 Ŭ-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-1 domain corresponds to Si-O stretching vibration involving 

non-bridging oxygen. The band situated at around 843 cm-1 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 1250oC for 12h. 

FTIR results showed that 600-1200 cm-1 domain corresponds to Si-O and Y-O 

stretching vibration involving non-bridging oxygen.  

 

Figure 4.4 :  The FTIR result of undoped powder annealed at 12500C 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. 4000ï3000 cmī1 where OH 

stretching vibrations of water and OH groups appear and 400ï1100 cmī1 where the 
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SiïO and YïO vibrations occur [55].  1000 -1200 cm-1 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-1 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-1 may correspond 

to the superposition of rocking Si-O vibrations and Y-O bond vibrations. The broad 

bands above 800 cm-1 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-1) bonding 

     1030                                         

      969                      

      949 

      940 

      906 

      875 

      840 

      716 

Si-O-Si asymmetric stretching vibration  

C-O stretching 

Si-O or Y-O vibration   

O-H bending or asymmetric vibration of Si-OH 

O-H bend or Y-O vibration or Si-O vibration 

C-H bend or Y-O vibration or Si-O vibration 

C-H bend or Y-O vibration or Si-O vibration 

C-H bend or Y-O vibration or Si-O stretching 

 

 Absorption and Luminescence Measurements of Ŭ - 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. 

 

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

silicate. 

4.2.2 Luminescence properties of Ŭ-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 

Y2Si2O7 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 Ŭ- 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 Y2Si2O7 

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

 

Figure 4.7 : White light spectra of Ŭ- Y2Si2O7 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 Wienôs 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.  

 

Figure 4.8 :  Double logarithmic plot of Intensity versus Power for white light 

spectra from undoped Ŭ- Y2Si2O7 sample at atmospheric pressure. 

 

Figure 4.9 :  Double logarithmic plot of Intensity versus Power for white light 

spectra from undoped Ŭ- Y2Si2O7 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 Y2Si2O7 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. 

 

Figure 4.10 :  Decay and rise patterns for 701 nm depending on power from 

undoped Ŭ- Y2Si2O7 at vacuum (0.01 mbar). 

The decay patterns havenôt 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 Ŭ-Y2Si2O7 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 Ŭ-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. 

 

Figure 4.11 :  The luminescence spectra of the Ŭ-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 Ŭ-Y2Si2O7 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 :  Illuminance 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 

coordinates 

(x, y) 

CCT(K) CRI(Ra) Illuminance 

meter spectrum 

Image of 

the 

emission 

       6.97 
(0.4559, 

0.3729) 
2448 

91 

  

       6.18 
(0.3606, 

0.3214)           
4194 

85 

  

       4.92 
(0.3431, 

0.3177)         
4947 

86 

  

Undoped yttrium silicate at 808 nm excitation (under vacuum) 

  Power (W) CIE 1931 

coordinates 

(x, y) 

CCT(K) CRI(Ra) Illuminance 

meter spectrum 

Image of 

the 

emission 

       6.97 
(0.3655, 

0.3248) 
4032 

87 

 
 

       6.18 
(0.3586, 

0.3222)                     
4284 

87 

 
 

       4.92 
(0.3496, 

0.3191) 
4647 

87 
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 STRUCTURAL AND LUMINESCENCE PROPERTIES OF SINGLE 

RARE EARTH DOPED YTTRIUM SILICATE (Y 2O3: SiO2) NANO 

PHOSPHORS 

 Nd3+ 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 Nd3+ 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, Nd3+ 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 Nd3+ doped nanopowders. In this part of the thesis, white light 

production from 1% Nd3+ doped Y2O3:SiO2 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 sampleôs environment. Emission for 

upconverted white light mainly due to the transitions of Nd3+ 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 Nd3+ 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% Nd3+ doped yttrium silicate nanophosphor was synthesized by the sol-gel method 

as described in Chapter 3. The ratio of Y2O3: SiO2 was kept as 1.127.  The obtained 

gel sample was annealed at 1250 0C 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-KŬ radiation, ɚ=1.54184A →) 

diffractometer with scanning steps of 0.0020/2ɗ from 150 to 650. The result is shown 

in Figure 5.1. The diffraction pattern can be indexed to monoclinic phase X1-Y2SiO5, 

space group P21/c (JCPDS card number 00-52-1810) [65].  

 

Figure 5.1 : XRD patterns 1% per mole Nd3+ doped monoclinic X1-Y2SiO5 

nanopowder with the very small amount of impurity peaks of monoclinic 

X2-Y2SiO5 annealed at 1250 ÁC for 12 h. 

The dominant peak was observed at 2ɗ= ~32.50 and the corresponding lattice plane is 

indexed as (121) for monoclinic X1-Y2SiO5. The very small amount of impurity peaks 

was detected and they may be attributed to monoclinic X2-Y2SiO5 (JCPDS card 

number PDF#21-1458) [66]. The weight of the very weak X2-Y2SiO5 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]. Y2SiO5 has polymorphic structure and can be in the monoclinic X1- or 

X2-type at different synthesis temperature. There may be incomplete polymorph 

transformation between the X1-Y2SiO5 and X2-Y2SiO5 phases [69]. It is clearly found 

that the sample has a single-phase state (Y2SiO5) with main phase X1-Y2SiO5 and very 

little additional X2-Y2SiO5 phase, thus confirming successful synthesis. The rare earth 

ion (Nd3+) 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 Nd3+ 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 2P1/2Ÿ
4I9/2 and 2G9/2Ÿ

4I9/2 transitions of Nd3+ ion, respectively, and they 

completely disappear at 5.79 W.  The possible energy transitions for green UC band 

centered at ~542 nm may be 2G7/2Ÿ
4I9/2 transition of Nd3+ 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 2G5/2Ÿ
4I9/2 transition. The orange band at ~602 nm due to 4G5/2+

2G7/2Ÿ
4I9/2 

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 

to 4F7/2 +
4S3/2Ÿ

4I9/2 transition of Nd3+ 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 

4F5/2+
2H9/2Ÿ

4I9/2 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 

Nd3+ ion above 5.79 W. 

 

Figure 5.2 :  Luminescence spectra of 1% Nd3+ 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 ón shapeô 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% Nd3+ 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 5.4a, 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 Nd3+ 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 Nd3+ 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 2G9/2Ÿ
4I9/2 

transition starts to disappear above ~3.51 W. The shoulders centered at wavelengths 

above ~532 nm due to several Nd3+ 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 4G5/2+
2G7/2Ÿ 

4I9/2, 
4F9/2Ÿ

4I9/2 and 4F5/2+
4S3/2Ÿ

4I9/2, 

transitions of Nd3+, 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% Nd3+ doped yttrium silicate nanophosphor 

depending on power at 0.01 mbar. Chromaticity values (x, y) were given 

for a) 5.79 W and b) 3.51 W and c) 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 Nd3+ emissions. 

 

Figure 5.6 :  Double logarithmic representation of 1% Nd3+ 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. 

 

Figure 5.7 :  a) Decay; b) rise patterns at 605 nm and c) decay d) rise patterns at 

666 nm for 1% per mole Nd3+ doped yttrium silicate depending on output 

power at vacuum. 

The illuminance meter measurements show that color temperatures of 1% Nd3+ 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 ówarm 

whiteô to óincandescent lamp like whiteô and ócool whiteô 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% Nd3+ 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 Nd3+ 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 Nd3+. When the Nd3+ 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 conýguration 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 

Nd3+ 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 4F5/2+
2H9/2Ÿ

4I9/2 transition (~758 nm). The 

4G5/2+
2G7/2Ÿ 

4I9/2 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 Nd3+ 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 Nd3+ 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% Nd3+ 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 Nd3+ doped sample at atmospheric 

pressure and vacuum under 808 nm excitation. 

Atmospheric Condition 

                                                            Power <5.79W       Power >5.79W            

ɚ (nm) Transition n1    n2 

542 2G7/2Ÿ
4I9/2  2.7                                                     12.8 

568 2G5/2Ÿ
4I9/2 4.3                                                     12.1 

602 4G5/2+
2G7/2Ÿ 

4I9/2 6.8 8.5 

693 4F7/2 +
4S3/2Ÿ

4I9/2 4.3                                                                   8.1 

758 4F5/2+
2H9/2Ÿ

4I9/2 2.9                                                      3.2 

Vacuum Condition 

                                                           Power <3.51W      Power >3.51W 

ɚ (nm) Transition n1    n2 

605 4G5/2+
2G7/2Ÿ 

4I9/2    4.0                                                       5.5 

666 4F9/2Ÿ
4I9/2     4.1                                                       5.4 

748 4F5/2+
4S3/2Ÿ

4I9/2     1.7                                                       3.9 

It is a valuable result that upconverted white light from the blue, green and red region 

from a single dopant (Nd3+) 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.   

 Tm3+ Doped Yttrium Silicate Nano-Powders: 

Thulium (Tm3+) 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, 3F4Ÿ
3H6 

transition of Tm3+ ion has applications in medicine and remote sensing of the 

atmosphere (LIDAR devices). In addition, 1D2 Ÿ
3F4 and 3H4 Ÿ

3F4 transitions are used 

for high capacity data storage optical devices and S-band (1460ï1530 nm) 

ampliýcation (TDFAs) in optical telecommunication, respectively [87-88]. Herein, 

upconversion properties of yttrium silicate (Y2O3: SiO2) nanopowders doped with 

different concentrations (0.5%, 1% and 0.25 % per mole) of Thulium (III) (Tm3+) rare 

earth ions have been demonstrated at various pumping powers. The samples were 

annealed at 12500C during 12 h. Luminescence properties of prepared 0.5% per mole 

Tm3+ doped sample (HT1) was investigated at atmospheric and vacuum conditions. In 

addition, 1% per mole Tm3+ 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 identiýcation 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 Ŭ-Y2Si2O7 phase with the card number 38-

0223. 

 

Figure 5.8 :  XRD patterns of Tm3+ doped Ŭ-Y2Si2O7 nanophosphors annealed at 

1250 ÁC 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 % Tm3+ doped powders, respectively. 

The representative SEM images for the samples were shown in Figure 5.9 for 1% Tm3+ 

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+ ion that there were no changes 

for crystal structure. 
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Figure 5.9 :  A representative example for Scanning Electron Microscopy images, 

1% Tm3+ 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 Tm3+ 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.  

 

Figure 5.10 :  The luminescence profile of the 0.5% per mole Tm3+ doped Yttrium 

silicate sample at atmospheric conditions. 
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The peaks centered at ~475 nm and ~695 nm may be due to 1G4Ÿ 
3H6 and 3F3Ÿ

3H6 

transitions of Tm3+ 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.  

 

Figure 5.11 :  Log-log plot of the 0.5% per mole Tm3+ 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% Tm3+ doped yttrium silicate was also measured at 

vacuum (1x10-5 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 Tm3+ doped Yttrium 

silicate sample at vacuum (10-5 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.  

 

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 Tm3+ doped yttrium silicate 

samples are similar when the concentration of Tm3+ is low. Upconversion emissions 

due to the energy transitions of Tm3+ ions were obtained for samples at atmospheric 

conditions under 808 nm excitation. 

 

Figure 5.14 :  The luminescence profile of the a) 1% per mole Tm3+ (HT2) and b) 

0.25% per mole Tm3+ (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 

coordinates 

(x, y) 

CCT(K) CRI(Ra) Illuminance 

meter spectrum 

Image of 

the 

emission 

       7.34 
(0.3438, 

0.3107) 
4876 

 

82 

 

 

      5.79 
(0.3437, 

0.3130)     
4894 

84 

  

     4.0 
(0.3441, 

0.3166)         
4895 

86 

 
 

     1.95 
(0.3452, 

0.3207)    
4862 

88 

  

 
at vacuum (10-5 mbar) 

  Power (W) CIE 1931 

coordinates 

(x, y) 

CCT(K) CRI(Ra) Illuminance 

meter spectrum 

Image of 

the 

emission 

7.34 
(0.4043, 0. 

3408) 
3044 

82 

  

5.79 
(0.3724, 

0.3261)     
3794 

81 

  

4.0 
(0.3562, 

0.3211) 
4371 

83 

  

1.95 
(0.3502, 

0.3239) 
4655 

86 

  

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 Tm3+ 

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 

Power (W) 

CCT(K) CRI CIE coordinates 

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 

Power (W) 

CCT(K) CRI CIE coordinates 

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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 Yb3+ Doped Yttrium Silicate Nano-Powders 

Ytterbium (III) ion is one of the most promising rare earth ions that has been used for 

photonic applications in different host materials. The Yb3+ 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, Yb3+ 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 (2F7/2) and excited (2F5/2) states that splits into 

the Starks levels when doped in a matrix. The Yb3+ 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 Yb3+ doped 

yttrium silicates in various concentrations. We observed several emission bands due 

to Er3+ impurities due to technological reasons at low pumping power spectra and 

many Stark levels also appeared in the spectra because of the local disorder around 

Yb3+ ions in yttrium silicate host. Although Yb3+ 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 Er3+ impurities at ólowô 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% Yb3+ 

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 Yb3+ 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 Yb3+ 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 Yb3+ 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% Yb3+ 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 Ŭ-Y2Si2O7 

(triclinic, P-1(2) space group) with card number 38-0223.  

 

Figure 5.16 :  XRD patterns of the (a) 1% per mole (b) 2% per mole and (c) 5% per 

mole Yb3+ doped and d) undoped Y2Si2O7 nanophosphors annealed at 

1250 0C for 12 h. 
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The doping ytterbium (1%, 2%, 5% and 10% Yb3+ per mole) may cause the additional 

peaks due to Y-Y2Si2O7 phase with card number 74-1994 according to JCPDS. Figure 

5.17b shows the XRD patterns of the 20% Yb3+ doped sample. The average particle 

size of 20% per mole Yb3+ doped sample was estimated ~129 nm.  

 

Figure 5.17 :  XRD patterns of (a) 1% per mole (b) 2% per mole and (c) 5% per 

mole Yb3+ doped and d) undoped Y2Si2O7 nanophosphors annealed at 

1250 0C for 12 h. 

The structure of 20% per mole Yb3+ doped sample is most likely X2-Y2SiO5 phase 

with monoclinic structure in P-12(a) space group, (card number 36-1476). 20% per 

mole Yb3+ doped sample may also show Keiviite-(Y)-Y2Si2O7 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 X2- Y2SiO5 due to the phase diagram of Y2O3: 

SiO2 [37]. This additional phase was identified as Y-phase of Y2Si2O7 (PDF74-1994) 

and was attributed to the presence of a high concentration of Yb3+ ions in the host. The 

modification in the structure of yttrium silicate powders may cause by the similarity 

of the atomic radii of Yb3+ 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% Yb3+ 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% Yb3+ doped Y2Si2O7 

powder with two different resolutions; a) 10 nm scale and b) 100 nm 

scale. 

SEM images of both undoped and Yb3+ 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%Yb3+ doped b) powders 

annealed at 12500C for 12h. 

As seen from Figure 5.19a, undoped Ŭ-Y2Si2O7 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 Yb3+ 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% Yb3+, 

respectively. The diffusive reflectance measurement shows that 10% Yb3+ 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% Yb3+ doped powder 

sample and b) the absorption spectra of 10% Yb3+ doped bulk sample 

without heat treatment. 

Figure 5.21 gives the diffuse reflectance spectra of both undoped (SY1250) and Yb3+ 

doped annealed yttrium silicate powders for comparison. The main transition is at 973 

nm corresponding to 2F7/2Ÿ
2F5/2 transition of Yb3+ ion. The main transition and Stark 

splits were only obtained from Yb3+ doped sample, not the undoped sample. We may 

obtain the 2F7/2 (0) Ÿ
2F5/2 (0) main transition at 973 nm, 2F7/2 (0) Ÿ

2F5/2 (1) transition 

at 951 nm and 2F7/2 (0) Ÿ
2F5/2 (2) at 918 nm may belong to Yb3+ as Stark splits are 

seen in Figure 5.21 b. Moreover, the 4I15/2(0) Ÿ 
4I11/2(0) at 1001 nm, 4I15/2(0) Ÿ

4I11/2(1) 

at 976 nm, 4I 15/2(0) Ÿ
4I11/2(2) at 945 nm and 4I15/2(0) Ÿ

4I11/2(3) at 929 nm transitions 

of Er3+ impurities are also seen in Figure 5.21b. 
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Figure 5.21 :  a) The diffuse reflectance spectra of the 10% Yb3+ doped powder 

annealed at 1250 0C (HY1) and undoped annealed sample(SY1) b) 

possible transitions corresponding to wavelengths. 

5.3.3 Luminescence properties of Yb3+ doped samples 

The upconversion color and white light emission spectra in various concentrations of 

Yb3+ 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 ɛm for all samples except 

for 20% Yb3+ doped sample. The slit was changed to 20 ɛm because the emission was 

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

The spectra of UC are shown for 5% Yb3+ 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 Yb3+ŸYb3+ ion pairs around ~475 nm; the green 
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and red emission are due to (2H11/2, 
4S3/2) Ÿ

4I15/2 at ~523 nm and 4F9/2 Ÿ
4I15/2 at ~653 

nm energy transitions of unwanted Er3+ impurities, respectively.  

 

Figure 5.22 :  Luminescence spectra of 5% Yb3+ doped yttrium silicates at 

atmospheric pressure. 

The appearance of the Er3+ 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 Yb3+ ions to Er3+ impurities is also 

present for all Yb3+ doped samples [19, 58, 61]. The white light was obtained when 

the pumping power is at least ~1.32 W for 5% Yb3+ doped powder under vacuum 

condition. The white light was obtained when the pumping power is at least ~2.45 W 

for 5% Yb3+ doped sample at vacuum as shown in Figure 5.23. The 4I9/2 Ÿ
4I15/2 energy 

transition of Er3+ 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% Yb3+ doped yttrium silicate samples showed blue-green UC characteristics because 

of the cooperative emissions of two Yb3+ ions and transitions of unwanted Er3+ 

impurities at ólowô pumping power values at both atmospheric and vacuum conditions. 
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Figure 5.23 :  Luminescence spectra of 5% Yb3+ doped yttrium silicates at vacuum 

(0.01 mbar) Illuminasmeter 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% Yb3+ 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 Yb3+ doped powder at atmospheric conditions. The main peak of 

white emission of 10% Yb3+ doped sample was ~680 nm for atmospheric conditions. 

The increase of Yb3+ concentration causes a shift of the peak of white light to a high-

energy region. The white light becomes visible for 10%Yb3+ doped powder at least 

1.19 W under vacuum conditions (Figure 5.25). 
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Figure 5.24 :  Luminescence spectra from 10% Yb3+ 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% Yb3+ doped 

sample. For 20% Yb3+ 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% Yb3+ doped sample under vacuum. The threshold 

power to obtain white light spectra decreased by increasing Yb3+ 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 Yb3+ doped samples, were 

investigated depending on pumping power. The decay and rise patterns of low 

concentration of Yb3+ 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 



67 

pumping powers. The representative examples at vacuum are shown in Figures 5.26 

and Figure 5.27 for 1% and 5% Yb3+ doped nanopowders, respectively.  

 

Figure 5.26 :  a) Decay and b) rise patterns of 1% Yb3+ 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 Yb3+ are strongly dependent on the power as seen in Figure 5.28. 

Figure 5.28 shows the decay and rise patterns for the 20% Yb3+ 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 Yb3+ 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 Yb3+ 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% Yb3+ doped yttrium silicate 

nanopowders. The broad emission around ~791 nm, ~ 801 nm and ~ 834 nm can be 

4I15/2Ÿ
4I9/2 transition of Er3+ impurities [97, 98]. 

Figure 5.30 shows the spectra of 10% Yb3+ doped yttrium silicate depending on 

pressure. The 10% Yb3+ doped sample emits blue emission due to Yb3+- Yb3+ ion pair 

at ~475 nm at atmospheric pressure.   
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Figure 5.29 :  The spectral difference of the 5% per mole Yb3+ 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. 

 

Figure 5.30 :  Emission characteristics of 10% per mole Yb3+ 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% Yb3+ doped yttrium silicate are shown under 

atmospheric pressure and 0.01 mbar at 3.38 W.  

 

Figure 5.31 :  Emission characteristics of 20% Yb3+ 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% Yb3+ 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 Er3+ 

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














































































































































































































