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SYNTHESIS, TEMPERATURE SENSING AND WHITE LIGHT
PRODUCTION PROPERTIES OF THE LITHIUMNIOBATE AND
TUNGSTENOXIDE MODIFIED TeO2+Yb203+Er.03 OPTICAL GLASSES

SUMMARY

Tellurium-based glasses doped with rare earths (RE) have been studied in recent years
from various aspects due to their many important optical and physical advantages.

In this study, glass materials were obtained by synthesizing Yb3*/Er®* doped TeO.-
WOs-LiNbO:s lattices with different ratios by melting method. The lattices of our glass
materials were modified by increasing the Er®* ion concentration. The up-conversion
mechanism under 980 nm laser excitation, absorption properties, optical band gaps
and Urbach energies in the range of 200-1100 nm, luminescence properties, thermal
properties and white light parameters in the wavelength range of 400-850 nm, and the
variation of rare earth ions as a function of concentration were investigated.

The transitions of Er** ions from their ground state, which is *l1s/, to different excited
states, such as “Fsz52, 2Hie, *Sar, *Far, *l11/2, Were observed. At laser excitation of
400-850 nm, the emission bands 2H112—*l1512, *Sarz—>*l1s12, *Faro—>*l1sr2and *laro—157
UC of Er®* ion transitions were observed.

It was found that there were small differences in the measured color parameters of the
TWL glasses with increasing power. When comparing the TWL glasses as a function
of concentration changes, it was found that the Er®* concentration shifted slightly from
the red to the green range with increasing power.

In the optical thermometry study, measurements could be made on the TWL1, TWL2
and TWL3 glass samples. In these measurements, two green emission bands, ~527 nm
and ~551 nm, were observed. It was found that the intensity at the 2Hiiz—*lis2
transition at 300 K was quite low compared to the *S—*I transition at 573 K.

On study aims to contribute to the literature on the fabrication of Er®*/Yb%* doped

TeO2-WO3 glass materials, the design of photonic devices, and the development of
temperature and light sensors.
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LIiTYUMNIOBAT VE TUNGSTENOKSIT KATKILI TeO2+Yb203+Er203
OPTIK CAMLARIN SENTEZ, SICAKLIK ALGILAMA VE BEYAZ ISIK
URETIMi OZELLIKLERI

OZET

Nadir toprak (RE) iyonlar1 ile katkilanmus telliir esasli camlar birgok 6nemli optik ve
fiziksel avantajlar1 sebebiyle son yillarda farkli yonleriyle arastirilmistir.

TeO; esasli cam malzemeler dayanikli olmalari, mekanik olarak kolay hazirlanmalari,
diisiik erime sicakligina sahip olmalar1 gibi bir¢ok fiziksel avantajlar1 sayesinde
fotonik alaninda ve lazer uygulamalarinda kullanilmaya elverislidir. Bunun yani sira
farkli latislerin olusmasina imkan saglayan ¢ok iyi bir konak malzemedir [1][2][3].

TeO; en onemli secim kriterlerinden biri olan diisiik fonon enerjisini saglamasina
ragmen[4][5][6], telliirit camlarin 290°C olan cam gegis sicakliklarini onlarin termal
olarak dayanikliligini azaltir. Bu durumda latise WOg3 katkilanarak cam gegis sicakligi
370°C’ye ¢ikarilabilir ve bu sayede telliirit camin termal olarak dayaniklilig1 arttirilmig
olur [7].

RE3* iyonlar1 katkili optik malzemeler, cesitli lazer uyarimlari altinda yukar1 ve asag
doniistim siirecleri ile elektromanyetik spektrumda 1s1ma yapma 6zellikleri sayesinde
lazer uygulamalarinda, optik yiikselticiler, glines pillerinde, goriintiileme cihazlarinda
ve termal sensorlerde kullanimi oldukg¢a yaygindir [8].

Lantanit iyonlarindan Er’" iyonunun arttirilmis iist enerji doniisiim 1sildamast,
Yb3**’dan Er®*"a yiiksek verimli rezonans yoluyla iiretilir. 2H112 Ve *Sg2’nin termal
olarak ¢iftlenmis enerji seviyelerinin floresans yogunluk oranina (FIR) dayal1 sicaklik
algilama gibi uygulamalarda kullanilmasi i¢in olduk¢a avantaj saglar [9]. Temassiz
FIR teknigi, hem termal olarak ulagmasi zor hem de elektromanyetik olarak zorlu
ortamlarda kusursuz sicaklik &l¢iimii saglar [10]. Bunun yani sira Er** iyonlarmin
termallesmis ¢ift olan 2Hi1/2 Ve “Sap enerji seviyelerinden yayilan iist enerji doniisiim
yesil 151g¢min yogunluk orani sicakliga bagli olarak degisir. Yogunluklardaki bu
degisiklik, FIR teknigi ile karakterize edilir[8].

Literatiirde yapilan ¢aligmalarda Er¥*/Yb3* ortak katkili telliirit camlar yesil ve kirmizi
emisyonlar i¢in oldukga elverisli olmalarinin yani sira, yapilan ¢alismalar bu camlarin
iyi termal kararlilik gosterdigi ve emisyon spektrumlarinin ¢ogunlukla yakin kizilotesi
bantta oldugu tespit edilmistir [10]-[16]. Yb®" ‘nin 980 nm’deki Er®" gecisi *l132 ‘ye
yol agar [10].

TeO, esasli camlar; yiiksek kirilma indisleri, diisiik fonon enerjileri, genis iletim

bolgesine sahip olmalar1 ve yiiksek seffafliga sahip olmalar1 gibi silikat, fosfat,
almanat gibi camlarla kiyaslandiginda birgok avantaja sahiptir [17]-[21].
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Farkli 1s11dayan renklere sahip olmalar1 ve elektromanyetik spekturumun goriiniir
bolgesinde essiz spektral Ozelliklere sahip olmalar1 ve UV ile NIR bolgelerinde
liiminesans gostermeleri sayesinde lantanit iyonlari, renk liretimi,aydinlatma, LED’ler
gibi bir¢ok alanda kullanima uygundur [22].

Lantanit iyonlarindan Er®* katkili telliirit esasli camlar, verimli iist enerji doniisiimii
emisyonlar1 ve yakin kizilotesi bantlar1 gibi avantajlari sayesinde arastirma konusudur
[23], [24]. Latislerde duyarlilastirici olarak kullanilan en popiiler lantanit iyonu
Yb3dir. Yb3* iyonu, 2F72 —2Fs/2 gecisi sayesinde ¢ok miktarda enerji emer ve lazer
icin 850-1000 nm arasinda yiiksek enerji emme verimliligi saglar. Bunun yani sira
Er¥*, Tm®, Ho®* gibi aktif RE®" iyonlarma da enerji aktarma avantajia sahiptir.
Yiiksek uyarilmis yar1 kararli duruma sahip olmalar1 sayesinde yakin kizilGtesi

bolgesinden goriiniir bolgeye iist enerji doniisiim liiminesansi elde edilmesini saglar
[25].

Yb?" iyonlari, RE®* iyonlarinin verimliligini arttirmak icin alic1 veya aktivatdr olarak
da kullanilabilir. Yb®" iyonlarmin enerji transferi yoluyla alic1 veya aktivator olarak
olarak RE®* iyonlarmin uyarma verimliligini arttirir ve absorpsiyon kesiti genistir [26].
RE3* iyonlar ile katkili cam malzemeler, *l1s;2 —2H112 (522 nm) uyarildiginda Sa
durumundan yesil emisyon band1 olan “lis temel durumuna yavas bir liiminesans
bozunma egrisi gdsterir [26]. Yb*" iyonu 980 nm dalga boyu uyarimi altinda komsuya
hizli ve kolay enerji transferi, biiyiik absorpsiyon kesitine sahiptir [27].

Er** katkili camlara duyarhlastirict olarak Yb%* iyonu katkilandiginda, Yb3* ile Er®*
iyonlari arasinda verimli enerji aktarim mekanizmasinin arttig1 gézlenmistir [27]-[29].
Daha 6nce yapilan calismalarda Er®* iyonlarinin uyarilmis durumundan temel duruma
gecisleri 550 nm ve 670 nm olmak iizere iki emisyon bandi gozlenir. 550 nm
dalgaboyunda *Sa,—*l1512 gecisleri ve 670 nm’de *Foo—*l1512 gegislerine denk gelen
yesil ve kirmizi emisyon bandi goriiliir [30].

Calisma kapsaminda, degisik oranlarda Yb>'/Er®* ikili katkili TeO2-WOs-LiNbO3
latislerini eritme yontemi ile sentezlenerek cam malzemeler elde edilmistir. Eritme
yontemiyle sentezlenmis 5 adet camin hazirlanmasinda kullanilan tiim kimyasallar,
Libror AEG 120- Shimadzu hassas elektronik tart1 ile tartildi. Beser gram olarak
hazirlanan kimyasal tozlar, karigim miktarlar ayarlanarak mermer havanda karigirildu.
Kimyasal toz karisimlariyla dolu plattin kap, her bir numune i¢in Carbolite type ELF
11/6 marka elektrikli firinda eritildi.

Numuneler, 950°C ye ulastiktan sonra 1 saat bekletildi. Onceden 150°C 1sitilan
EHRET TK/L4061 marka etiive alindi ve burada da 1 saat bekletildi. Cam
malzemelerin latisleri, Er®* iyon konsantrasyonu arttirilarak degistirilmistir. 1 mol
malzeme igin molar oran olarak (84-x mol%)TeO>+(10 mol%)WOs3 +(3 mol%)Yhb.03
+(3 mol%)LiNbO3 +(x mol%)Er.03 formiilasyonu kullanildi.
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Elde edilen tim optik cam malzemelerin 980 nm lazer uyarimi altinda {st-enerji
donilisim mekanizmasi, 200-1100 nm aralifinda sogurma ozellikleri, optik band
araliklar1 ve Urbach enerjileri, 400-850 nm dalga boyu araliginda liiminesans
Ozellikleri, termal Ozellikleri ve beyaz 1s1k parametreleri nadir toprak iyon
konsantrayonuna bagl degisimi incelenmistir. Ust enerji doniisiim 1s1ldamasina dayali
beyaz 151k iiretimi icin kullanilabilirligi ve beyaz 1sik iiretimini etkileyen optik
parametreler arastirilmis ve iist enerji doniisiim mekanizmasi sayesinde olgiilmiis olan
CCT, CRI, CIE x-y degerleri de tablolar halinde sunulmustur.

Absorpsiyon spektrumda 487,524,546,654,800 ve 980 nm dalga boylarinda *Fs 55,
2Hy17, *Sap, *Forzs *losz, *l112 olmak iizere alti absorpsiyon bandi gdzlenmistir. 980
nm’de gdzlemlenen absorpsiyon bandi, Yb3* iyonunun bir 2F7,—%Fs, gecisi
sergiledigi goriildii.

Er** iyonlarinmn *l1s2 olan temel durumundan *Faz2sr2, 2Hi2, *Sarz, *Forz , *l11/2 0lmak
tizere farkli uyarilmis durumlara gecisleri gézlemlendi. 400-850 nm lazer uyariminda
Er¥* iyon gegislerinden (527,551,663 ve 800 nm) “Hiwe—*lisp, *Sz—>*lisp,
4Fan—"l1s/2 Ve *lop—>*11512 ist enerji doniisiim emisyon bandlar1 gézlemlendi. TWL
camlarmin o6l¢iilen renk parametrelerinde giiciin artmasiyla kiiclik farklar oldugu
gozlendi. TWL camlar1 konsantrasyon degisikliklerine gore karsilastirildiklarinda Er®*
konsantrasyonu arttik¢a kirmizi bolgeden yesil bolgeye hafifce kaydig: gozlendi.

Optik termometri incelemesinde, TWL1, TWL2 ve TWL3 cam numunelerinden 6l¢iim
alinabildi. Bu dl¢limlerde, ~527 nm ve ~551 nm olmak {izere iki yesil emisyon bandi
gozlemlendi. 300K’de 2Hi12—*l15/2 gegisindeki yogunluk, 573 K’deki *S—*I gegisine
gore oldukca diisiik oldugu gozlendi.

Calisma kapsaminda Er®*/Yb%" katkilh TeO2-WOs; cam malzemelerin fotonik

cihazlarin yapiminda, sicaklik ve 1s1ik sensorlerinin gelistirilmesinde literatiire katki
saglamak amaglanmistir.
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CHAPTER |

INTRODUCTION

Numerous studies have been conducted on glasses obtained by doping various rare
earth ions with host glass materials to develop glasses with pronounced luminosity [9].
These glasses are widely used in many industrial fields, such as sensors, solar cells,
etc. [12], [31]. These sensors are based on the measurement of the fluorescence
intensity ratio (FIR) of materials doped with RE ions or transition ions. The non-
contact FIR technique allows precise temperature measurement in both thermally
difficult to access and electromagnetically challenging environments [10]. In this
technique, rare earths (RE) are preferred due to their energy levels [12]. It has been
observed that materials with UC luminescence, a nonlinear optical process that emits
high-energy photons, enable noncontact temperature sensing [10], [14], [15]. It was
found that these materials are very suitable for the development of host materials with

low phonon energy [14].

Tellurite-based glasses are quite favourable host materials for rare earth luminescence
due to their low melting temperature [31], higher linear and nonlinear refractive index
compared to silicate glasses [7], [16], chemical resistance and thermal stability [11],
and wide transmission range [15]. In addition to these properties, one of the most
important reasons for their preference is that they increase the efficiency of UC thanks
to their low phonon energy[31]. With these properties, they precede the widely
preferred oxide glasses such as silicates and borates[16]. When all these properties are
evaluated, tellurite-based glasses become very suitable host materials for rare-earth
ions. TeO»-based host glass materials UC have been prepared by doping many
different principal components such as WOs, ZnO, PbO [11]. However, in addition to
these advantages, tellurite glasses also have the disadvantage of not being durable at
high optical densities due to their low glass transition temperatures[7]. Tellurite glasses
doped with WO3 have been investigated as a solution to reduce this drawback [7], [16],
[32], [33]. Positive changes in the physicochemical properties of WO3 doped glasses
were observed [16]. While the transition temperature of TeO2 glass is 290°C, it was



observed that the transition temperature of WOs-doped TeO: glass material is 370°C
[7] . Another important advantage of WOs-TeO; glass materials is that they have high
phonon energy compared to others [33].

3-valent rare-earth ions such as Er®*, Yb®, Tm**, Ho®" increase UC luminescence
thanks to their ability to transfer their energy to the neighbour ion [34], [35]. The first
study in this field showed that the ratio of fluorescence intensity depends on the ratio
of green light emitting quantum levels to the concentration of Er** ion [31], [36], [37].
However, although the Er®* jons produce an emission band of about 1.5 pm, doping
alone has no advantage other than low luminescence efficiency[7][10]. For this reason,
the optical properties were investigated by doping Yb®* ions, which exhibit strong
absorption, into the matrix[31], [38]. Thanks to the Yb%* contribution, the large
absorption cross section, the *lis,—*l11/2 transition of the Er®* ion at 980 nm, was
increased, making the weak ground state absorption efficient [10], [38], [39]. This
enhancement is due to efficient resonance energy transfer from the Yb®* ion to the Er®*
ion [11]. In addition to the fact that Er®* /Yb** codoped tellurite glasses are very good
for green and red emission, studies have shown that these glasses have good thermal
stability and their emission spectra are mainly in the near-infrared region [11], [39].
The Er®* transition of Yb®" at 980 nm leads to *l132 [14].

Er¥*/Yb® doped tellurite-based glasses are UC glasses that exhibit temperature
sensitive behavior using the FIR technique. This technique (FIR) analyzes the
integrated intensity ratio of two different emission bands of fluorescent materials to

determine the temperature [12].

The Er®* UC radiation increases due to the energy transfer from Yb®* to Er®*. The use
of the thermally coupled energy levels of 2Hi1/2and “Ss/2 to determine the intensity ratio
of fluorescence is one of the most important examples of the application of Er®* to

temperature measurement [9], [10].

In this study, TeO>-WOs;-LiNbOs glasses doped with Er®* and Yb*' ions were

fabricated and their thermal and optical properties were investigated. Upon excitation



at about 980 nm, UC luminescence in the green and red regions was observed, and the
mechanism of energy transfer were analyzed. The optical parameters affecting the
usability and generation of white light based on UC luminescence were studied.

By exciting of our glass samples doped with lanthanide ions (Ln®") in the UV and NIR-
IR ranges, using the spectral data obtained thanks to the UC mechanism: the light
emitted by our glasses at all frequencies of the colors red, green, blue (red, grain, blue/
RGB) , and the luminance efficiency were measured. CCT, CRI, CIE x-y values

measured with the UC mechanism are also presented in tables.
CHAPTER Il

GENERAL INFORMATION

I1.1. Tellurite Glasses

TeO2-based glasses are well suited glasses for optical devices, thanks to their many
advantages, such as their many electromechanical properties, high nonlinear
behaviour, and low phonon energy. TeO: is a conditional glass former because it
allows glass formation by combining heavy metal oxides or earth metals [40].

The fact that TeO glasses are suitable for use in photonics, laser applications, even
telecommunications, and electric storage vehicles; Physical properties such as high
linear and nonlinear refractive indices, easy mechanical preparation, durability, low
melting temperature, high thermal stability and similar physical properties have great
impact. In addition, they are host materials that can be transformed into different glass
materials, as they allow the preparation of different compositions. In previous studies,

it has been observed that some rare earth ions improve luminescence properties [1]—

[3].

There are many reasons why TeO»-based glasses are preferred over silicate, phosphate,
and laminate glasses. First, they have higher refractive index and nonlinear refractive

index thansilicate and fluoride glasses. Second, their phonon energies are lower (~750



cm-1) compared to oxide glasses. The third important feature is that the transmission
zone of silicate glasses is 0.2-3 mm, while that of tellurite glasses is between 0.35-5
mm. One of the most important reasons why they are preferred over fluoride glasses
is their glass stability. Moreover, they have high transparency at wavelengths up to 5.5
um [17]-]21] .

Considering the nonlinear optical properties of TeO> glasses, as well as their high
chemical stability, many properties have become a research topic attracting the
attention of researchers [41]. In addition, tellurite glasses transmit broad wavelengths
ranging from 0.5 um to 6 pm and have a high concentration of rare-earth ions and a
high refractive index compared to other glasses. It offers the possibility to create
glasses with different properties using different modifiers, which allow us to change

the optical properties at will. [42], [43].

Doping with LiNbOs3, one of the most important ferroelectric materials, gives tellurite-
based glasses highly efficient electrooptical, piezoelectric and pyroelectric properties.
This has resulted in materials suitable for use in areas such as wave devices and
waveguides. These devices are mostly fabricated from LiNbOs3 single crystals, and by
modelling these crystalline lines, suitable applications for photonic devices have been
developed [44]. The structural features of the TeO,-LiNbOs3 pair are also of interest.
While LiNbOz is a ferroelectric material with a high Curie temperature, TeO»-based
glasses are an asymmetric trigonal bipyramid of TeO4 and have a lone pair of electrons
in the equatorial position [45]. Alkali or alkaline earth metals are incorporated into
tellurite glasses as converters, and tellurite becomes a potential material for optical
sensing and biochemical applications thanks to the change of host material. This is
because tellurite as a host matrix offers very efficient luminescence and low phonon
energy compared to other hosts such as phosphate, borate, and silicate. The reason it
is doped with other oxides is that TeO, alone cannot form glass. The ability of this
guest material to accommodate strong metal oxides and rare earth ions is due to its
weaker Te-O bonds [4]-[6].



Up-conversion fluorescence in TeO2 glasses; It is pumped at 980 nm, which will allow
the development of amplifiers with high output power and broadband gain. This means
that the phonon energy must be increased. However, the glass transition temperature
of tellurite glasses of 290°C makes them thermally weak. At this point, in addition of
WOs3 to tellurite glasses increases the phonon energies compared to other tellurite

glasses and raises the glass transition temperature to 370°C [7].

In addition, TeO> can be doped with metal oxides such as WOs3 to make it a more
efficient glass former, and this doping gives the glasses linear refractive index property
[16], [19]-21], [46].

WO:s is preferred because of its electrochemical properties and low cost. TeO>-WO3
compounds provide linear and highly nonlinear optical properties while offering high

mechanical and thermal resistance [46][16].

The addition of transition metals with empty d-orbital cations such as WO3 or TiO>
can increase the efficiency. This is because TeO.-based glasses have Te** single
electron pair [32], [47]-[50] and a Te-O-Te [51], [52] bonding structure. This

improves the optical properties [32].
11.2. Rare Earth (REE) Elements

It is a metal group consisting of 17 heavy elements including rare earths, Sc, Y, and
the lanthanide group. Nowadays, rare earths are very important for the construction of

many technological tools and high-tech applications that we often use in our Daily life.
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Figure 2.1: The Periodic System of the Element [53].

Electron shells of an atom; They are called K,L,M,N,O,P and Q or 1,2,3,4,5,6,7. It is
the electrons in the outer shell that determine the conductive and chemical properties.
At the same time, each shell contains a subshell with atomic orbitals. These subshells

are also referred to as s,p,d,f (Jensen 2007).

Atomic structures of lanthanides; f orbitals are filled and consist of seven suborbitals.
Lanthanides are characteristic 3+ cations. This is because they have a 4f"*! 5s? 5p°%,6s?

configuration and lose 4f electrons and 6s? electrons.

Erbium has 6 isotopes and its atomic number is 68. Whereas ytterbium has 7 stable
isotopes and its atomic number is 70 [22].Lanthanides glow when heated in the spectral
range between ultraviolet (UV) and near-infrared (NIR), that is, they exhibit

luminescence.



Lanthanide ions are preferred in many fields such as lighting, color manufacturing and
LEDs thanks to their various luminescent colors. They are also widely used in energy
conversion applications (UV or IR) thanks to their unique spectral properties in the

visible region of the electromagnetic spectrum (Andres and Chauvin 2012 ).

lon 4f"  4f electrons S L Ji s+
Ce’t  4f' T 1/2 3 5/2 2F)
Pt 422 T 71 1 5 4 SHy
Nd** 46 T 7 ) 3/2 6 9/2 Yo/
Pm*t 4t T 71 T ) 2 6 4 51y
Sm** 4 T 7T ) ) ) 5/2 5 5/2 5Hs),
Eu*  4f° T 7 ) ) T 3 3 0 7y
Gd* 4 T T T 1 T T 1T 72 0 72 S
T3 48 T 7T T ) T 1 T 3 3 6 "Fe
Dy** 4f T T 1T T T 1 T 51 5 152 ®Hysp
Ho** 4f°© T Tl T 1 T T 1T 2 6 8 5l
EEricas I 1) TP 1A I VP A I T 3n 6 15/28 B #lhs
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Table 2.1: Electronic Configurations of Trivalent Lanthanide ions in the ground
state [54] .

11.3. Er®*/Yb® Doped Glass Materials

Glass materials spiked with RE*® are versatile. The luminescence properties of these
ions vary depending on the host material with which they are doped. Glass materials
are not naturally uniformly ordered, which means that the energy levels of the
lanthanide ions with which they are doped exhibit regional differences. For example,
glass hosts silicate, phosphate, tellurite, chalcogenide, etc. They differ from each other
in terms of phonon energies, physicochemical and conductive properties. The most

important selection criterion among these characteristics is low phonon energy.

Tellurite glasses are generally preferred because they have low phonon energy and

many advantages such as high chemical and mechanical resistance and corrosion



resistance [55]. Tellurite glasses are effective glass materials that can be transformed

in different ways by various external stimuli.

Many studies have been conducted on the near-infrared bands and UC emissions, and
it has been shown that glasses based on Er®* telluride are very efficient compared to
oxide glasses. The Er** emission spectrum obtained by UC pumping at wavelengths
of 800-980 nm has two thermal levels (:H'? and “Ss2). The main energy transfer
between 500-570 nm wavelength is produced by radiative decays in the ground state

of “l152 (green emission band) and occurs by filling up the excited intermediate level.

In glass materials doped with rare-earth ions, a slower luminescence decay curve from
the #Sgy, state to the ground state, i.e., the *I1s/2 - 2Hi1/2 green emission band, is observed

when excited at 522 nm.

In their study, Li et al [56] investigated the temperature dependent UC emission in Er®*
doped transparent ceramic material, and found that the density changes with increasing
temperature. Three emission bands, 540, 564, and 682 nm, were observed under 980
nm laser excitation. The study found that the peak intensity at 564 nm wavelength

was higher at low temperatures when two different temperatures were considered.

Another important point of the study is that the lifetime of green emission (*Saz level)
is more affected by red emission (*Fgr level) than temperature, and the intensity the
UC conversion emission band is highest at 540 nm at room temperature.

Among the RE®* ions, the Yb%* ion is used to increase the efficiency of the activator
RE3* ions because it matches the emission wavelengths of relatively inexpensive lasers
and also has a large absorption cross section. Manzani et al. [57] observed that the
sensitivity of both tellurite glasses to other glasses and host material to host material

varies greatly.

It was observed that erbium ions can be produce strong emission in compositions
where the Yb®" ion concentration is kept relatively high compared to the Er®* ion

concentration. One of the advantages of the Yb3" ion is that it offers both easy and fast



energy transfer to its neighbor and a large absorption cross-section at 980 nm

excitation.

Research has noted the decreasing Er** luminescence spectrum in glass materials, and
the strong ion-phonon interaction has been suggested as the reason. This interaction is
caused by small energy gaps between adjacent excitation levels [58]. By adding
sensitizers such as Yb** to the compositions of glasses doped with Er** ions, the
absorption bandwidth of Er®* ions can be brought to about 100 nm.

In addition to using Yb** ions as sensitizers in this way, they are also used as activating
additives in glass materials. Thanks to its broad luminescence band, it is used in
femtosecond lasers. Its broad absorption and luminescence lifetime make it very
suitable for use in Ti: sapphire, Nd: YAG or InGaAs lasers.
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Figure 2.2: Energy level diagram of the energy transfer processes between Er3+ and
Yb3+ ions [59].

Ytterbium ions provide radiation absorption and emission due to the presence of two

split energy states, the 2F72 ground level and the 2Fs/, excitation level.



I11.4. Color Parameters

Electromagnetic waves have a wide spectrum of propagation. Different wave intervals
in the narrow spectrum that the human eye can perceive are perceived as different

colors, from the longest to the shortest, between red and purple [60].

Colors perceived at different wavelengths are divided into three primary colors
according to the trichromatic color vision of the human eye [61]. Although the
trichromatic theory was proposed by Thomas Young in the 1800s, it was proven by
Maxwell's experiment in 1860 that the three primary colors correspond to red, green,
and blue. The trichromatic theory is based on the assumption that the three primary

colors are the same [60].

Green

Blue Red

Figure 2.3: Maxwell’s triangle [60]
11.4.1. Trichromatic theory

The trichromatic theory assumes that there are three types of cones or receptors on the
retina that detect the three primary colors, and that all colors are the reaction degree of

10



the receptors. The standard observer functions were defined by the CIE (International
Commission on Illumination) (1931). These functions have three main sensitivities in

each of the spectra of visible wavelengths[61].
11.4.2. Colorimetry

Colorimetry is the technique of determining the three primary colors perceived by the
human eye (red, green, and blue) by placing them in three-dimensional color space
and reducing the color perception to CIE tristimulus values.

A CIE chart is a two-dimensional chart because only two variables are used to express
chromaticity. If you plot a CIE color diagram, you will get a horseshoe-shaped curve
[60], [61].

Gassmann (1853) established a set of rules for color addition and matching

experiments. These rules later formed the basic principles of colorimetry.

Monochromatic Constant
Radiance

MATCHED | REFERENCE g

FIELD FIELD Wavelength = A
Radiance L g,s = constant
Luminance Lyres = V()

Figure 2.4: Color-matching fields with a monochromatic reference field [60] .

Figure 2.4 shows the setup of a color matching experiment. In the experimental setup,
one half of the screen, which is divided into two parts, is the illuminated area and the
whole has a viewing angle of 2 degrees, the other half is illuminated with a

monochromatic light beam. One half of the area is the area that should correspond to

11



the reference area. 3 beams of pure monochromatic light, red, green and blue,
illuminate the matching area [60].

11.4.3 Chromaticity coordinates r,g,b

A coordinate system is divided into three orthogonal axes and these axes are called r,
g, and b. The distance of any point in the coordinate system from the origin is
determined by the brightness of the point on that line. The Schroedinger spectrum bag
(1920) is the representation of the spectroscopic image pair of points with coordinates

as a curve in space [60].

As shown in the figure 2.5, these points are located at coordinates (1,0,0), (0,1,0) and
(0,0,2).

Figure 2.5: Projection of points with coordinates T (1), g()), and b(X) to a plane
passing through points (1,0,0), (0,1,0), and (0,0,1) [60].

In Figure 2.6, the plane in which r(}) is plotted against g(A) represents the coordinate
plane showing the location of all spectrally pure colors.

12
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Figure 2.6: Chromaticity diagram for r versus g [60].

By normalizing tristim

ulus values;

R

1" =
R+G+b
G
9 = Ric+s
B
" R+G+B
r+g+b=1

2.1)

2.2)

(2.3)

(2.4)

The r, g, and b values were obtained to determine the hue and saturation of any color

[60].

The values of chromaticity coordinates for an area of 2 degrees determined in the

convention CIE for spectrally pure colors are given in the table:
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Wavelength rd) 2() b(A) ‘Wavelength r(d) 2 b(A)

(nm) (nm)

380 0.0272 -0.0115 0.9843 585 0.7071 0.2952 -0.0023
385 0.0268 —-0.0114 0.9846 590 0.7617 0.2402 -0.0019
390 0.0263 —-0.0114 0.9851 595 0.8087 0.1928 -0.0015
395 0.0256 -0.0113 0.9857 600 0.8475 0.1537 —-0.0012
400 0.0247 -0.0112 0.9865 605 0.8800 0.1209 —0.0009
405 0.0237 —-0.0111 0.9874 610 0.9059 0.0949 -0.0008
410 0.0225 -0.0109 0.9884 615 0.9265 0.0741 —0.0006
415 0.0207 -0.0104 0.9897 620 0.9425 0.0580 -0.0005
420 0.0181 -0.0094 0.9913 625 0.9550 0.0454 —0.0004
425 0.0142 -0.0076 0.9934 630 0.9649 0.0354 -0.0003
430 0.0088 —0.0048 0.9960 635 0.9730 0.0272 —-0.0002
435 0.0012 —0.0007 0.9995 640 0.9797 0.0205 0.0002
440 —0.0084 0.0048 1.0036 645 0.9850 0.0152 0.0002
445 -0.0213 0.0120 1.0093 650 0.9888 0.0113 0.0001
450 -0.0390 0.0218 1.0172 655 0.9918 0.0083 0.0001
455 —0.0618 0.0345 1.0273 660 0.9940 0.0061 0.0001
460 —0.0909 0.0517 1.0392 665 0.9954 0.0047 0.0001
465 -0.1281 0.0762 1.0519 670 0.9966 0.0035 0.0001
470 -0.1821 0.1175 1.0646 675 0.9975 0.0025 0.0000
475 -0.2584 0.1840 1.0744 680 0.9984 0.0016 0.0000
480 -0.3667 0.2906 1.0761 685 0.9991 0.0009 0.0000
485 —-0.5200 0.4568 1.0632 690 0.9996 0.0004 0.0000
490 —-0.7150 0.6996 1.0154 695 0.9999 0.0001 0.0000
495 —-0.9459 1.0247 0.9212 700 1.0000 0.0000 0.0000
500 —1.1685 1.3905 0.7780 705 1.0000 0.0000 0.0000
505 -1.3182 1.7195 0.5987 710 1.0000 0.0000 0.0000
510 -1.3371 1.9318 0.4053 715 1.0000 0.0000 0.0000
515 -1.2076 1.9699 0.2377 720 1.0000 0.0000 0.0000
520 —0.9830 1.8534 0.1296 725 1.0000 0.0000 0.0000
525 —0.7386 1.6662 0.0724 730 1.0000 0.0000 0.0000
530 —0.5159 1.4761 0.0398 735 1.0000 0.0000 0.0000
535 —0.3304 1.3105 0.0199 740 1.0000 0.0000 0.0000
540 -0.1707 1.1628 0.0079 745 1.0000 0.0000 0.0000
545 -0.0293 1.0282 0.0011 750 1.0000 0.0000 0.0000
550 0.0974 0.9051 -0.0025 755 1.0000 0.0000 0.0000
555 0.2121 0.7919 —0.0040 760 1.0000 0.0000 0.0000
560 0.3164 0.6881 —0.0045 765 1.0000 0.0000 0.0000
565 0.4112 0.5932 —0.0044 770 1.0000 0.0000 0.0000
570 0.4973 0.5067 —0.0040 775 1.0000 0.0000 0.0000
575 0.5751 0.4283 —-0.0034 780 1.0000 0.0000 0.0000
580 0.6449 0.3579 -0.0028

Table 2.2: Chromaticity coordinates r()), g(A), and b(L) for spectrally pure colors
and for a 2-deg field (from CIE 1931) [60] .

11.4.4. Chromocity coordinates (X,y,z)

Chromaticity Coordinates; (similar to r,g,b- space) As can be seen in Figure 2.7, it is
found by determining the points corresponding to the color matching functions in the

coordinate system in terms of x(A), y(A) and z(A) for spectrally pure colors.

14



Figure 2.7: Projectionof points with coordinates x(A), y(L), z(A) to a plane passing
through points (1,0,0), (0,1,0), (0,0,1) [60].

Justasinr, g, and b-space, the functions are normalized to wavelength:

W@

D) = mmmem (2:5)
5@

YD = mman®m (2.6)
W

2 = B me® 2.7)

For a color that is not monochromatic, i.e., that has more than one wavelength, the

chromaticity coordinates are determined as follows;

= Xz (2.8)
Y
Y = vz (2.9)
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zZ
zZ = —
X+Y+Z

(2.10)

The chromaticity coordinates are linearly dependent on each other.

x+y+z=1 (2.11)
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Figure 2.8: Cromaticity x-y diagram for a 10-deg field (from CIE, 1964) [60]

Figure 2.9: Color chromaticity x-y diagram for a 2-deg field (from CIE, 1932) [60]
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CIE chromaticity diagram, in which all pure spectral colors are represented as a
horseshoe-shaped curve [60]. This diagram is used to represent hue and saturation, not

brightness level (Figure 2.12).
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Figure 2.10: Hue and saturation variation in the chromaticity diagram [60]
11.5. Optical Thermometry
11.5.1. Luminescence thermometry

The measurement of luminescence properties with respect to temperature is called
luminescence thermometry. To express the performance of luminescence
thermometry, the values S (sensitivity) and Sr (relative sensitivity) are used. They are

calculated as in Formula 2.12;

—_ |4e
S_|dT
_S_1]a
Sr _Q_Q|dT (2.12)
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The most popular materials used for luminescence are broad band gap inorganic
lanthanides and transition metal ion doped materials. Their use in illumination,
plasmas, solid-state lasers, nanotechnology, bioimaging and many other fields has
increased. The emissions of rare earth ions and transition metal ions span the ranges
UV-NIR-VIS. Moreover, their properties, such as their suitability for synthesis,
temperature stability, and widest temperature measurement range among all materials,

make them the first choice for luminescence temperature measurement experiments.

The excitation bands and emissions in the luminescence spectrum are defined by the
bandwidth and band position. These parameters are temperature dependent. The
factors causing this dependence are changes in the refractive index, changes in the
energy levels of the electronic levels etc.

The plot made by calculating the ratio of the intensities of different emission bands in
luminescent material, is the most popular method for luminescence thermometry. This
method, used for rare-earth additions, uses the ratio of emission intensities (caused by
the electron transition terminating at various stark sublevels) to emission intensities
resulting from the closely excited state of the lanthanide ions. This method can also be

used for UC emissions.

When the energy difference between the two thermally dependent excited energy
states of the lanthanide ions is <2000 cm™, the electrons change from lower energy to

higher energy [62].

In this case, the electronic population of both levels is distributed according to the

Boltzman principle;
NH = NL ' exp(—AE/kBT) (213)

In the equation in Equation 2.13, Nn is high, N is the number of electrons in the low
excited state, AE is the energy difference, kg is the Boltzmann constant, and T is the

absolute temperature.
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Equation 2.14, defines the luminescence intensity ratio (L-IR) of high (Ix) and low (I.)
excited state emission. g is the excited state degeneracy, h is the Planck constant, v is

the emission frequency, and A is the spontaneous emission rate.

LIR(T) = ‘“Iﬂ
L

_ . 8uAnhvy _AEN _ _
= c B exp (=52 = B.exp(—AE/k;T) (2.14)
Taking the logarithm of equation 2.14, we show that it has a linear dependence on the

inverse temperature (equation 2.15).

log(LIR) = Log(B) —=£-2 (2.15)

kg T
High energy states cannot be filled at low temperatures. This is because the electrons
do not have enough energy to fill the energy gap between them, so the rate of non-
radiative relaxation from the higher energy level to the lower is large. The result is that

the lower AE is, the lower the temperature at which the LIR scheme can be used [54].
11.5.2. Fluorescence intensity ratio

The IR transmission of glasses down to 4.5 um in the near - infrared and visible range,
high rare-earth resolution, optical quality, slow corrosion rates, and high refractive

indices make them very attractive for spectroscopic studies [55], [63], [64] .

Tellurium-based glasses are coming to the fore because their phonon energies are
lower than those of common oxide glasses such as silicate, borate, and phosphate [65].
Absorption and emission spectra in the UV (ultraviolet) — VIS (visible) — NIR (vear-

infrared) range have been studied.

IR infrared radiation has a wavelength of 0.75-1000 um, NIR (near - infrared) 0.750-
3 um, M-IR (mid- infrared) 3-30 um and F-IR (far infrared) with 30-1000 um

wavelengths. Infrared) is divided into 3 regions. IR spectroscopy; used to determine
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the properties of a material such as transmittance, gradient index, and refractive index
[55].

To get an idea of the temperature at which the system is in thermal equilibrium, we
can look at the populations of the energy levels of the thermal pairs. These populations
gives us an indication the Boltzman population distribution. Thanks to a technique
called FIR (fluorescence density ratio), information about the temperature of the
thermal equilibrium of the system can be obtained by studying the emission of the
thermally coupled level of a trivalent rare- earth ion. This technique was introduced in
1990 by Berthou e Jorgensen [66]. Berthou e Jorgensen [66] experimented with
fluorinated optical fiber glass doped with Yb**/Er®* [55].

4 E3, 9,
AE,,

Ei,9:

Ey

Figure 2.11: Simplified diagram for three energy level thermometry system [55].

As shown in Figure 2.13, the fluorescence intensity of two closely spaced energy levels
was recorded as a function of temperature analyzed in the three-level system. By
thermal excitation: due to the small energy gap between the two excited states, the
population of the upper- level can be brought to a lower- level. The population of ions
rising to this upper level is explained by the Boltzman distribution law.
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The redistribution of the population of emitting levels with the increase of temperature
causes the emission intensities of these levels to change.

In Figure 2.13, N1 and N> are the populations. AE>: is the energy gap between two
thermalized levels in the absorption spectrum. It can be determined experimentally. T

is the absolute temperature and Kg is the Boltzman constant [66], [67].

As the population ratio;
AE
m _ (53) (2.16)

definable.

The thermalized emission density can be described as in equation 2.17.

I,0 = Nyhvyof2042092 (2.17)

In the equation, l2o/l1o is the thermalized emission intensity caused by the radiative
decay that occurs during the transition from any state to the lower state. The ion
population is proportional to N2/Ni1. The branching rate is related to the B20/B1o
transition, the spontaneous radiative emission rate Axo/A1o, the degeneracy of the g»/g:

level, and the average photon energy hvao/hvio.

Equation 2.18 calculates the FIR of two transitions (the ratio of their integrated areas)

corresponding to thermalized energy levels;

AE Nyhv A
FIR = R = 2E20 _ N2 2082042092 (2.18)
Ag;q  N1hvioB1041091

In Equation 2.19, it is related to the temperature of the optical sensor using the ratio of
the fluorescence intensity between the two thermalized emissions [68], [69]:

AEpq
_ V20B2042092 e(_KBT)

V10B1041091

(2.19)
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U20P2042092

If we make it a little simpler, ¢ = ——=—= for;
V1081041091
(%2)
R = Ce\KBT (2.20)

In this way, the absolute temperature is determined.

The system is in thermal equilibrium. The equation as a function of linear T can be
written as

Kp

In(R) = a + b%(a =In(C)and b = (2.21)

The parameter C depends on the electronic transitions. This intensity ratio is
independent of the power density of the source, since the intensity of each emission

band is proportional to the population of levels.

Thermal sensitivity (S) is a measure of how sensitive a temperature sensor is to a given

temperature change. This parameter, which determines the quality of the optical
sensor, (s =Z—§) is given by the rate of change of the density ratio (R) with

temperature.

The thermally bond system is calculated as in Equation 2.22;

_ AEyq
S=R (—KBTZ) (2.22)
In Equation 2.23, the equation giving the relative change in temperature per degree, R,

shows performance of thermometry;

S AEy
R KgT?

_ 1[4R] _
St =[5 = (2.23)

This parameter is usually used to compare different thermometers and is expressed in
%K [55], [63], [70]-[73].

22



11.6. Cooperative Energy Transfer

In mechanisms of energy transfer, an excited ion (called a sensitizer or donor) transfers
excitation energy to an activator (or acceptor ion). In rare cases, there is a second-class

process in which two ions combine to absorb (or emit) a photon [74] .

Optical thermometry has become a focus of research thanks to the luminescence
properties of RE doped materials, that exploit the temperature dependence of
wavelength, fluorescence intensity ratio (FIR) and emission intensity. The
luminescence properties of RE luminescent materials are temperature dependent and

consist of hosts, activators/sensitizers.

11.6.1. Down -conversion

The development of rare earth luminescent materials has accelerated, with luminescent

materials in up-conversion, down-conversion, and both modes.

RE photoluminescence is called DC luminescence or Stokes luminescence. This is due
to the principle of Stokes' theorem that low energy long wavelength radiation is
emitted and luminescent materials absorb high energy short wavelength radiation. DC
Luminescence is a very effective mechanism to obtain visible fluorescence emissions.
To achieve intense visible fluorescence emission, DC luminescence is widely
preferred, especially in solar energy applications. Research has shown that DC
luminescent materials are not suitable for biological applications due to the excitation
wavelength of UV or visible light. It is very popular for use in solar cells because it
can convert light that the UV part cannot react to into visible and IR light and make it

absorbable.
11.6.2. Up -conversion

In addition, many temperature measurement and biomedical temperature measurement
studies are based on UC luminescence, which is preferred. Unlike DC, UC

luminescence is an anti-Stokes mechanism. The UC mechanism emits high energy
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short wavelength photons and absorbs multiple low energy long wavelength photons
after multiple photon addition, which is due to the energy level properties of the RE
ions. These materials have very high performance in optical thermometry. In UC
luminescent materials, the energy of the absorbed photons is lower than that of the
emitted ones. The most common Ln®* ion used as a sensitizer is Yb® . The Yb%* ion
absorbs a large amount of energy thanks to the 2F7,—2Fs; transition and provides high
energy absorption efficiency for the laser between 850-1000 nm. Moreover, it can
transfer energy to the active ions Er¥*, Tm®" and Ho*" and has a highly excited
metastable state. Therefore, it provides UC luminescence from the NIR region to the

visible region [75].
CHAPTER Il
MATERIAL AND METHOD

Within the scope of the topic of my master’s thesis, 5 glasses were produced by the
melting process. Tungsten oxide telluride glasses were prepared with the various
compositions listed in Table 3.1. The rare earth ions Er*3, Yb*® were used as additives
along with tungsten oxide tellurite which we used as host material in our basic
formulation. The formulation used in our synthesis corresponds to the molar ratio for
1 mol of our material: (84-x mol%)TeO> +(10 mol%) WOs +(3mol%)Yh203
+(3mol%)LiNbOs+(x mol%)Er20s.

Table 3.1: The formulations of the samples

TeO2 WO3 LiNbOs Yb203  Er03

TWL1 76.925 10 10 3 0.075
TWL2 76.85 10 10 3 0.15
TWL3 76.7 10 10 3 0.3
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TWL4 765 10 10 3 0.5

TWLS 725 15 10 2 0.5

All chemicals used in the preparation of our 5 glasses, synthesized by melting, were
weighed using a Libror AEG 120- Shimadzu precision electronic balance. Each sample

was synthesized in an amount of 5 gr, and the amount of doping is detailed below.

The chemical powders prepared in five grams were emptied into the marble mortar by
adjusting the mixture amounts and mixing carefully to make them homogeneous. The
platinum container filled with the chemical powder mixtures was placed in the
Carbolite brand electric furnance, type ELF 11/6, for each sample for each sample and
the lid of the platinum container was closed to minimize material loss due to

evaporation that may occur during melting.

After the samples reached 950° C, 1 hour was sufficient for the melting process. The
mixture in the platinum crucible, which was removed from the furnace using long
tongs, was carefully poured into stainless steel molds and placed in the EHRET
TK/L4061 frunace, which was preheated to 150° C considering the transition

temperature of the steel molds, and left for 1 hour for glazing.

All the synthesized samples were obtained as transparent. The two major surfaces of
the samples were ground and polished to make the surfaces smooth and parallel to best
transmit light and minimize scattering (absorption and luminescence spectra). Distilled
water and different abrasive thicknesses were used in grinding to obtain parallel and
smooth surfaces. Then felt, aluminum oxide, and distilled water were used for

polishing.

In this preparation to obtain the absorption and luminescence spectra of parallel and
smooth polished surfaces, the last step was to pass all samples through pure water and

store them in storage containers to remove any oil, dirt, and dust that might have
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accumulated on them from handling and touching. After all these processes, the

absorbance and luminescence data were provided.

111.1 Investigation of Optical Properties

To investigate their spectroscopic properties, the surfaces of all samples were ground
and polished to make them parallel. The physical properties were determined.
Absorption spectra and UC luminescence spectra were obtained. All measurements

were performed at room temperature.

111.1.1 Absorption spectroscopy

Absorption spectra were recorded with the Cary 100 UV-VIS Spectrometer in the
range 400-850 nm and, with the Cary 5000 UV-VIS-NIR, version 1.12 in the range
300-1100 nm.

111.1.2 Luminescence spectroscopy

No Princeton Instruments SP 2500i monochromator was used for the luminescence
emission and UC spectra of the sample at 980 nm. As detector: luminescence
measurements in the IP-NIR (800-1700 nm) range, Acton series ID-441-C InGaAs and
UV-VIS (440-110 nm) luminescence measurements were performed using the S1-440
Silicon Photodiode Detector 980 m CW laser diodes (Apollo Instruments diode lasers
— Model No: S30-808-6) were used as pump sources. Pump powers of the lasers: 3
mW for 980 nm CW LD. Acton Spectra Hub and Spectra Sense program were used as

detector interface (spectrometer).

I11.2 Measurement of White Light Parameters

CIE 1931 x-y standards were used to determine and compare the white light
parameters (CIE 1931 x-y Chromaticity Diagram- color chart). For CIE x-y, CCT and
CRI measurements, the light emitted on our samples at 980 nm UC was determined

using the Asense Tek Lighting Passport illumination meter.
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Table 3.2: White light parameters and photographs of TWL1 glass sample recorded

according to varying power with varying current under excitation with a 980 nm laser.

Current | Up Conversion Spectrum | CIE-1931 Diagram Emission Picture CCT CIE x-y
Value and
CRI

0.59 A 5459 K | 0.3365-

55 0.5585

0.72 A 5329 K | 0.3442-

50 0.5641

5445 K | 0.3374-
50 0.5619

092 A

5539 K | 0.3320-
52 0.5532

1.03A

5644 K | 0.3262-
54 0.5484

126 A
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Table 3.2 (continued): White light parameters and photographs of TWL1 glass
sample recorded according to varying power with varying current under excitation

with a 980 nm laser.

138 A 5703 K | 0.3232-

54 0.5447

150 A 5754 K | 0.3207-

55 05363

170 A 5823 K | 0.3183-

58 0.5097

185A 5808 K | 0.3206-

63 0.4689

1.99 A 5800 K | 0.3217-
64 0.4489
213A 5974 K | 0.3189-
73 0.3897

0.3263-
5678 K | 0.4520
63
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Table 3.3: White light parameters and photographs of TWL2 glass sample recorded

according to varying power with varying current under excitation with a 980 nm laser.

Current | Up Conversion CIE-1931 Diagram | Emission Picture CCT | CIEx-
Value | Spectrum and y
CRI
251 A 5620 | 0.3270
K -
0.6039
45
2.38A 5710 |0.3212
K -
45 0.6087
2.26 A 5816 | 0.3136
K -
37 0.6311
216 A 5896 | 0.3081
K -
34 0.6388
199 A 5917 | 0.3064
K -
30 0.6432
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Table 3.3 (continued): White light parameters and photographs of TWL2 glass
sample recorded according to varying power with varying current under excitation

with a 980 nm laser.

1.90 A 5888 | 0.3092

K -

40 0.6270
176 A 6272 | 0.2799

K -

11 0.6762
1.60 A 6371 | 0.2720

K -

2 0.6864
151A 6415 | 0.2683

K -

-2 0.6917
135A 6387 | 0.2704

K -

-2 0.6906
1.23A 6343 | 0.2735

K -

-3 0.6900
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Table 3.3 (continued): White light parameters and photographs of TWL2 glass
sample recorded according to varying power with varying current under excitation

with a 980 nm laser.

114 A 6299 | 0.2768

K -

-2 0.6880
1.00 A 6192 | 0.2845

K -

-6 0.6851
091A 6102 | 0.2912

K -

-6 0.6809
0.75A 5945 | 0.3027

K -

-5 0.6735
0.60 A 5820 | 0.3119

K -

-4 0.6671
0.50 A 5778 | 0.3152

K -

15 0.6591
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Table 3.4: White light parameters and photographs of TWL3 glass sample recorded

according to varying power with varying current under excitation with a 980 nm laser.

Current | Up Conversion CIE-1931 Diagram | Emission Picture CCT CIE x-
Value | Spectrum and y

CRI
0.50 A 5059 K | 0.3630

38 -
0.5964

0.75 A 5061 K | 0.3639
37 -

0.6087

1.00 A 0.3604
5110K | -

39 0.6065

125A 5138 K | 0.3583
41

0.6044

150 A 5150K | 0.3576
41

0.6050

175 A 5122 K | 0.3588
44

0.5951

2.00 A 4938 K | 0.3674
47

0.5583

226 A 4787 K | 0.3719

0.5194
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Table 3.5: White light parameters and photographs of TWL4 glass sample recorded

according to varying power with varying current under excitation with a 980 nm laser.

Current | Up Conversion CIE-1931 Diagram | Emission Picture CCT CIE x-y
Value | Spectrum and
CRI
0.50 A 5561 K | 0.3306-
8 0.6518

0.75 A 5929 K | 0.3041-

7 0.6688

1.00 A 6095 K | 0.2921-

7 0.6756

126 A 5463 K | 0.3366-

49 0.5762

150 A 5315 K | 0.3439-

54 0.5330

175 A 5304 K | 0.3437-

56 0.5130

2.00 A 5304 K | 0.3421-

65 0.4722
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Table 3.6: White light parameters and photographs of TWLS5 glass sample recorded

according to varying power with varying current under excitation with a 980 nm laser.

Current | Up Conversion CIE-1931 Diagram | Emission Picture CCT CIE x-y
Value | Spectrum and
CRI
227 A 5459 K | 0.3373-
41 0.6101
2.13 A 5194 K | 0.3547-
43 0.6068
1.93 A 5235K | 0.3479-
57 0.5254
1.79 A 5417K | 0.3401-
39 0.6137
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Table 3.6 (continued): White light parameters and photographs of TWL5 glass
sample recorded according to varying power with varying current under excitation

with a 980 nm laser.

1.65A 5253 K | 0.3501-
46 0.5927
157 A 5960 K | 0.3026-
22 0.6590
146 A 5951 K | 0.3027-
-6 0.6674
1.26 A 4096 K | 0.4148-
39 0.5265
115A 4456 K | 0.4006-
35 0.5715
1.02 A 4704 K | 0.3855-
38 0.5827
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Table 3.6 (continued): White light parameters and photographs of TWL5 glass
sample recorded according to varying power with varying current under excitation

with a 980 nm laser.

0.90 A 4843 K | 0.3783-

28 0.6016

0.75 A 5040 K | 0.3658-

28 0.6139

06 A 5196 K | 0.3557-

24 0.6264

05A 5545 K | 0.3317-

35 0.6007
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CHAPTER IV

RESULT AND DISCUSSIONS

IVV.1. Absorption spectrum
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Figure 4.1: TWL glasses absorbance

The absorption spectra of doped glasses measured between 400-1200 nm are shown in
Figure 4.1. In the measured regions, various transitions of Er** jons from the ground
state to the excited states *Fasi2, 2Hiwz, *Sarp, *For, *lor2, “l11/2 Were observed, these
transitions at 487, 524, 546, 654, 800 and 980 nm respectively.

The absorption band observed at 980 nm indicates that the Yb** ion exhibits a
2F7,—2Fs, transition [38]. The UC emission spectra are shown in Figure
4.29,30,31,32,33 by excitation of Er¥*/Yb®" doped TeO.-WOs glasses at different
powers at 980 nm in the range 400-850 nm. Four UC emission bands were observed
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originating from Er** ion transitions: 2Hiio—*l1s2, *S32—>*l1si2, *Fee—*l152 and

*19;,—*115/2 at wavelengths of 527, 551, 663 and 800 nm, respectively [38], [76], [77].

To determine which mechanism is involved in the UC process, the number of photons

responsible for the various UC emissions from glass materials must be determined.

loP" (4.1)

In this expression, | is the emission intensity of UC and P is the pump power. n is the
number of photons we want to know [78]. The log linear feet of the power graph of

UC emission intensity give the slope corresponding to the number of photons.

4Fs/2
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4
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Y1572 Fa/2
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Figure 4.2: Simplified energy level diagram of Er®* and Yb** ions, possible infrared

and upconversion excitation mechanisms under 980 nm excitation are indicated.

At 980 nm excitation, the *liy2, *For, *F7r2, and 2Hep levels absorb photons and

replenish them through the excited state absorption (ESA) and ground state absorption
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(GSA)processes [79]. These filled levels radiatively relax to the ground state *l1ss,
resulting in the transitions *Fs;z—*l152 (493 nm) , 2H112—*11512 (527 nm), *Szo—*115/
(551 nm), *Fao—*11512 (663 nm) and *lo2—>*1152 (800 nm). These emission transitions
are enhanced by the energy transfer from Yb3®* ions to different excited states of Er3*
ions. This is because the absorption cross section of Yb** ions is stronger than that of

Er¥* ions at 980 nm excitation [80].
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Figure 4.3: TWL1,2,3,4,5 glasses absorbance
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IVV.2 Optical Band Gap Analysis

To determine the fundamental absorption limits, it is possible to obtain information on
the optical transitions and electronic band structure of crystalline and non-crystalline
materials in the UV region. Using the optical absorption spectra, the optical bandwidth,
Eopt, and the Urbach energy, AE, can be calculated. There are two types of optical
transitions, direct and indirect, with respect to the absorption band in such materials.
In both cases, the electromagnetic wave interacts with the valence electrons and pushes
the ions from the ground state to the excited state. The absorption coefficient a(v) with
respect to the photon energy of the direct and indirect transitions is expressed by Davis

and Mott in the following equation 4.2.

B(hw—Eopt)™

a(a)) 3 hw

(4.2)

Here B is a constant and %o is the photon energy. For direct and indirect transitions,
the value of n is given as % and 2. The equivalent is found by extrapolating 4.2 as (o
h ©)?=0 and (o / ©)?=0 [81]-[87].

Figures Indirect band gap for TWL1,2,3,4,5:
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Figure 4.4: Indirect band gap for TWL1
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Figure 4.8: Indirect band gap for TWL5

The absorption coefficient o) is given by the equivalent 4.3. If the Urbach energy is

AE, it results from the slope of the graph of In(a(w)) in equation 4.3 with respect to 7
o [81]-[90].
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Ina(w) = (’l—“’) —C (4.3)

AE

The absorption spectrum is used to calculate the optical band gap in glass materials.
The absorption coefficient (o) is determined using the Beer-Lambert law [91]. In our
study, the direct-indirect optical band gap and Urbach energy in Er¥*/Yb*" doped

TeO2-WO3 glasses were investigated.

As determined by Tauc and Mott [92], [93]. The absorption coefficient (o), optical
band gap (Eg), and incident photon energy (hv) are given by the following equation
4.4,

ahv = A(hv — E,)" (4.4)

In the equation, A represents the proportionality constant, and r takes the values 72 and
3/2 for directly allowed and directly forbidden transitions, respectively [94]. In our
study, the r value was included in the equation as % to calculate the direct optical band
gap of RE ion-doped glasses. The curves (direct band gap) between (avh)? and

incident radiation "h (eV)" for all doped glasses are shown in Figures 4.9,10,11,12,13.

The values of the optical band gap (E) for the glass materials were given as equation
4.4,

Figures are Direct band gap for TWL1,2,3,4,5;
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Figure 4.9: Direct band gap for TWL1
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Figure 4.12: Direct band gap for TWL4
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Figure 4.13: Direct band gap for TWL5

The Urbach energy is the name for the forbidden energy gap indicating disorder in the
structure of amorphous solid materials. In the Urbach energy, the absorption

coefficient and the incoming photon energy are expressed by the following equation;
a= Bexp(Z—Z) (4.5)

Figures 4.14,15,16,17,18 shows the plot of photon energy versus log absorption
coefficient values for TWL glasses. In the diagram, the Urbach energy is obtained from
the reciprocal of the slope of the linear part between In(a) and h. The value of the
Urbach energy was found to be 0.75, 0.39, 0.34, 0.42, 9.55 eV. The values are in

agreement with previous studies [38].

Figures are Urbach Energy for TWL1,2,3,4,5;
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Figure 4.15: Urbach energy for TWL2
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Figure 4.17: Urbach energy for TWL4

48



-1,60
-1,62 4
-1,64

-1,66

Z 1881 E,=9.55 eV

-1,70 4
1,72 1

1,74

-1,76 . - ‘ . : - : .
1,0 1.5 2,0 25 3,0 3.5
Energy (eV)

Figure 4.18: Urbach energy for TWL5

1V.3. Photoluminescence Characteristics
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Figure 4.19: Up-conversion emission intensities of TWL1 glass as function of

excitation power.
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Figure 4.20: Up-conversion emission intensities of TWL2 glass as function of

excitation power.
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Figure 4.21: Up-conversion emission intensities of TWL3 glass as function of

excitation power.
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Figure 4.22: Up-conversion emission intensities of TWL4 glass as function of

excitation power.
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Figure 4.23: Up-conversion emission intensities of TWL5 glass as function of

excitation power.

Graphs of change in transitions, bandwidths and peaks for Er®* and Yb3* doped glass

materials presented in the findings section were obtained from 980 UC luminescence
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spectra, their luminescence intensities measured as a function of excitation power and
read from the 980 nm UC luminescence change data as a function of changing power
with the change in output current logl/logP and using the number of photons entering

the UC processes, is determined. The resulting graph and corresponding peaks are

given below.
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Figure 4.24: Slopes of the change in luminescence intensity due to the change in

power at prominent peaks of the TWL1 glass matrix

The mechanism causing the UC-luminescence observed in the green region in the
graphs of TWLL1 as a function of logl excitation strength are energy transfer and

thermal radiation mechanisms. (Figure 4.24)
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Figure 4.25: Slopes of the change in luminescence intensity due to the change in

power at prominent peaks of the TWL2 glass matrix.

The mechanisms responsible for the UC-luminescence observed in the excitation
power-dependent graphs of logl of TWL2 glass are energy transfer and thermal

radiation mechanisms. (Fig 4.25).
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Figure 4.26: Slopes of the change in luminescence intensity due to the change in

power at prominent peaks of the TWL3 glass matrix.

The mechanisms responsible fort he UC- luminescence observed in the excitation
power dependent graphs of logl of TWL3 glass are the mechanisms of energy transfer
and thermal radiation. (Fig 4.26)
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Figure 4.27: Slopes of the change in luminescence intensity due to the change in

power at prominent peaks of the TWL4 glass matrix.

The mechanisms responsible for the UC -luminescence observed in the excitation
power-dependent graphs of logl of TWL4 glass are energy transfer and thermal

radiation mechanisms. (Figure 4.27).
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Figure 4.28: Slopes of the change in luminescence intensity due to the change in

power at prominent peaks of the TWL5 glass matrix.

The mechanisms responsible for the UC -luminescence observed in the excitation
power-dependent graphs of logl of TWL5 glass are energy transfer and thermal

radiation mechanisms. (Fig 4.28).

In TWL glasses, the intensity of Er®* UC -emission increases with excitation power.
A slope of about two was found for the variation of UC -emissions at wavelengths of
600 nm and above with the variation of power. This result suggests that the observed
emissions are associated with the absorption of at least two photons. UC -The emission
intensities at wavelengths longer than 600 nm deviate from linearity. This effect
indicates that thermal luminescence mechanisms are more effective for high-energy

UC emissions.
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IV.4. White Light Parameters- CIE x-y, CCT, CRI

The color coordinates of the emission spectra as a function of power were
determined.Slight differences were observed with increasing concentritaion of Er**

ion, shifting slightly from pure green to red.

To characterize the color of the emitted light, the purity of the emitted color must be

calculated [79]. The formula in which we can see the effect of power change on color
purity;

: (xs— i)2+( s i)z
Colour purity = j(;d—zi)2+(zd—3;'i)2 x100% (4.6)

In the formula (Xs,ys) stands for a sample coordinate, (Xq,yd) for the coordinates of the

dominant wavelength, (xi,yi) for the coordinates of the illumination point[38].

e O TWLA Glass|

0,8

Figure 4.29: Color coordinates for TWLL1 glass
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Figure 4.31: Color coordinates for TWL3 glass
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The CIE x-y coordinates for pure white light are (0.333, 0.333), while the CT values
are between 3000 and 7500 K, as they correspond to the values provided by the
blackbody source. Daylight also has CT values that range from 2000 K to 10,000 K.
In addition, CRI values range from 0-100. The relationship between CCT and CIE

1931 x-y chroma coordinates is shown in Figure 2.7.

In this study, the white light parameters of UC luminescence obtained as a function of
variation of power at varying output current were measured under 980 nm laser
excitation on glass matrices with different proportions of lanthanide doping using an

illuminescence meter. The values obtained are listed in the following table.

When comparing the values from the literature with the measured values, white light
based on UC and thermal processes was observed in all doped materials to varying
degrees. The parameters of white light, the tables for the studied glass matrices are

given below.

Table 4.1: White light parameters for TWL1 recorded by illuminansmetra, with

different luminescence intensity and output current.

Current Value CIE (x-y) CCT(K) CRI
0.59 A 0.3365-0.5585 5459K 55
0.72 A 0.3442-0.5641 5329 K 50
0.92 A 0.3374-0.5619 5445 K 50
1.03A 0.3320-0.5532 5539 K 52
1.26 A 0.3262-0.5484 5644 K 54
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1.38A 0.3232-0.5447 5703 K 54

1.50 A 0.3207-0.5363 57154 K 55
1.70 A 0.3183-0.5097 5823 K 58
1.85A 0.3206-0.4689 5808 K 63
1.99 A 0.3217-0.4489 5800 K 64
213 A 0.3189-0.3897 5974 K 73
2.26 A 0.3263-0.4520 5678 K 63

Table 4.2: White light parameters for TWL2 recorded by illuminansmetra, with

different luminescence intensity and output current.

Current Value CIE (x-y) CCT(K) CRI
0.50 A 0.3152-0.6591 5778 K 15
0.60 A 0.3119-0.6671 5820 K -
0.75 A 0.3027-0.6735 5945 K -
091 A 0.2912-0.6809 6102 K -
1.00 A 0.2845-0.6851 6192 K -
1.14 A 0.2768-0.6880 6299 K -
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1.23A 0.2735-0.6900 6343 K -

1.35A 0.2704-0.6906 6387 K -

151 A 0.2683-0.6917 6415 K -

1.60 A 0.2720-0.6864 6371 K 2

1.76 A 0.2799-0.6762 6272 K 11
1.90 A 0.3092-0.6270 5888 K 40
1.99 A 0.3064-0.6432 5917 K 30
216 A 0.3081-0.6388 5896 K 34
2.26 A 0.3136-0.6311 5816 K 37
2.38 A 0.3212-0.6087 5710 K 45
251 A 0.3270-0.6039 5620 K 45

Table 4.3: White light parameters for TWL3 recorded by illuminansmetra, with

different luminescence intensity and output current.

Current Value CIE (x-y) CCT(K) CRI
0.50 A 0.3630-0.5964 5059 K 38
0.75 A 0.3639-0.6087 5061 K 37
1.00 A 0.3604-0.6065 5110 K 39
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1.25A 0.3583-0.6044 5138 K 41

1.50 A 0.3576-0.6050 5150 K 41
1.75A 0.3588-0.5951 5122 K 44
2.00 A 0.3674-0.5583 4938 K 51
2.26 A 0.3719-0.5194 4787 K 51

Table 4.4: White light parameters for TWL4 recorded by illuminansmetra, with

different luminescence intensity and output current.

Current Value CIE (x-y) CCT(K) CRI
0.50 A 0.3306-0.6518 5561 K 8
0.75 A 0.3041-0.6688 5929 K 7
1.00 A 0.2921-0.6756 6095 K 7
1.26 A 0.3366-0.5762 5463 K 49
1.50 A 0.3439-0.5330 5315 K 54
1.75A 0.3437-0.5130 5304 K 56
2.00 A 0.3421-0.4722 5304 K 65
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Table 4.5: White light parameters for TWL5 recorded by illuminansmetra, with

different luminescence intensity and output current.

Current Value CIE (x-y) CCT(K) CRI
0.50 A 0.3317-0.6007 5545 K 35
0.60 A 0.3557-0.6264 5196 K 24
0.75 A 0.3658-0.6139 5040 K 28
0.90 A 0.3783-0.6016 4843 K 28
1.02 A 0.3855-0.5827 4704 K 38
1.15A 0.4006-0.5715 4456 K 35
1.26 A 0.4148-0.5265 4096 K 39
146 A 0.3027-0.6674 5951 K -6
157 A 0.3026-0.6590 5960 K 22
165A 0.3501-0.5927 5253 K 46
1.79A 0.3401-0.6137 5417 K 39
193 A 0.3479-0.5254 5235 K 57
213 A 0.3547-0.6068 5194 K 43
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22T A 0.3373-0.6101 5459 K 41

IV.5. Temperature Sensing Properties

The investigation of the temperature sensitivity of Er¥*/Yb®" doped TeO2-WOs3 glasses
under 980 nm excitation was performed by recording the UC emission spectra of green
bands between 300 K and 573 K in the range of 500-600 nm.

Figure 4.43 shows the UC emission spectra at the lowest and highest temperatures,
including two green emission bands around 527 nm and 551 nm determined for the
2Hi12 — *l1si2 and #Sarz — 4l1s2 transitions of the Er®* ion. Figure 4.43 UC Emission
spectra for green bands of Er¥*-Yb®* codoped TeO,-WOs; glass at two extreme

temperatures.

From Figure 4.43, it can be seen that the intensity of the two bands changes in opposite
directions with increasing temperature. The density corresponding to the 2Hi12—"l15/2
transition at 300 K is quite low compared to the *S—*l transition. However, the
opposite was observed at 573 K. We recorded the UC emission spectra at 573 K in the

TWL3 glass, but imbalances in the intensity ratio were observed.

The 2Hi12and *Sgy2 levels are thermally coupled and obey the Boltzmann distribution.

The ratio of fluorescence intensity of these transitions is used for optical thermometry;
FIR = Is,,/Iss; = Cexp(—AE/kT) (5.1)

Where Isz7 2Hi12— 4lis2 are the densities corresponding to Issi *Ssip—*l1s/2. E is the
difference in energy levels between 2Hi1/2 and “Sgye. Kk is the Boltzman constant and T
is the absolute temperature [95]. The equation can be written as a linear equation as in
eg. 5.2;

65



In (jf) =-(%)(5) +m© (5.2)

Plotting In(I/1) as 1/T gives the slope corresponding to the E/k value and the
intersection with In(C) in Figure 4.36,39,42.

The S-value calculated in Eqg. 2.22 S-value calculated is the rate at which the
fluorescence intensity changes with a change in temperature. Indicates the sensitivity

of the sensor.
S =dR/dT = FIR(AE /kT?) (5.3)

Relative sensitivity (Sa) and absolute sensitivity (Sr) as well as sensor sensitivities,

i.e., the rate of change of IR with temperature, were calculated using 2.22 and 2.23

equations.
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Figure 4.34: Relative and absolute sensitivity vs. temperature for TWL1 glass
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Figure 4.37: Relative and absolute sensitivity vs. temperature for TWL2 glass
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Figure 4.38: The nonlinear relationship between the intensity ratio and temperature of
TWL2.

68



0,44 TWL2
= Experimental Data
Data Fitting

0,24

0,04
0.2

0,4 -

ln(ch)

-0,6
-0.8 4

-1,0 -

1,2 . ' . Y . . . : .
0,0016 0,0020 0,0024 0,0028 0,0032 0,0036

1T (K")

Figure 4.39: Plot of In(Is27 nm /lssy nm ) as a function of inverse absolute temperature
for TWL2

0,0050 . S S e R ! —

1 TWL3 | o,0045
0,0045 - H ®  5_Experimental

E m 5, Experimental
0,0040 4 L 0,0040
0,0035

1 - 0,0035
0,0030

"4 4 <<
@ 0,0025 I 0,0030

0,0020

y - 0,0025
0,0015
0,0010 - - 0,0020

I I

T T T Y T T T v T ¥ v
250 300 350 400 450 500 550 600
T(K)

Figure 4.40: Relative and absolute sensitivity vs. temperature for TWL3 glass

69



1,824 TWL3

u  Experimental Data
Fitting Data

1,68
164
140
1,26—-

1,12 1

0,98

0,84

T — 71 . Tr_ T 1 . T T T 7
250 300 350 400 450 500 550 600
T(K)
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