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1. Cel pracy

W dziedzinie fotoniki oraz zaawansowanych materialdow optycznych znacznym
zainteresowaniem cieszg si¢ szkta nieorganiczne domieszkowane jonami ziem rzadkich,
ktére wykazuja wydajng emisj¢ promieniowania zwigzang z gtownymi przej$ciami
laserowymi w zakresie podczerwieni. Takie materialty ugruntowaly swoja pozycje
w zastosowaniach migdzy innymi w technice laserowej oraz w konstrukcji $wiattowodow
1 wzmacniaczy optycznych pracujagcych na przykltad w zakresie tzw. okien
telekomunikacyjnych. Nadal poszukuje si¢ jednak materialow do produkcji
swiattowodow, dla ktérych w zakresie III okna telekomunikacyjnego obserwuje si¢
najmniejsza tlhumienno$¢ sygnatu. Dziatajace wzmacniacze S$wiattowodowe EDFA
(ang. Erbium Doped Fiber Amplifier) oparte na komercyjnych szktach krzemianowych
domieszkowanych jonami Er** charakteryzujg si¢ stosunkowo malg szerokoscig pasma
emisyjnego. Rozwdj telekomunikacji optycznej wymaga rowniez zwigkszenia
przepuszczalno$ci materiatdéw do zakresu podczerwieni, w ktérym nastgpuje transmisja
sygnatu optycznego. Trwaja takze poszukiwania wydajnych ukladéw emitujacych
promieniowanie w zakresie $redniej podczerwieni. Obecno$¢ w szktach grup OH", ktore
skutecznie wygaszaja luminescencj¢ oraz ograniczaja przepuszczalno$¢ $Swiatta
w obszarze 2,7 — 3,0 um stanowi jedno z wazniejszych wyzwan technologicznych,
wplywajacych na ograniczenie wykorzystania szkiet w zastosowaniach laserowych.
Grupy hydroksylowe wplywaja rowniez na zmniejszenie wydajnosci kwantowej szkta,
poniewaz emisja promieniowania jonéw ziem rzadkich jest wygaszana przez centra
putapkowe utworzone przez te jony. Problem ten jest szczeg6lnie dotkliwy w przypadku
szkiel domieszkowanych jonami Er**, ktore sg atrakcyjne ze wzgledu na emisje

promieniowania przy dlugosci fali 2,7 pm.

Préba rozwigzania wymienionych powyzej problemdéw natury technologicznej
i wyzwan naukowych dotyczacych szkietl optycznych stanowity gtdwna motywacje do
podjecia problematyki rozprawy doktorskiej. Otrzymanie nowych szkiet nieorganicznych
domieszkowanych jonami ziem rzadkich, wykazujacych szerokie pasma emisyjne
w zakresie podczerwieni oraz dlugi czas zycia luminescencji, przy bardzo niskiej
zawartosci grup hydroksylowych, aby ograniczy¢ maksymalnie tlumienie sygnatu

optycznego byto gtownym celem podjetych badan.



Przyjeto wstepne zalozenie, Ze pasma emisyjne jondw ziem rzadkich w zakresie
podczerwieni w szktach tytanowo-germanianowych ulegng znacznemu poszerzeniu oraz
wzmocnieniu w wyniku obecnosci tlenku tytanu(IV). Otrzymanie szkiel optycznych
z niskg zawartosciag grup hydroksylowych bedzie mozliwe przy zachowaniu
rygorystycznych warunkow technologicznych podczas wszystkich etapow syntezy.

Gléwnym celem pracy byto wykazanie wplywu stezenia dwutlenku tytanu (TiO2)
na budowe¢ oraz wlasciwosci nowych wieloskladnikowych szkiel tytanowo-
germanianowych emitujacych promieniowanie w zakresie podczerwieni.
Szczegdtowy zakres rozprawy doktorskiej obejmowat nastepujace problemy naukowo-
badawcze:

e opracowanie technologii syntezy nowych wielosktadnikowych szkiet
tytanowo-germanianowych w ukladzie TiO2-Gax0;3-BaO-Gax0s, jako
matrycy dla jonoéw domieszek optycznie aktywnych (jony ziem rzadkich i/lub
jony metali przejsciowych),

e analiz¢ budowy wewnetrznej otrzymanych szkiel przy uzyciu rentgenowskiej
analizy fazowej (XRD), spektroskopii elektronowego rezonansu
paramagnetycznego (EPR), spektroskopii Ramana i w podczerwieni (FT-IR),

e okreSlenie wlasciwosci termicznych szkiet przy uzyciu skaningowe;j
kalorymetrii  r6znicowej (DSC) w celu wyznaczenia temperatur
charakterystycznych oraz parametrow stabilnos$ci termiczne;j,

e analiz¢ wlasciwosci optycznych szkiel tytanowo-germanianowych
aktywowanych wybranymi jonami ziem rzadkich i/lub jonami metali
przejSciowych, obejmujaca pomiary widm absorpcyjnych, widm emisji oraz
kinetyki zaniku luminescencji,

e wykazanie wplywu zawartosci TiO2 na otrzymywanie szkiel oraz parametry
spektroskopowe oraz laserowe, a takze wyjasnienie procesow relaksacji
promienistej 1 niepromienistej oraz ich mechanizméw zachodzacych
pomiedzy jonami aktywnymi,

e wskazanie uktadéw o najlepszych wiasciwosciach luminescencyjnych, pod
katem potencjalnych zastosowan w podczerwonej fotonice, jak
szerokopasmowe wzmacniacze optyczne pracujagce w zakresie bliskiej
podczerwieni oraz zrodla laserowe emitujagce promieniowanie w zakresie

$redniej podczerwieni.



2. Forma pracy
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dwunastu publikacji P1-P12.
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3. Streszczenie rozprawy doktorskiej

Rosngce od wielu lat zapotrzebowanie na réznego typu uktady elektroniczne
1 optyczne powoduje, z jednej strony wzrost zapotrzebowania na komercyjnie dostepne
materiaty, a z drugiej strony ciagle poszukiwanie nowych. Jednym z najwazniejszych
materiatéw konstrukcyjnych stosowanych dotychczas w uktadach optycznych sg szkta
nieorganiczne. Szczegblne znaczenie maja w tym przypadku szkla tlenkowe
domieszkowane jonami lantanowcow, w ktorych sktadnikiem szklotworczym jest tlenek
Si02, GeO2, B203 lub P;0s. Charakteryzuja si¢ one wieloma bardzo korzystnymi
wlasciwo$ciami fizykochemicznymi, ktore pozwalaja na wykorzystanie ich w uktadach
optycznych, ale posiadaja rowniez pewne wady i ograniczenia. Czas zycia luminescencji
jonéw Nd** w szklach krzemianowych jest stosunkowo dlugi, ale charakteryzujg sie
malym przekrojem czynnym na emisj¢ wymuszong. Duzym przekrojem czynnym na
emisj¢ wymuszong charakteryzuja si¢ szkla fosforanowe, ale wada jest w ich przypadku
krotki czas zycia luminescencji. Z powodu silnych drgan migdzy atomami boru i tlenu
wystepujacymi w matrycy szkta boranowego nie obserwuje si¢ w nich niektérych przejsé
laserowych jondéw ziem rzadkich w zakresie podczerwieni. Do niskofononowych szkiet
tlenkowych mozna zaliczy¢ szkla germanianowe, ktore sa szczegdlnie interesujace ze
wzgledu na dobra przepuszczalno$¢ w zakresie podczerwieni, co daje mozliwo$ci
zastosowania ich miedzy innymi w technologiach §wiattowodowych. Intensywny rozwoj
technologii operujacych w zakresie podczerwieni sprawia, ze duzym zainteresowaniem
ciesza si¢ wieloskladnikowe szkta tlenkowe oparte na uktadzie GeO,-BaO-Ga;0Os,
o wyrozniajacych si¢ charakterystykach termicznych, strukturalnych i optycznych,
w ktorych tlenek germanu zostaje czg$ciowo zastgpiony innymi tlenkami szklotworczymi
lub modyfikujacymi w celu uzyskania wydajnego promieniowania w pozadanym
zakresie spektralnym. Tlenek tytanu(IV) jako jeden z nielicznych tlenkéw moze petnié
role zaro6wno skladnika szklotworczego jak i modyfikatora w zalezno$ci od jego st¢zenia
w sktadzie matrycy. Dotychczasowe wyniki badan przedstawione w dostepne;j literaturze
pokazuja, ze tlenek tytanu(IV) pehit najczesciej rolg sktadnika modyfikujacego. Jednym
z zalozen naukowych niniejszej rozprawy jest opracowanie nowych wielosktadnikowych
szkiet tytanowo-germanianowych, w ktorych TiO» bedzie petni¢ role sktadnika
szktotworczego. Oczekiwanym efektem jest znaczace poszerzenie szerokosci pasma

emisyjnego jonow ziem rzadkich w zakresie podczerwieni. Postawione zadanie badawcze



wymaga doglebnej analizy wptywu stosunku ilosciowego TiO2:GeO: na budowe
chemiczng szkiet, uniknigcia procesu krystalizacji oraz osiggnigcie jak najbardziej
korzystnych parametrow spektroskopowych jondéw ziem rzadkich.

W ramach rozprawy doktorskiej dokonano charakterystyki nowych szkiet
tytanowo-germanianowych dla podczerwonej fotoniki, opartej na zbiorze dwunastu
tematycznie powigzanych artykulow naukowych opublikowanych w recenzowanych
czasopismach naukowych o zasiggu mi¢dzynarodowym.

W przypadku materialow optycznych jednym z podstawowych problemow
naukowych i technologicznych jest synteza. Punktem wyjscia w badaniach nad szktami
tytanowo-germanianowymi bylo otrzymanie oraz charakterystyka wielosktadnikowych
szkiel barowo-galowo-germanianowych modyfikowanych TiO. Przeprowadzona analiza
rentgenowska potwierdzita w pelni amorficzny charakter otrzymanych szkiet
zawierajacych wysokie stezenia TiO2. W celu wykazania korelacji pomigdzy charakterem
wigzan uczestniczacych miedzy jonami aktywatora a jego najblizszym otoczeniem
zastosowano trojwartosciowe jony metali przejsciowych (Cr**) oraz jony ziem rzadkich
(Eu’"), petiace niezwykle wazng role sondy spektroskopowej. Przeprowadzona zostata
réwniez charakterystyka termiczna w celu sprawdzenia stabilnosci termicznej szkiet.

W kolejnej czgsci pracy uwage skoncentrowano na analizie wplywu stezenia TiO:
na wlasciwosci szkiet germanianowych emitujacych promieniowanie w zakresie
podczerwieni. Zbadano kompleksowo szkta domieszkowane wybranymi jonami ziem
rzadkich w celu otrzymania petnej charakterystyki ich wlasciwosci spektroskopowych
oraz laserowych w funkcji st¢zenia tlenku tytanu(IV). Na podstawie przeprowadzonej
analizy wynikow teoretycznych i eksperymentalnych dokonano wyboru szkta tytanowo-
germanianowego o najlepszych wlasciwosciach optycznych w zakresie podczerwieni.
Wiasciwosci  luminescencyjne  otrzymanych  szkiel tytanowo-germanianowych
domieszkowanych jonami ziem rzadkich potwierdzily mozliwo$¢ ich zastosowania jako
szerokopasmowych wzmacniaczy optycznych pracujacych w zakresie bliskiej
podczerwieni oraz zrddel laserowych emitujacych promieniowanie w zakresie $redniej
podczerwieni. Badane w ramach rozprawy doktorskiej zagadnienia maja charakter
interdyscyplinarny 1 tacza aspekty z dziedziny chemii, technologii i inZynierii

materialowej, niezwykle istotne dla rozwoju wspotczesnej fotoniki.
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4. Abstract of doctoral dissertation

Influence of TiO: concentration on the structure and properties of germanate

glasses emitting infrared radiation

The variety of applications of laser technology with developing and improving
methods of standardizing material properties is reflected in the growing number of glasses
as engineering materials used in the construction of optical systems. Oxide glasses based
on network-forming oxides such as SiO,, GeO,, B,03, and P>Os have been extensively
studied as glass host matrices for rare earth ions. In silicate glasses, the luminescence
lifetime of Nd** ions is relatively long, but is associated with a small emission cross
section. In contrast, a large emission cross section can be obtained in phosphate glasses,
however, the disadvantage is a short luminescence lifetime. Interestingly, due to the
strong vibrations between boron and oxygen atoms occurring in the borate-based glass
host, some laser transitions of rare earth ions in the infrared range are not observed.
Meanwhile, the low phonon glass family includes a germanate-based host valued for its
good transmittance in the infrared region, which qualifies it as a material for optical fibers.

Especially taking into account the intensive development of infrared technology,
multicomponent modifications of the GeO2-BaO-GaxO; glass host with unique thermal,
structural, and optical characteristics are being sought, in which other glass-network
formers or glass-network modifiers replace the germanium (I'V) oxide to obtain efficient
radiation in the desired spectral range. Titanium (IV) oxide is one of the few oxides that
plays the role of glass-modifier or glass-former, depending on its concentration in the
chemical composition of glass. Previous results documented in the literature clearly
indicate that titanium (I'V) oxide acted only as a network-modifier. The novelty, which is
the subject of this doctoral dissertation, is the fabricated of multicomponent titanate-
germanate glasses where TiO> will also act as a network-former. The advantage of the
approach is the possibility of significantly broadening the emission band of selected rare
earth ions in the infrared range. To carry out this task, it is necessary to analyze the effect
of the TiO2:GeO, molar ratio on the chemical structure of glasses without the
crystallization phenomenon and, on the other hand, to obtain the best laser parameters.
The methodology of glass synthesis using a specialized glove box is also an interesting

research problem.
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On the pages of this doctoral dissertation, the characterization of titanate-
germanate glasses for infrared photonics is presented based on a series of twelve
thematically related articles published in international scientific journals.

An introduction to research issues involving the problem of material properties is
the synthesis and characterization of multicomponent barium gallo-germanate glasses
modified by TiO>. X-ray analysis confirmed the fully amorphous nature of the obtained
glasses containing a relatively high concentration of TiO. Trivalent transition metal ions
(Cr*") and rare earth ions (Eu**) playing the role of useful spectroscopic probes were used
to demonstrate the correlation between the nature of the bonds involved between the
activator ions and their nearest environment. Characterization was carried out to
demonstrate that the materials obtained have high stability with special attention to the
glass transition temperature Tg.

In the second part, the issues necessary for the functional evaluation of the
obtained glasses are presented, with special emphasis on demonstrating the influence of
the TiO2 concentration on the properties of germanate-based glasses emitting radiation in
the infrared range. Noteworthy in this part of the research is the presentation of a large
range of subjects on the luminescence properties of selected rare earth ions, including
numerous spectroscopic and laser parameters as a function of titanium (IV) oxide
concentration. Theoretical and experimental results determined the suitable chemical
compositions of titanate-germanate glasses for rare earth ions. The luminescence
properties of the fabricated optical glasses doped with rare earth ions clearly confirmed
their suitability as broadband optical amplifiers operating in the near-infrared range and
laser sources emitting radiation in the mid-infrared range. The chosen scientific and
cognitive aspects of the interdisciplinary research fit in with the developments in chemical

sciences, technologies of optical glasses and their properties, and modern photonics.

12



5. Czes¢ teoretyczna

Szkto jest materiatem amorficznym, charakteryzujacym si¢ brakiem
uporzadkowania dalekiego zasiggu. Jest jednym z najwazniejszych optycznych
materiatéw konstrukcyjnych [1], charakteryzujacym si¢ przezroczystosciag w szerokim
zakresie, izotropowo$cia, jednorodno$cia, dobra jakosScia optyczng przejawiajacag si¢
brakiem pecherzy i naprezen, satysfakcjonujacymi wlasciwosciami mechanicznymi oraz
duza odpornos$cia chemiczng i na dziatanie wilgoci. Bardzo waznym etapem w rozwoju
technologii produkcji szkiel na potrzeby nowoczesnej aparatury optycznej byly prace
badawcze Ottona Schotta [2]. Wspolczesnie mozemy rowniez obserwowaé bardzo szybki
postep w dziedzinie szkiet optycznych. Organizacja Narodéw Zjednoczonych oglosita
rok 2022 Migdzynarodowym Rokiem Szkta. O roli szkiet nieorganicznych w rozwoju
wspoltczesnej techniki mozemy przeczyta¢ w wielu opracowaniach naukowych, miedzy
innymi do tej tematyki nawigzuja prace J. Ballato [3, 4].

Opracowanie wielu nowych sktadéw szkiet nieorganicznych przyczynito si¢ do
znaczacego postepu w technologii otrzymywania szkiet, w zakresie materiatoznawstwa
optycznego oraz optoelektronicznego. Na poczatku lat pigédziesiatych XX wieku
rozpocz¢to badania nad szkltami optycznymi wykazujacymi luminescencje¢ w zakresie
podczerwieni. Od demonstracji akcji laserowej w szkle domieszkowanym jonami Nd**
dokonanej przez Snitzera w 1961 roku, poczyniono wiele prob domieszkujac szkla
réznymi jonami ziem rzadkich w celu uzyskania pozadanych przejs¢ laserowych,
przyczyniajac si¢ tym samym do wzrostu zainteresowania materiatami amorficznymi, na
ktorych w duzej mierze opiera si¢ fotonika [5]. Akcje laserowa mozna uzyskaé w szkle
spelniajagcym warunek czystosci optycznej, a takze dzigki zastosowaniu odpowiedniego
domieszkowania jonami ziem rzadkich, ktére posiadaja odpowiednie usytuowanie
poziomow energetycznych, migedzy ktorymi istnieje duze prawdopodobienstwo przejsé
promienistych oraz emisji promieniowania laserowego [6, 7].

Jednymi z najbardziej znanych 1 powszechnie stosowanych szkiet
nieorganicznych stosowanych m.in. do wyciagania wiokien optycznych do celow
dlugodystansowej transmisji sygnalu sa szkta krzemianowe [8-11]. Tlumienno$é
$wiattowodow krzemianowych dla optymalnej dlugosci fali w zakresie podczerwieni
przy okoto 1,55 um (*Ii3» — “Iis2) wynoszgca 0,1 dB/km jest duzo mniejsza niz dla

innych szkiet optycznych. W tym zakresie spektralnym emisj¢ promieniowania wykazuja
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rowniez erbowe wzmacniacze $wiattowodowe EDFA (ang. Erbium Doped Fibre
Amplifier) [12-15], znajdujace zastosowanie w trzecim oknie telekomunikacyjnym.

Mimo wielu niewatpliwych zalet szkta krzemianowe posiadajg rowniez pewne
wady, co sktania do poszukiwan innych rodzajow szkiel. Duza sita wigzan Si-O-Si
powoduje, ze szklo krzemianowe wykazuje ograniczong rozpuszczalno$¢ pierwiastkow
ziem rzadkich, a powyzej pewnego granicznego st¢zenia obserwuje si¢ powstawanie
klasterow, co skutkuje zwigkszeniem udzialu oddzialywan miedzyjonowych, czego
efektem jest spadek intensywnosci emisji [16, 17]. Kolejng konsekwencja silnego
wigzania kowalencyjnego migdzy tlenem i krzemem jest wysoka energia fononowa
(~1100 cm™) powodujgca wzrost prawdopodobienstwa przej$¢ niepromienistych, a co za
tym idzie pogorszenie wlasciwosci optycznych. Uwidacznia si¢ to na przyklad
w trudno$ciach zwigzanych z uzyskaniem emisji przy 1,3 pum w szklach
domieszkowanych jonami prazeodymu [18, 19]. Komercyjnie dostepne erbowe
wzmacniacze swiattowodowe oparte na szktach krzemianowych wykazuja stosunkowo
nieduzg szeroko$¢ pasma [20], co znaczgco ogranicza transmisj¢ sygnalu w zakresie
podczerwieni. Jest to kolejny powdd poszukiwania szkiet nieorganicznych
domieszkowanych jonami ziem rzadkich wykazujacych wydajng luminescencje
w szerokim zakresie az do podczerwieni.

Oproécz szkiet krzemianowych w optoelektronice stosuje si¢ réwniez inne rodzaje
szkiet. Sporym zainteresowaniem cieszg si¢ szkla germanianowe, posiadajace budowe
wewngetrzng podobng do szkiel krzemianowych [21]. Wiezba szkla germanianowego
sktada si¢ z przypadkowo roztozonych trojwymiarowych wigzan Ge-O-Ge [22].
Tlenek germanu jest takze popularnym dodatkiem do szkta krzemianowego, stosowanym
w celu zwigkszenia wspotczynnika zatamania $wiatta [23, 24]. Z licznych zZrédet
literaturowych wynika, ze szczegdlng uwage poswigcono réznym modyfikacjom
wielosktadnikowych szkiet germanianowych. Do tej interesujacej rodziny szkiet
nieorganicznych mozna zaliczy¢ wielosktadnikowy uktad BaO-GeO:-Ga,03 okreslany
czesto w literaturze jako BGG (ang. Barium Gallo-Germanate Glasses) [25-31].
Szkta BaO-Ga»03-GeO; zaliczane sg do uktadow stabilnych chemicznie oraz termicznie.
Charakteryzuja si¢ niska energia fononowa, wykazuja wzglednie szeroki obszar
szklotworczy, a takze sa cenione za dobra przepuszczalno$§¢ w zakresie podczerwieni,
co sprawia, ze sg obiecujacym materialem do zastosowan laserowych. Dane dotyczace
wlasciwos$ci emisyjnych trojwartosciowych jonow ziem rzadkich w szktach barowo-

galowo-germanianowych sa obecnie dobrze opisane 1 dostgpne w literaturze.
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Dotyczg w szczegdlnosci spektroskopii jonow Nd** [32], Er** [33], Pr* [34], Tm?" [35],
Ho** [36], YB*'/Er** [37], Yb*'/Ho** [38], Er*/Ho*" [39], Tm*/Ho*" [40],
analizowanych gtownie pod katem mozliwosci wykorzystania w zakresie podczerwieni
oraz formowania z nich wildkien szklanych. Analiza spektroskopowa szkiet barowo-
galowo-germanianowych wykazata znaczny wplyw modyfikatoréw tlenkowych
1 fluorkowych na otrzymywanie szkiet i wlasciwosci strukturalne oraz luminescencyjne
[41, 42]. Wprowadzenie AlLO; (do 15% mol) do matrycy barowo-galowo-
germanianowej sprzyja polepszeniu wiasciwosci spektroskopowych jonow Tm?*.
Wprowadzenie wyzszego stezenia AlLOs (20 i 25% mol) wplywa na polepszenie
wlasciwosci emisyjnych jonéw Ho" [43]. Badania wykazaty rowniez, ze wprowadzenie
fluorkdéw do matrycy szkta barowo-galowo germanianowego pozwala na wprowadzenie
wigkszego stezenia jonoOw ziem rzadkich niz w przypadku szkla krzemianowego [44].
Potaczenie stosunkowo niskiej energii fononowej tlenkowo-fluorkowego szkta
germanianowego z mozliwos$cig wigkszej separacji centrow optycznie aktywnych w tej
matrycy, umozliwito efektywne wzmocnienie oraz poszerzenie pasm emisyjnych jonow
erbu. Niestety wada wtokien fluorkowych jest niska stabilno$¢ chemiczna i mechaniczna,
co jest niekorzystne z aplikacyjnego punktu widzenia. Jak wynika z powyzszych
doniesien literaturowych kluczowego znaczenia nabieraja badania dotyczace modyfikacji
sktadu chemicznego matrycy szkiet barowo-galowo-germanianowych, ktore dzigki
domieszkowaniu jonami ziem rzadkich mogg si¢ sta¢ dobrym osrodkiem aktywnym
w uktadach emitujacych wydajne promieniowanie w zakresie podczerwieni. Zakres ten
uwazany za nieszkodliwy dla wzroku ,,eye-safe” jest szczegolnie interesujacy, o czym
$wiadczy znaczacy wzrost liczby publikacji dotyczacy tej rodziny szkiel optycznych
1 przytaczanych mozliwos$ci zastosowania w dziedzinie telekomunikacji, medycyny, czy
metrologii.

Ciekawym rozwigzaniem jest synteza szkiel modyfikowanych TiO> [45].
Doniesienia literaturowe pokazuja, ze tlenek tytanu(IV) (TiO;) wchodzi w sktad
podstawowych materiatow optycznych, na przyktad cienkich warstw ferroelektrycznych
tytanianu baru (BaTiOs3) [47, 48]. Duzego znaczenia nabierajg badania warstw BaTiOs
aktywowanych jonami ziem rzadkich, np. jonami Eu** [49], Nd** [50], Er** [51],
Ho**/Yb*" [52], czy Er**/Yb*" [53]. Cechg wyrozniajacg tych materiatdw optycznych sg
unikalne wilasciwosci, dzigki ktérym znajduja zastosowanie miedzy innymi
w biofotonice. Zainteresowanie tlenkiem tytanu w materiatach optycznych wynika z jego

specyficznych wlasciwosci. Na szczegdlng uwage zastuguja szkta, w ktérych jony tytanu
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moga wystepowa¢ na trzecim lub czwartym stopniu utlenienia. Udowodniono
dos$wiadczalnie, ze obecno$¢ jonow Ti** i Ti** oraz wzajemny stosunek Ti*"/Ti*" $cisle
zaleza od rodzaju szkla, skladu chemicznego matrycy szklistej oraz technologicznych
warunkow otrzymywania [54-56]. Tlenek tytanu moze petni¢ role zar6wno sktadnika
modyfikujacego lub szklotworczego w zaleznosci od jego stezenia w skladzie
chemicznym szkla. Wptyw TiO2 i jego stezenia na lokalng strukture i wiasciwosci
przenalizowano w boranowych szktach nieorganicznych [57, 58], szktach fosforanowych
[59, 60] oraz szktach krzemianowych [61, 62]. Badania naukowe dotyczace wtasciwosci
spektroskopowych jondéw ziem rzadkich w szktach zawierajacych TiO» skupiajg si¢
glownie na niskofononowych szktach tellurynowych oraz mieszanych fluorkowych
szklach tellurynowych, w ktérych TiO: peit rolg¢ modyfikatora. Przenalizowano
wlasciwosci spektroskopowe oraz luminescencyjne jonow Tm?*" w szktach 80TeO»-
5TiO2-15Nb203 (% wag) w zakresie podczerwieni [63]. Dla tego samego uktadu
przenalizowano wiasciwosci jonow Nd** [64]. Stwierdzono, ze szkla tellurynowe
zawierajace TiO2 moga by¢ obiecujagcym materialem do emisji w zakresie bliskiej
podczerwieni oraz akcji laserowej zwigzanej z przejSciem *Fzn — #1112 jonow Nd**.
Korzystny wptyw TiO, na wlasciwosci spektroskopowe jonéw Nd** wykazano dla szkiet
na bazie PbO-B>03-TiO-AlF3;, w ktérych stezenie dwutlenku tytanu petnigcego rolg
modyfikatora wigzby szklanej nie przekraczato 10% mol [65]. Interesujace rezultaty
otrzymano rowniez dla szkiet krzemianowych na bazie X>0-Si0»-TiO2 (X = Na lub K)
o wysokiej zawartosci TiO2 (40 i 45% mol) [66]. Rentgenowska analiza fazowa tych
uktadow wykazata jednak, ze wysokie stezenie TiO» przyczynia si¢ do formowania
tytanowych faz krystalicznych, czyli zjawiska niekorzystnego z punktu widzenia widkien
swiattowodowych. Podobne efekty zaobserwowano w przypadku szkiet KoO-TiO2-GeO»,
gdzie zarejestrowane rentgenogramy XRD wykazaty obecnos¢ refleksow pochodzacych
od fazy krystalicznej K>TiGe3O9 [67]. Kolejne badania wykazatly, ze materiat na bazie
BaO-TiO,-GeO, zawierajacy 20% mol TiO, wykazuje obecnos¢ fazy krystalicznej
Ba,TiGe:Og [68]. Z tego wzgledu badania zmierzajace do zaprojektowania 1 syntezy
materiatu optycznego, ktéry charakteryzuje si¢ w pelni amorficznym charakterem
nabieraja szczegdlnego znaczenia. Na podstawie analizy dostepnej literatury naukowe;j
mozna stwierdzi¢, ze nie zbadano dotychczas wptywu TiO; na budowe i wlasciwosci

szkiel germanianowych emitujacych promieniowanie w zakresie podczerwieni.
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Zrédla laserowe wykazujace emisje promieniowanie w zakresie $redniej
podczerwieni 2 - 5 pum moga by¢ wykorzystywane do celéw metrologicznych,
bezpieczenstwa oraz innych zastosowan przemystowych [69]. W tym samym zakresie
spektralnym (2,7 pum - 3,0 um) wystepuja drgania rozciaggajace grup hydroksylowych.
Obecno$¢ grup hydroksylowych skutecznie thumi emisj¢ promieniowania oraz
przyczynia si¢ do skrocenia czasu zycia stanu wzbudzonego jonéw ziem rzadkich [70].
Stad tak bardzo istotnym wyzwaniem technologicznym jest ograniczenie grup OH-
w materialach optycznych. Szczegdlne warunki technologiczne podczas wszystkich
etapow syntezy szkiet, od przygotowania surowcow, syntezy, az do wyciggania wtokien
muszg zapewni¢ brak dostgpu wilgoci atmosferycznej. W tym celu stosuje si¢ czyste
surowce, a przygotowanie surowcoéw 1 syntez¢ prowadzi w atmosferach ochronnych.
Warunki takie sg szczegdlnie wazne w przypadku szkiet domieszkowanych jonami Er?”,
emitujagcych promieniowanie przy okolo 2,7 pum zwigzane z glownym przejsciem
laserowym *1112 — *I132 [71, 72]. Podobne, bardzo rygorystyczne wymagania dotyczace
warunkow syntezy znajdziemy w literaturze dotyczacej wielosktadnikowych szkiet
fluorkowych domieszkowanych np. jonami Er** [73-77].

Znajac mechanizm krystalizacji, ktory zostat opisany w literaturze dla uktadu
germanianowego o sktadzie 20BaO-10Ga203-70GeO2 (% mol) [78] oraz rolg TiO:
w roznych szktach, wyraznie wida¢ jak bardzo wazna jest optymalizacja sktadu
chemicznego uktadu oraz parametrow technologicznych, aby przezwycigzy¢ silng
tendencj¢ do krystalizacji. W rozprawie doktorskiej przeanalizowano doktadnie wplyw
stezenia TiO2 na mozliwo$¢ otrzymania oraz wlasciwosci szkiet tytanowo-
germanianowych emitujagcych promieniowanie w zakresie podczerwieni, w ktdrych
dwutlenek tytanu TiO2 moze pelni¢ podwdjng role zarowno sktadnika modyfikujacego
(TiO02<30% mol) jak 1 skladnika uczestniczacego w tworzeniu wiezby szkla
(szklotworczego) (TiO2>30% mol). Przeprowadzona analiza termiczna, strukturalna oraz
spektroskopowa wykazata znaczacy wplyw wzajemnego ilosciowego stosunku
TiO2:GeO2 na syntez¢ szkiel, optymalizacj¢ parametrow technologicznych oraz
wlasciwosci  fizykochemiczne 1 luminescencyjne. Do badan z zastosowaniem
spektroskopii optycznej wybrano szkla domieszkowane wybranymi jonami ziem
rzadkich, emitujagcymi w zakresie podczerwieni. Wyboru dokonano uwzgledniajac
potencjalne mozliwo$ci wyciaggania na ich bazie widkien swiattowodowych dziatajacych
w tym zakresie spektralnym. Na podstawie przeprowadzonych badah wyselekcjonowano

uktady charakteryzujace si¢ najlepszymi parametrami spektroskopowymi oraz
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laserowymi jondéw ziem rzadkich. Zagadnienia analizowane w ramach niniejszej
rozprawy doktorskiej moga wnie$¢ wktad w rozwoj wiedzy na temat technologii szkiet

specjalnych 1 witdkien optycznych oraz zaawansowanej spektroskopii optyczne;.
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7. Czes$¢ eksperymentalna (Badania wlasne)

Przedmiotem badan prowadzonych w ramach rozprawy doktorskiej sa szkta
nieorganiczne do zastosowan w podczerwonej fotonice. Tematyka badawcza zwigzana
jest z otrzymaniem i zbadaniem wtasciwos$ci fizykochemicznych wielosktadnikowych
szkiel tytanowo-germanianowych, ze szczegdlnym uwzglednieniem wilasciwosci
luminescencyjnych w zakresie podczerwieni w funkcji st¢zenia TiO».

Praca doktorska sktada si¢ z dwoch czescei.

W  cze$ci pierwsze] pt. ,Synteza 1 charakterystyka szkiet tytanowo-
germanianowych” opisano metodyke przeprowadzonych badan, ktérych celem byto
otrzymanie w petni amorficznego i stabilnego termicznie nowego, wielosktadnikowego
szkla tytanowo-germanianowego. W pracach P1-P4 przedstawiono najwazniejsze
aspekty technologiczne zwigzane z syntezg opracowanych, nowych wielosktadnikowych
szkiel tytanowo-germanianowych i badaniem ich wlasciwosci strukturalnych oraz
termicznych. Weryfikacje wstepnych zalozen dotyczacych projektowanych szkiet
tytanowo-germanianowych przeprowadzono wykorzystujac wybrane jony metali
przejsciowych i ziem rzadkich, petnigce rolg¢ sond spektroskopowych.

W drugiej czg$ci pracy pt. ,,Wplyw stezenia TiO, na wilasciwosci szkiet
germanianowych  emitujagcych ~ promieniowanie w  zakresie = podczerwieni”
zaprezentowano wlasciwosci optyczne wytworzonych szkiet, wyselekcjonowano uktady
o najkorzystniejszych parametrach spektroskopowych oraz laserowych, wskazano
mozliwosci aplikacyjne w postaci zrodet laserowych lub szerokopasmowych
wzmacniaczy optycznych stanowigcych istotny element sieci $wiattowodowych.
Przedstawiono wlasciwosci luminescencyjne nowych szkiet tytanowo-germanianowych
pojedynczo (Nd**, Er**, Pr’*, Tm?", Ho*") oraz podwojnie (Yb**/Er’**, Yb*/Ho’",
Yb¥/Tm?', Yb**/Pr**) domieszkowanych jonami ziem rzadkich w zakresie bliskiej oraz

$redniej podczerwieni. Szczegdly zaprezentowano w pracach P5-P12.
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7.1. Synteza i charakterystyka szkiel tytanowo-germanianowych

Omowiony w czesci teoretycznej aktualny stan wiedzy wskazuje, ze obecnie
najbardziej interesujacym zagadnieniem jest otrzymanie materialu optycznego
wykazujacego wydajng emisje promieniowania w zakresie podczerwieni. Emisja
w zakresie podczerwieni ma kluczowe znaczenie w technice laserowej oraz dla uktadow
telekomunikacyjnych. W pracy P1 pt.: ,,Novel multicomponent titanate-germanate
glasses: synthesis, structure, properties, transition metal, and rare earth doping”
przedstawiono syntez¢ oraz charakterystyke wlasciwosci nowych wielosktadnikowych
szkiel tytanowo-germanianowych pojedynczo domieszkowanych jonami ziem rzadkich
(Eu’") oraz jonami metali przejsciowych (Cr’*). Otrzymano szkla w wyniku topienia
surowcow wyjsciowych w wysokich temperaturach o relatywnie wysokim stezeniu TiO2
(30% mol), w ktérych wzajemny ilosciowy stosunek GeO»:TiO> wynosit 1:1. Szkla
zawierajace TiO» wykazuja bardzo duza sklonno$¢ do krystalizacji, dlatego
charakterystyke ich wlasciwosci rozpoczeto od badan lokalnej struktury
z wykorzystaniem rentgenowskiej analizy fazowej. Na dyfraktogramie XRD dla uktadu
30Ti02-30Ge02-30Ba0-10Ga;03 (%mol) widoczne sa jedynie dwa szerokie pasma,
co $wiadczy o amorficznym charakterze otrzymanego materiatu. Waskich linii
dyfrakcyjnych, charakterystycznych dla materialéw krystalicznych, nie zaobserwowano
réwniez na dyfraktogramach zarejestrowanych dla szkiet tytanowo-germanianowych
domieszkowanych jonami optycznie aktywnymi. Pozwolilo to na jednoznaczne
wnioskowanie, ze opracowane szklo wykazuje zdolno$¢ do domieszkowania bez zmiany
catkowicie amorficznego charakteru. Kolejnym zagadnieniem bardzo istotnym z punktu
widzenia zastosowan szkiet byta charakterystyka termiczna wytworzonych materiatow.
Na podstawie charakterystyk otrzymanych z zastosowaniem roznicowej kalorymetrii
skaningowej wykazano, ze szkla tytanowo-germanianowe charakteryzuja si¢
wystarczajaco wysokg wartoscig parametru stabilnosci termicznej AT. Wprowadzenie
TiO; spowodowato wzrost temperatury transformacji w stosunku do wyjsciowego szkta.
Temperatura transformacji szkla tytanowo-germanianowego wynosita 690°C. Bardzo
waznym aspektem analizowanym w ramach rozprawy bylo zbadanie bezposredniej
korelacji migdzy budowa wewnetrzng a wlasciwosciami optycznymi. Przeprowadzono
badania strukturalne przy uzyciu spektroskopii w podczerwieni, ktére potwierdzity
obecno$¢ w badanych uktadach charakterystycznych drgan, tj. pasm pochodzacego
od zginajgcych drgan wigzan Ge-O-Ge i Ge-O-Ga (w zakresie 400-600 c¢cm') oraz
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asymetrycznych rozciagajacych drgan Ge-O-Ge i1 symetrycznych rozciagajacych drgan
Ge-0/Ga-O (w zakresie 700-900 cm™). Wprowadzenie TiO, do szkta barowo-galowo-
germanianowego spowodowalo spadek intensywnos$ci charakterystycznych pasm oraz
przesuni¢cie potozenia tych pasm w kierunku wigkszych czestosci. Prawidtowosé
ta zostata potwierdzona rowniez z zastosowaniem spektroskopii Ramana. O silnym
wplywie TiO2 na wigzbe matrycy barowo-galowo-germanianowej §wiadczy ponadto
dodatkowe pasmo potozone przy okoto 650 cm™. Pasmo to przypisano do drgan
rozciaggajacych Ti-O. Na podstawie badan stwierdzono, ze nawet najmniejsze zmiany
strukturalne w otoczeniu aktywatora wywotane modyfikacja sktadu chemicznego szkla
mozna monitorowac¢ spektroskopowo przez trojwartoSciowe jony metalu przejSciowego
(Cr*"), ktorych stezenie wynosito 0,25% mol. Spektroskopia elektronowego rezonansu
paramagnetycznego (EPR) wykazala sygnaly rezonansowe, to jest niskopolowy
(g = 1,97) oraz wysokopolowy (g = 4,8), potwierdzajace obecno$¢ jondw chromu
na trzecim stopniu utlenienia. Whasciwosci luminescencyjne wytworzonego materiatu
sa zdeterminowane przez pasma emisyjne przy dtugosci fali 730 nm i 1030 nm, ktore
odpowiadajg przejsciu *“T> — #A; jondw Cr** zajmujgcych pozycje oktaedryczng oraz
tetraedryczng. Zaobserwowano takze spadek intensywnos$ci zmierzonych pasm emisji
jondéw Cr** dla uktadu zawierajgcego w sktadzie chemicznym TiO,. W dalszej kolejnosci
przeprowadzono charakterystyke wytworzonego materiatu zawierajacego 0,5% mol
Eu;03 w celu okre$lenia stopnia uporzadkowania otoczenia jondéw ziem rzadkich.
W tym celu zarejestrowano widma wzbudzenia, widma emisji oraz przeprowadzono
badania kinetyki zaniku luminescencji. Matryca szkla GeO:-BaO-Ga>O; nalezy do
rodziny niskofononowych szkiet tlenkowych. Na podstawie pomiaréw pasma
fononowego PSB widocznego na widmie wzbudzenia wykazano, ze wprowadzenie TiO2
powoduje obnizenie maksymalnej energii fononowej matrycy z 790 cm! do 765 cm™.
Warto w tym miejscu nadmieni¢, ze szkta aktywowane jonami Eu** wykorzystywane
w optyce jako emitery czerwone, zostaty takze doglebnie przebadane pod katem emisji
promieniowania, ktora odpowiada przejsciom Dy — 'Fy (gdzie J = 1 i 2).
Szkto zawierajace TiO> charakteryzowalo si¢ znacznie bardziej intensywnym pasmem
emisji promieniowania odpowiadajgcym przejSciu Do — ’F» (emisja czerwona),
ktore  charakteryzuje  si¢  duza  wrazliwosciag na  zmiany  otoczenia.
Wzajemny stosunek intensywnosci przejscia dipolowo-elektrycznego Do — F» do
intensywnosci przejscia dipolowo-magnetycznego Do — F; (emisja pomaranczowa)

okreslany wspotczynnikiem intensywnosci fluorescencji R/O, stanowi istotne narzedzie
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w okresleniu lokalnej symetrii w otoczeniu jonow Eu®*. Po wprowadzeniu TiO, do
matrycy barowo-galowo-germanianowej wspotczynnik ten zwigkszyt si¢ z 3,54 do 4,10.
Swiadczy to o wzroscie lokalnej asymetrii wokot domieszki optycznie aktywnej, a takze
wzroscie kowalencyjnego charakteru wigzania Eu-otoczenie. Analiza kinetyki zaniku
luminescencji wskazuje, ze TiO> wptywa na obnizenie warto$ci czasu zycia poziomu °Dy
jonow Eu** z 1,26 ms do 0,78 ms.

W celu szczegdtowego przeanalizowania wlasciwosci spektroskopowych jonow
chromu w otrzymanym szkle zaproponowano zastgpienie sktadnika szklotworczego
GeO: przez inne tlenki metali - praca P2 pt. ,, EPR and optical spectroscopy of Cr** ions
in barium gallo-germanate glasses containing B203/TiO,”". Otrzymano szkto tlenkowe
w uktadzie GeO,-TiO2-BaO-Ga,0s, gdzie wzajemny ilosciowy stosunek GeO,:TiO>
wynosit 5:1 (10% mol TiO»), 1:1 (30% mol TiO) oraz 1:5 (50% mol TiOz). Wymienione
powyzej uktady domieszkowano 0,25% mol Cr2O3. Zmierzone widma z wykorzystaniem
elektronowego rezonansu paramagnetycznego (EPR) dla wszystkich uktadow
potwierdzity obecno$¢ dwoch sygnaléw rezonansowych. Pierwszy sygnat rezonansowy
(g = 4,8) wynika z obecno$ci izolowanych jonow Cr**. Drugi sygnal rezonansowy
(g =1,97) informuje o sprzezonych parach Cr**-Cr**. Przeprowadzona analiza dowiodta,
ze niezaleznie od ilo$ciowej relacji GeO2:TiO2 jony chromu wystepuja na trzecim stopniu
utlenienia. Zarejestrowane widma absorpcji charakteryzuja si¢ typowym dla jonow
chromu szerokim pasmem absorpcji z maksimum polozonym przy 630 nm, ktore
zwigzane jest z przejSciem *A, — 4T». Na zboczu szerokiego pasma absorpcji przy
dtugosci fali okoto 680 nm zidentyfikowano dodatkowo przejscie *A, — 2E, ktore
przesuwa si¢ w kierunku dtuzszych dtugosci fali wraz ze wzrostem stezenia TiO2. Widma
wzbudzenia wykazaty obecno$¢ dwoch pasm odpowiadajacych przejsciom ze stanu
podstawowego “A, do wyzej potozonych stanéw wzbudzonych *Ti oraz *T» jondw
chromu. Interesujace jest, ze jony metali przejSciowych w zaleznos$ci od skladu
chemicznego matrycy szklistej zajmuja miejsca o rdznej sile pola krystalicznego.
Z tego powodu przeprowadzone pomiary wykorzystano do obliczenia istotnego
parametru Dg/B. Przyjmujac kryterium opisywane w literaturze obliczony parametr
spelnia warunek 2,1 < Dq/B < 2,3 oraz Dq/B > 2,3, co pozwala na stwierdzenie, Ze jony
chromu w wytworzonych uktadach znajduja si¢ w posrednim i/lub silnym polu
krystalicznym. Ze wzgledu na nieuporzadkowang budowg wewnetrzng szkla,
przeprowadzona charakterystyka wykazata, ze zmiana ilosciowego stosunku GeO»:TiO>

przyczynita si¢ do modyfikacji wlasciwos$ci optycznych jonéw chromu. Dowodem moga

29



by¢ zarejestrowane widma luminescencji obejmujagce dwa zakresy spektralne.
Szczegdlnie interesujace zmiany zwigzane z profilem pasm luminescencyjnych
zaobserwowano dla przejs$cia *T> — *A, w zakresie 630 — 900 nm. Wykazano, ze wraz ze
wzrostem stezenia TiO, nastgpuje znaczace przesuniecie maksimum tego pasma
w kierunku kroétszych ditugosci fali. Uktad o stosunku molowym GeO2:TiO; = 1:5,
w ktorym TiO> pelni rol¢ sktadnika szklotworczego, charakteryzuje si¢ pasmem
luminescencyjnym, ktore przypisano przejsciu *E — *A, (tzw. linia R) jondéw chromu.
Obecno$¢ tego przejScia potwierdza, ze jony Cr** znajdujg sie w silnym polu
krystalicznym. Domieszkowanie wytworzonego szkta jonami chromu pozwolito rowniez
na uzyskanie szerokopasmowej emisji promieniowania podczerwonego obejmujacego
zakres od 950 nm do 1500 nm, ktorg mozna przypisaé¢ przejsciom *T> — A, (Cr*") oraz
3T> — 3A, (Cr*"). Wykazano, ze zmiana skladu chemicznego szkfa przyczynita si¢ do
znaczacych zmian intensywnosci zarejestrowanych pasm. W analizowanym przypadku
wzmocniong emisj¢ wykazuje uktad, w ktérym role sktadnika szklotworczego petni GeO:
(Ge02:TiO2 = 5:1).

Wyniki uzyskane dla szkiet tytanowo-germanianowych domieszkowanych
jonami metali przejsciowych oraz jonami metali ziem rzadkich peniacych role sondy
spektroskopowej stanowity gldéwng motywacje do szczegdtowego przeanalizowania
lokalnej struktury wytworzonego materiatu. W pracy P3 pt. ,, Raman and Infrared
Spectroscopy of Barium-Gallo Germanate Glasses Containing B>03/TiO>”
zaprezentowano wyniki badan eksperymentalnych dla matrycy barowo-galowo-
germanianowe]j modyfikowanej TiO; bez domieszek optycznie aktywnych. Na podstawie
przeprowadzonej rentgenowskiej analizy fazowej i zarejestrowanych dyfraktogramow
XRD dla materiatlow z ukladu GeO,-TiO2-BaO-GaxOs stwierdzono, ze zaréwno szkla
zawierajace tlenek tytanu petnigcy rolg sktadnika modyfikujacego (TiO2<30% mol) jak
i szklotworczego (TiO2>30% mol) sg w peini amorficzne. Charakterystyka wiasciwosci
optycznych wykazata, Zze na zarejestrowanych widmach absorpcji wraz ze wzrostem
stezenia TiO» krawedz absorpcji przesuwa si¢ w kierunku dtuzszych diugosci fali.
W ramach zaplanowanych badan wchodzacych w zakres pracy doktorskiej otrzymano
réwniez probki szkla zawierajace bardzo niskie stezenie TiOz. Na zarejestrowanym
widmie absorpcji wysokiej rozdzielczosci dla szkta zawierajacego 0,005% mol TiO:
obserwuje si¢ pasmo przy dlugosci fali 700 nm, ktére zwigzane jest z obecno$cig
par Ti**-Ti**. Szklo tytanowo-germanianowe po wzbudzeniu falg o dtugosci 345 nm

wykazuje interesujagce wlasciwosci optyczne. Na widmie emisyjnym mozna
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zaobserwowac znaczace zmiany intensywnosci pasma luminescencyjnego spowodowane
zmiang sktadu chemicznego matrycy szklistej. Szkto zawierajace najmniejsze stezenie
TiO; charakteryzuje si¢ pasmem emisji przy dlugosci fali 450 nm, ktére przypisano
obecnos$ci jondow Ti**. Przy wickszym stezeniu TiO, w matrycy barowo-galowo-
germanianowej zaobserwowano pasmo emisji przy dlugosci fali 550 nm, ktore
przypisano obecnosci jonow Ti**. W kolejnym etapie badan przeprowadzono analizg
wiasciwosci strukturalnych wytworzonego materiatu. Zestawienie widm Ramana oraz
FT-IR pozwolilo na wykazanie zmian w budowie wewnetrznej szkla w funkcji zmian
ilo§ciowego stosunku GeO»:TiO. Zarejestrowane na widmach Ramana oraz FT-IR
pasma przy okoto 450 cm™ oraz 800 cm™ odpowiadajg drganiom pochodzacym od grup
germanianowych, ktérych intensywno$¢ maleje w przypadku wzrostu st¢zenia tlenku
tytanu w sktadzie szkta. Pasma te nie sag widoczne na widmie FT-IR dla uktadu, w ktérym
stosunek GeO,:TiO; wynosi 1:5. Dla tego samego uktadu na widmie Ramana widoczne
jest pasmo przy okoto 650 cm™! odpowiedzialne za drgania rozciagajace Ti-O.

Kolejny problem badawczy podjety w pracy P4 pt. ,, Influence of titanium dioxide
concentration on thermal properties of germanate-based glasses” dotyczyl analizy
termicznej wytworzonych szkiel oraz parametréw stabilnosci termicznej w funkcji
stezenia TiO» w matrycy barowo-galowo-germanianowej. Zbadanie parametrow
termicznych szkiel jest bardzo istotne pod katem potencjalnych zastosowan w postaci
wtokien optycznych. Na podstawie charakterystyk termicznych z uzyciem réznicowe;j
kalorymetrii skaningowej (DSC) wyznaczone zostaty temperatury charakterystyczne dla
szkiel. Dla szkta zawierajgcego najwigksze stezenie TiO2 (50% mol) warto$¢ temperatury
zeszklenia byta najwigksza — 708°C. Dla pordwnania dla szkiel nie zawierajacych TiO:
w skladzie wynosita 620°C. Parametry stabilno$ci termicznej rowniez ulegaja zmianie
dla szkiet tytanowo-germanianowych. Parametr stabilno$ci termicznej AT dla szkiet
wynoszacy powyzej 100°C daje nadzieje na wyciagnigcie dobrej jakosci wiokien.
Na podstawie temperatur charakterystycznych okreslonych z krzywych DSC obliczono
parametry stabilnosci termicznej (AT = Tx-Tg, parametry zaproponowane przez
Hruby'ego, Saad-Poulaina, Weinberga i Lu/Liu) dla szkiel tytanowo-germanianowych.
Badania cieplne z zastosowaniem metody DSC jednoznacznie wykazaly, ze co prawda
stabilno$¢ termiczna maleje ze wzrostem stezenia TiO> w skladzie szkta, ale jest wcigz
wystarczajagca z punktu widzenia wyciggania wiokien optycznych dla uktadow

(AT>100°C dla stgzenia Ti02<30% mol), w ktérych dwutlenek tytanu peini role sktadnika
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modyfikujacego. Najlepsze wyniki parametru AT otrzymano dla wielosktadnikowych
uktadow tytanowo-germanianowych o znacznym stezeniu GeO: (60% mol - 187°C,
50% mol - 150°C, 40% mol - 120°C oraz 30% mol - 115°C). Wybor matrycy szkla
tytanowo-germanianowego jest zatem pewnym kompromisem mi¢dzy stabilnoscig
termiczng niezbedna do wyciggania wtokna optycznego a wlasciwosciami optycznymi
1 laserowymi jonow ziem rzadkich.

Kolejnym interesujacym problemem naukowym byly badania kinetyki
krystalizacji szkta zawierajacego 30% mol TiO2 (GeO2:TiO2 = 1:1) przy réznej predkosci
ogrzewania (od 5°C/min do 20°C/min). Otrzymane wyniki pordwnano z wynikami dla
wyj$ciowego szkla. Zaobserwowano, ze wraz ze wzrostem predkosci ogrzewania wzrasta
intensywno$¢ pikow oraz przesuwaja si¢ one w kierunku wyzszych temperatur. Energia
aktywacji jest parametrem okreslajacym tendencje do krystalizacji szkta. Korzystajac
z uproszczonego roéwnania Kissingera obliczono, ze energia aktywacji wynosi 223 kJ/mol
(bez TiO,) oraz 377 kJ/mol (z TiOz).

Okreslono rowniez wplyw procesu wygrzewania na budowe i wlasciwosci szkiet
tytanowo-germanianowych. Znajomo$¢ budowy wewnetrznej szkla jest bardzo wazna,
poniewaz decyduje ona o wlasciwos$ciach fizykochemicznych i uzytkowych. Pojawienie
si¢ faz krystalicznych w wyniku wygrzewania wywotuje takze zmiang witasciwosci
optycznych. Zarejestrowane dyfraktogramy XRD potwierdzily obecno$¢ waskich linii
dyfrakcyjnych po 4 oraz 5 godzinach obrébki termicznej szkta, wskazujac na pojawienie
si¢ w uktadzie faz krystalicznych Ba;TiGe2Os, Ga;Ge207, Ba;GaxO¢, BaO oraz Er0s.
Zmiany otoczenia wokot optycznie aktywnego jonu Er** w wyniku procesu wygrzewania
potwierdzono réwniez na podstawie zmierzonych widm absorpcyjnych (analizujac
migdzy innymi przejScie nadczute “Iisp — “Hiinz). Dowodem spektroskopowym
potwierdzajagcym wzrost uporzadkowania wokot optycznie czynnej domieszki jest
zmniejszenie szerokos$ci pasma emisji zwigzanego z przejsciem *Ii32 — #1152 w bliskiej
podczerwieni przy 1,5 um oraz wydluzenie czasu zycia luminescencji z poziomu
132 jondw Er**. Obserwowane zmiany sg zwigzane z transformacjg szkta do materiatu
szklano-ceramicznego w wyniku procesu wygrzewania. Zagadnienia te wykraczaja

jednak poza zakres niniejszej pracy doktorskiej i otwieraja nowy ciekawy rozdziat badan.
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Abstract: Novel multicomponent titanate-germanate glasses singly doped with transition metal (Cr>*)
and rare earth ions (Eu®*) were synthesized and the glass transition temperatures and thermal stability
parameters were determined using DSC measurements. X-ray diffraction analysis confirmed fully
amorphous nature of the received samples. Their structural and optical properties were compared
with germanate glasses without TiO,. Correlation between local structure and optical properties in
titanate-germanate glasses is well evidenced by FI-IR, Raman, EPR, and luminescence spectroscopy.
In particular, luminescence spectra and their decays are examined for glass samples, where GeO, was
partially substituted by TiO,.

Keywords: glasses; structure-property relationship; Cr3*; Eu*; spectroscopic parameters

1. Introduction

Since 1986 the formation of TiO, containing glasses has been investigated in detail [1-8].
Unfortunately, most of titanate glass systems are partly crystallized. The obtained systems possess
crystalline phases mainly because of different titanates and their thermal stability parameters are
relatively low, which makes them unsuitable for optical-fiber applications. In fact, it is difficult to
prepare thermally stable and fully amorphous systems with relatively high titanium oxide content.
On the other hand, germanate glasses have quite strong chemical and mechanical stability useful
for optical fiber drawing and belong to low-phonon glass family. Compared to other low-phonon
glass systems such as tellurite glasses, germanate based glass-host matrices have relatively large
glass-forming region. In particular, thermal stability parameter referred to as a difference between
crystallization onset Tx and glass transition temperature Ty is considerably higher for germanate-based
glass with AT = 155 °C [9] than tellurite based glass with AT = 27 °C [10]. Quantum efficiencies for
4F3/2 - 4111/2 (Nd3*) and 4113/2 - 4115/2 (Er®*) transitions of rare earth ions in germanate glasses based
on GeO,-BaO-Ga,0; are close to 80% [11] and 71% [12], respectively. Their values are also larger
compared to main near-infrared laser transitions of Nd>* (N = 68%) and Er** (N = 46%) ions in glasses
based on TeO,-ZnO [13,14]. Various glass-modifiers were tested in order to obtain thermally stable
and amorphous systems with excellent luminescence properties. Systematic studies clearly indicate
that the effect of modifier oxides on emission properties of rare earth ions in different glass matrices is
significant [15]. Influence of modifier oxides MO where M denotes Li, Na, K, Rb, Cs [16], MO where
M = Ca, Sr, Ba [17,18], M0O3 where M = Al or Ga [19] and MO, where M = Te, Ge, Si [20] on local
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structure of glasses and their multifunctional properties and potential applications has been presented
and discussed. Special attention has been paid to germanate glasses with different glass-modifiers.
High niobium oxide content in alkali germanate glasses was evidenced by the optical absorption,
DSC and XRD analysis, FI-IR, and Raman spectroscopy. Marcondes et al. [21] suggest that high
niobium oxide content causes an increase in the glass-host network and strongly modifies thermal,
structural, and optical properties of alkali germanate glasses. These structural and optical aspects
for Eu* doped germanate glasses modified by MO/MF, where M denotes Ca, Sr, Ba, have been also
studied [22]. In particular, the influence of the oxide and fluoride glass-modifiers on local structure of
germanate glasses has been examined using X-ray diffraction analysis. The experimental results clearly
demonstrate that samples with modifiers MO/MF, (M = Ca or Sr) are crystalline, whereas samples
with BaO and/or BaF,; are fully amorphous. Further studies revealed that modification of germanate
glasses by P,Os5 allows control of their local structure and visible luminescence. The increase of
P,05 content leads to the reduction of spectral linewidth and the shift of emission band of Eu3*
ions in germanate glass to shorter wavelengths [23]. The effect of the spectroscopic properties of
Tm3* ions for different compositions with varying Nb,Os/LayO3 ratios has been studied and the
optical concentration of glass components for efficient 1.8 um near-infrared laser applications was
determined [24]. Rare earth-doped germanate glasses modified by Bi,O3 [25], Y203 and Nb,Os [26]
have been also analyzed for mid-infrared emission. These aspects were not yet examined for
germanate-based glass in the presence of titanium dioxide.

In the present work, multicomponent glasses based on TiO,-GeO,-BaO-Ga;O3-M;O3 (M—rare
earth or transition metal) were successfully synthesized using conventional high-temperature melting
and their structure and properties are presented and compared to the glasses in the absence of TiO,.
Local structure and properties of multicomponent glasses containing two glass-network formers GeO,
and TiO, were characterized using various experimental techniques: X-ray diffraction (XRD), differential
scanning calorimetry (DSC), electron paramagnetic resonance (EPR), Raman and Fourier-transform
infrared spectroscopy (FT-IR), absorption and luminescence spectroscopy. Transition metal (Cr*)
and rare earth (Eu®*), commonly known as spectroscopic probe, were used as the optical dopants.
Our new preliminary results for titanate-germanate glasses are presented and discussed in relation to
potential visible (Eu®*) and near-infrared (Cr**) luminescence applications. In particular, luminescence
spectra and decay curves were examined for glass samples, where germanium dioxide was substituted
by titanium dioxide and the relative molar ratio of these two main glass-former components is
equal to GeO,:TiO, = 1:1. In previous work TiO, was substituted by GeO, in multicomponent
germanoniobophosphate glass system allowing the glass stabilization against devitrification and the
improvement of photoluminescence behavior, but amount of titanium dioxide playing the role as
glass-network modifier did not exceed 15 molar % [27].

2. Materials and Methods

Multicomponent glasses undoped and doped with transition metal or rare earth
were prepared: 30TiO,-30GeO;-30BaO-10GayO; (referred as TiGe), 30TiO,-30GeO;-30BaO-9.75Ga,03-
0.25Cr,O3 (TiGe-Cr), 30TiO,-30Ge0,-30Ba0-9.75Ga;03-0.5Eu,O5 (TiGe-Eu) and their structure and
properties were compared to glass samples without titanium dioxide 60GeO,-30BaO-10Ga,O3
(referred as Ge), 60GeO,-30Ba0-9.75Ga,03-0.25Cr, O3 (Ge-Cr), and 60GeO,-30Ba0-9.75Ga,O3-0.5Eu, O3
(Ge-Eu). The concentrations of components are given in molar %. Titanate-germanate glasses were
synthesized using high-temperature melt quenching-technique. The appropriate amounts of glass
components (metal oxides of high purity 99.99%, Aldrich Chemical Co., St. Louis, MO, USA) were mixed
and melted (1200 °C/0.45 h).

The amorphous nature of samples was confirmed by X-ray diffraction measurements (X'Pert Pro
diffractometer, Panalytical, Almelo, The Netherlands) with Cu K; radiation (A = 1.54056 A). The Cu
X-ray tube operating at 40 kW/30 mA was used. Diffraction patterns were measured in step-scan
mode with a step size of 0.05° and time per step of 10 s. The glass samples were characterized
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by a SETARAM Labsys thermal analyzer (SETARAM Instrumentation, Caluire, France) using the
DSC method. The DSC curves were acquired with heating rate of 10 °C /min.

The electron paramagnetic resonance spectra were performed using Bruker EMX EPR spectrometer
(Bruker-Biospin, Karlsruhe, Germany) working at X-band frequency (9.8 GHz). The EPR instrument
parameters are as follows: central field 3480 G, modulation amplitude 2.0G, time constant 40.96,
gain 1 x 10* G, and microwave power 20.12mW. The infrared spectra using the ATR technique
were recorded over the frequency range of 1000-350 cm~! using a Nicolet™ iS™ 50 FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) with a diamond attenuated total
reflectance (ATR) module. The Raman spectra using a Thermo Fisher Scientific™ DXR™2xi Raman
Imaging Microscope and laser working as the source (24 mW power) with excitation wavelength
780 nm were measured. The laser was directly focused on the glass sample with an Olympus
long-working-distance microscope objective (50x).

Next, the glass samples were characterized using absorption (Varian Cary 5000 UV-VIS-NIR
spectrophotometer, Agilent Technology, Santa Clara, CA, USA) and luminescence spectroscopy
(laser equipment, which consists of PTI QuantaMaster QM40 spectrofluorometer, tunable pulsed
optical parametric oscillator (OPO), Nd:YAG laser (Opotek Opolette 355 LD, Carlsbad, CA, USA),
double 200 mm monochromators, multimode UVVIS PMT R928 and Hamamatsu H10330B-75 detectors
(Hamamatasu, Bridgewater, NJ, USA), PTI and ASOC-10 USB-2500 oscilloscope). Resolution for
spectral measurements was +0.1 nm, whereas decay curves with accuracy +0.5 us were acquired.

3. Results and Discussion

3.1. Undoped Titanate-Germanate Glasses

Titanate-germanate glasses were successfully synthesized and their structure and properties were
examined using XRD, DSC, FT-IR, and Raman spectroscopy. Figure 1 shows XRD patterns (a, b),
DSC curves (c, d), FI-IR (e), and Raman (f) spectra for titanate-germanate glasses referred as TiGe.
They are compared to the results obtained for glass samples without titanium dioxide (Ge).

The received glass samples (TiGe and Ge) reveal X-ray diffraction patterns characteristic for
amorphous systems and narrow diffraction lines typical for crystalline materials are not observed.
Moreover, any significant structural changes in the XRD patterns have been observed for glass
samples after transition metal (TiGe-Cr) or rare earth (TiGe-Eu) doping. It clearly indicates that
titanate-germanate glasses are able to accommodate transition metal or rare earth ions and the
samples are still fully amorphous. Our previous studies for lead borate glasses demonstrated that
rare earth oxides influence on the resistance to crystallization. In contrast to sample with Nd,Os3,
several crystalline peaks due to the ErBO3 phase are present after addition of Er,O3 to the base lead
borate glass, suggesting the increased tendency toward crystallization [28]. From DSC curves measured
for glass samples (TiGe and Ge), the glass transition temperature Ty and thermal stability parameter
(AT = Tx — Tg) were determined. In contrast to germanate glass (Ge), the additional exothermic peak
representing the crystallization of the glass can be observed for glass sample with the presence of TiO;.
It is well evidenced that the thermal stability parameter is reduced where GeO; is partially replaced
by TiO;. The glass transition temperature Tg increases from 620 °C to 690 °C suggesting less open glass
structure [29]. These thermal parameters Tg and AT are also schematized on Figure 1c. The Raman and
FT-IR spectra between 350 cm~! and 1000 cm™ frequency region consists of two main bands centered
at about 500 cm~! and 800 cm~!. Similar to previous reports for germanate-based glasses [30,31],
the low-frequency band located from 400 cm™! to 600 cm™" is assigned to bending vibration involving
Ge-O-Ge and Ge-O-Ga bridges, whereas the high-frequency band between 700 cm~! and 900 cm™!
is attributed to asymmetric stretching vibrations of Ge-O-Ge bonds and symmetric stretching of
Ge-O/Ga-O bonds. In general, Raman and FT-IR bands are shifted to lower frequency region in the
presence of TiO,. Kamitsos et al. [31] observed similar effects for germanate glasses in function of Rb,0O.
In the 630-700 cm™! frequency region, the additional band located near 650 cm™ is quite well observed
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for glass sample with titanium dioxide. This band is due to the stretching vibration of Ti-O in TiOs
unit [32].
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Figure 1. X-ray diffraction patterns (a,b), thermal parameters Ty and AT (c) and DSC curves (d),
FT-IR (e) and Raman (f) spectra measured for titanate-germanate glasses (TiGe) and compared to glass
samples without TiO; (Ge).

3.2. Titanate-Germanate Glasses Doped with Chromium Ions

Figure 2 shows results for titanate-germanate glasses doped with chromium ions, which were
characterized using EPR (a), absorption (b), and luminescence (c—f) spectroscopy. Independently on
samples with the presence (TiGe-Cr) or absence (Ge-Cr) of TiO,, the EPR spectra show two resonant
signals at about g = 4.8 and g = 1.97, which evidently proves the 3+ valence state for chromium ions
and the octahedral coordination. The similar effects were observed earlier for trivalent chromium
ions in lead niobium germanosilicate glasses [33] and antimony phosphate glasses [34]. These two
resonance signals may be quite well interpreted. They are related to the isolated Cr3* ions (g = 4.8)
and the exchange coupled pairs Cr3*-Cr®* (g = 1.97) [35]. The presence of chromium ions at trivalent
state in the studied glass systems was also confirmed by the absorption spectra measurements. The
spectra measured in 550-800 nm ranges show characteristic broad absorption band, which consist of
three overlapped peaks due to transitions originating from *A, ground state to the *T,, 2Ty, and ?E
excited states of trivalent chromium, respectively. Comparing to sample Ge-Cr, the A, — 2E transition
of Cr3* ions is shifted to longer wavelengths in the presence of titanium dioxide (TiGe-Cr). At this
moment, it should be also noticed that the second absorption band associated to the A, — 4Ty
transition of Cr3* ions is located at about 430 nm. This band has not been observed for several glasses,
because it is masked by strong UV-vis absorption of the host or lies on the tail of absorption edge.
However, both absorption bands of chromium ions were successfully measured by us for barium
gallo-germanate glass. Thus, some important spectroscopic parameters were calculated owing to
the Tanabe-Sugano diagram for d® electronic configuration suggesting that chromium ions in barium
gallo-germanate glass are in an intermediate octahedral ligand field environment (2.1 < Dg/B < 2.3).
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The crystal field parameters, the Racah parameters, and the related ligand field parameters are as
follows: Dq = 1557 cm™!, B =732 cm~!, C = 2991 cm~!, and Dq/B = 2.13 [36].
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Figure 2. EPR (a), absorption (b), and luminescence (c,d) spectra measured for titanate-germanate
glasses doped with chromium ions (TiGe-Cr) and compared to glass samples without TiO, (Ge-Cr).
Deconvoluted emission bands for both glass samples TiGe-Cr (e) and Ge-Cr (f) are also given.

The near-infrared luminescence spectra of chromium ions revealed two emission bands, but both
well observed lines are assigned to the transition originating from the 4T, excited state to the *A,
ground state. According to the excellent paper published recently, the near-infrared emission bands
centered at about 730 nm and 1030 nm are related to the *T, — %A, transitions in octahedral sites (I) and
tetrahedral sites (II) of chromium ions [37]. Further spectroscopic analysis indicates that the intensities
of luminescence bands are stronger for chromium ions located at octahedral site (I) than tetrahedral
site (II). The maximum of emission peak wavelength for the T, — #A, transition of chromium ions
in octahedral sites (I) is changed from 730 nm (Ge-Cr) to 775 nm in the presence of titanium dioxide
(TiGe-Cr) in contrast to tetrahedral site (II), where both peak maxima are the same. Furthermore,
the profiles of emission bands associated to transition of chromium ions in site (I) are completely different.
It is especially evidenced for the 2E — A, transition commonly known as R-line, which is overlapped
with the T, — *A, transition of chromium ions in octahedral site (I). The maximum of R-line is shifted
to longer wavelength from 715 nm (Ge-Cr) to 727 nm (TiGe-Cr). In order to further study the structural
changes occurring in the arrangement around Cr3*, the emission bands were successfully deconvoluted
into three Gaussian components. The luminescence band ascribed to the 4T, — %A, transition was well
divided into the red and the blue components, confirming the coexistence of two completely different
site distributions for chromium ions. During the deconvolution procedure, peak wavenumber (v),
linewidth (dv), the energy gap between both 4T, and 2E excited states AE = E(2E) — E(*T,), and the
relative integrated emission line intensities I(*E)/I(*T,) = Ar.LiNe/(Arep + ApLug) and I(PE)/ItoTaL) =
AR LINE/(ARED + ABLUE + AR-LINE) Were estimated. The Aggp + ApLyug +ARr-LINE denotes the integrated
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emission intensities of the red and the blue components of T, as well as 2E (R-line), respectively.
The relative integrated intensities of the bands were measured in order to monitor the equilibrium
position between the *T, and 2E excite states of chromium. The results are summarized in Table 1.

Table 1. Spectroscopic parameters for chromium ions in glasses TiGe-Cr and Ge-Cr.

Spectroscopic Parameter TiGe-Cr Ge-Cr
VReD (*T2) (cm™1) 12,326 12,266
veLug (4To) (em™!) 12,963 12,981
vrLiNg (CE) (em™) 13,755 13,986

AE (cm™) 792 1005
dvgep (*Tp) (em™) 518 480
dvgLue (*T2) (em™) 711 900
dvring CE) (em™) 838 1082

ICE)/I(*Ty) 0.63 0.21

ICE)/ItoraL) 0.39 0.17

Our calculations give interesting results. The energy gap between the 4T, and 2E excited states of
chromium ions increases significantly from 792 cm~! (TiGe-Cr) to 1005 cm ™! in the glass sample with the
absence of titanium dioxide (Ge-Cr). The relative integrated emission line intensities denoted as Argp,
Aprug, and Ag.iNg due to the T, — %A, and 2E — *A, transitions of chromium ions are also drastically
changed. Thus, the relative integrated line intensity ratios of I (CE)/I(*T5) and I(*E)/ItoTAL) are increased
with the presence of TiO; in glass composition. The appropriate relative integrated line intensity ratios
increase from 0.21 to 0.63 (I(E)/I(*T5)) and from 0.17 to 0.39 (I(*E)/ItoTaL)), when GeO, was partially
substituted by TiOy, respectively. It suggests that chromium ions occupy higher crystal-field sites in
germanate glasses in the presence of TiO,. Completely different situation was observed previously
for chromium ions in lead borate glass. The energy gap between *T, and 2E states was changed from
1055 cm™! (PbO:B,O3 = 1:1) to 770 cm™! (PbO:B,05 = 4:1). In this case, the same Gaussian-fitting
procedure was applied to evaluate spectroscopic parameters. The relative integrated line intensity
ratios were nearly twice reduced, suggesting the presence of chromium ions in lower crystal-field sites
with increasing PbO concentration [38].

Spectroscopic results for the studied glasses suggest that photoluminescence properties of
chromium ions depend critically on titanium dioxide. For germanate glass in presence of TiO, (TiGe-Cr),
the Cr3* ions are located in the higher crystal field and, thus, the emission of sharp R-line arising
from the spin-forbidden 2E — %A, transition is more intense. When the Cr3* ions are located in
the lower crystal field, broadband emission originating from the spin-allowed *T, — *A, transition
is dominated (Ge-Cr). There is in a good agreement with the results obtained previously for
fluoride-sulfophosphate glasses, which are promising hosts for broadband optical amplification
through transition metal activators [39].

3.3. Titanate-Germanate Glasses Doped with Europium Ions

Excitation (Figure 3a) and emission (Figure 3b) spectra, and decay curves (Figure 3c) measured for
titanate-germanate glasses doped with europium ions (TiGe-Eu) are presented in Figure 3. The results
are compared to glass samples without TiO, (Ge-Eu). All changes are also schematized on Figure 3d—f.

The excitation spectrum consists of several bands, which originate from the “Fy ground state to
the higher-lying 5Dy, 5Djs, 5L, 2Ly, 5G], and Dy excited states of europium ions. The most intense
bands are due to “Fy — ®Lg (near 390 nm) and “Fy — °D, (near 460 nm) transitions. The later transition
is known as the pure electronic transition (PET). In this spectral region, the phonon sideband (PSB)
is also located and associated with the pure electronic transition (PET). The difference between the
positions of both PSB and PET bands is well-known as the phonon energy of the host. Our studies
indicate that the phonon energy of the glass host is reduced from 790 cm™! (Ge-Eu) to 765 cm™! with
the presence of TiO, (TiGe-Eu). From phonon sideband measurements [40-42], the electron—phonon
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coupling strength g can be also estimated, which is due to the intensity ratio of the PSB ( f Ipsg dv) to
the PET ( f IpgT dv), respectively. The results are given in Table 2.
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Figure 3. Excitation (a) and emission (b) spectra, and decay curves (c) for titanate-germanate glasses
doped with europium ions (TiGe-Eu) and compared to glass samples without TiO, (Ge-Eu). All changes
are also schematized (d-f).

Table 2. Spectroscopic parameters for europium ions in glasses TiGe-Eu and Ge-Eu.

Spectroscopic Parameter TiGe-Eu Ge-Eu
PSB-PET (cm™1) 765 790
Electron-phonon coupling 17 59
strength g (x107%) ’ ’
Non-radiative relaxation rate
Wp(T)/Wo(0) (s7)
from 5D; state 6.85 x 1077 1.37 x 1073
from 5D, state 4.87 x 10710 3.66 x 1078

Finally, the multiphonon relaxation rate Wp(T) depending on the electron—phonon coupling
strength and phonon energy of the glass host can be determined as follows W,(T) = Wy(0)exp(—aAE),
where W((0) is the transition probability extrapolated to zero energy gap, AE denotes the energy gap
between neighboring energy states and the values of 5D;-°Dj and °D,-"Dy energy gaps of Eu®* ions
are equal nearly to 1750 cm~! and 2500 cm™?, respectively. In this relation the o parameter is close to
(In(p/g)—1)/hw, where hw represents the phonon energy, g—the electron-phonon coupling strength,
and p as the phonon number is equal to AE/hw. In some cases, the multiphonon relaxation rate is
given as Wp,(T)/Wy(0) [43]. Our spectroscopic calculations presented in Table 2 clearly indicate that the
electron-phonon coupling strength and multiphonon relaxation rates from the °D; and °D; states of
europium ions are significantly smaller for glass sample with the presence of titanium dioxide.

Further experimental investigations shown on Figure 3 suggest that titanate-germanate glass
demonstrates the efficient reddish-orange emission independently on the excitation wavelengths at
390 nm (°Lg state) or 460 nm (°D; state) and its intensity is considerably higher in comparison to the
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glass sample without titanium dioxide. The emission bands correspond to the electronic transitions
originating from the Dy state to the ’F; (] = 1-4) states of europium ions, respectively.

In order to evaluate the glass asymmetry and the strength of bonding (covalent/ionic character)
between europium ions and their surroundings, the ratio of integrated band intensity of Dy — ’F,
transition to that of the Dy — ”Fj transition, well-known in literature as red-to-orange factor R/O (Eu*),
was calculated. It is generally accepted that the value of R/O (Eu®*) starts to increase with increasing
local asymmetry and covalent bonding. This phenomenon is just observed for our glass sample with
the presence of titanium dioxide. For the studied systems, the fluorescence intensity ratio R/O (Eu®")
was changed from 3.54 (Ge-Eu) to 4.10 (TiGe-Eu).

Based on decay curve measurements, the luminescence lifetimes for the °Dj state of europium
ions were also determined. In general, the multiphonon relaxation rates decrease with decreasing
phonon energy of the glass-host and consequently the lifetimes measured for excited states of rare
earths are usually enhanced. Completely opposite situation is observed for europium ions, because the
energy gap between °Dj state and lower-lying “Fg state of europium ions is very large. Its value
seems to be nearly 12,500 cm™!. In this case, several phonons are needed to bridge energy gap and
radiative relaxation is a dominant transition. For low-phonon glass systems containing europium ions,
the non-radiative relaxation rate is negligibly small in contrast to the radiative relaxation rate. Thus,
the nonradiative relaxation rate can be ignored. In a practice, the radiative relaxation rate represents
total relaxation rate. The spectroscopic consequence is reduction of luminescence lifetime (as an
inverse of total radiative relaxation rate) for the 5Dy state of europium ions with decreasing phonon
energy of the glass-host. These phenomena were presented and discussed in our previous published
work [44]. The analysis of luminescence decay curves for glass samples with the presence and absence
of titanium dioxide confirms the hypothesis given above. The measured lifetime Ty, for the °Dj state
of europium ions is reduced from 1.26 ms (Ge-Eu) to 0.78 ms (TiGe-Eu), when the phonon energy
decreases from 790 cm™! to 765 cm™! for glass sample with the presence of TiO,. It suggests that the
influence of titanium dioxide on spectroscopic parameters of europium ions is significant. The changes
of phonon energy, fluorescence intensity ratio R/O, and °Dy measured lifetime of Eu* ions in function
of TiO, are also schematized in Figure 3d-f.

The effects of TiO, on luminescence behavior of germanate glass depend greatly on the kind
of active dopants (transition metal or rare earth). Luminescence properties of germanate glasses in
the presence of TiO, are completely different for europium ions than chromium ions discussed in
previous Part 3.2. In particular, the intensities of luminescence bands of the optically active ions are
changed drastically, when GeO, was substituted by TiO; in the glass composition. The intensities of
luminescence bands of chromium ions are reduced, whereas the emission band intensities of europium
ions increase significantly in the presence of TiOp. Compared to the results for similar glass-hosts
published recently [45-48], we postulate that our multicomponent titanate-germanate glass doped
with Eu3* ions is suitable as red-emitting component for LED applications.

First of all, the significant advantage of our systems is the lower phonon energy of the host in
comparison to other oxide glasses such as borate (~1400 cm™), phosphate (~1200 cm™1), and silicate
(~1050 cm™!) systems [49-51]. It is assumed that glasses with low phonon energy are more suitable as
host materials for rare earth ions because of less probable non-radiative relaxation process, which may
result in a higher lifetime of the excited state. According to experimental results presented in
Table 3, the luminescence lifetime for °Dy excited state evaluated for glass samples (Ge-Eu and
TiGe-Eu) is similar to the values obtained for various germanate systems doped with europium
ions [52-60]. However, as has already been discussed for low-phonon glass-hosts containing Eu®* ions,
the non-radiative relaxation process can be neglected. Thus, the luminescence lifetime as an inverse of
total radiative relaxation rate reduces with decreasing phonon energy of the glass-host. Therefore,
the value of lifetime for °Dj state in glass sample Ge-Eu (790 cm™!) is longer than the value of
lifetime for systems with titanium oxide (765 cm™'), lead oxide (775 cm™!), and bismuth oxide
(770 cm™) [51-53]. Moreover, it was stated that the fluorescence intensity ratio R/O (Eu*) was
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increased from 3.54 (Ge-Eu) to 4.10 (TiGe-Eu) for the glass samples and the value of this spectroscopic
parameters is significantly higher than those of lead germanate glasses [52,57] antimony [55] and
tellurium [56] oxides-modified germanate systems. The obtained value of the ratio R/O indicates
the higher local asymmetry around the Eu3" ions in the glass host. It is worth noting that this
factor confirms that the addition of a high concentration of titanium dioxide to the germanate matrix
does not prompt the crystallization process, although TiO, can be a nucleating agent in glass host.
Taking this issue into consideration, further research is needed to determine if a thermally stable
and fully amorphous system with relatively high titanium oxide content is a good candidate for
optical materials, that may find potential use in photonic devices such as optical fibers and amplifiers.

Table 3. Comparison of spectroscopic parameters of Eu3*-doped germanate glasses.

Glass Composition R/O Tm (ms) References

Ge-Eu 3.54 1.26 present work

TiGe-Eu 4.10 0.78 present work
PbO-GeO,-Ga,O3 3.06 1.11 [52]
Biy O3-GeO, 3.94 1.03 [53]
Ge0O,-Nb,05-Li, O 6.50 0.81 [54]
GeO,-Nb,O5-Na, O 9.00 0.76 [54]
GeOz-GaQO;;-BaO-szO;; 1.94 - [55]
Ge0O,-Gay03-BaO-TeO, 2.49 - [56]
PbO-GeO, 2.86 - [57]
Sb203-GeOz-BQO3-Ale3-Na20 1.80 - [58]
GGOQ-B203-A1203-LL1203-Gd203 - 1.43 [59]
GeO,-PbO - 1.10 [60]

4. Conclusions

Multicomponent titanate-germanate glasses undoped and doped with transition metal (Cr3+)
and rare earths (Eu®*) were prepared and then characterized using various experimental techniques:
DSC, XRD, EPR, FT-IR, Raman, and luminescence spectroscopy. X-ray diffraction analysis revealed
that all received samples are fully amorphous. Thermal and structural studies indicate that the glass
transition temperature increases and thermal stability factor is reduced, whereas the Raman and
FT-IR bands are shifted to lower frequency region in the presence of TiO,. The EPR spectra show
typical signals confirming the presence of Cr®* ions at trivalent state and the octahedral coordination.
From the excitation spectra (phonon sideband analysis) of Eu®*, the phonon energy of the glass-host,
the electron—phonon coupling strength, and the multiphonon relaxation rate were also determined.

In particular, luminescence spectra have been examined for glass samples, where germanium
dioxide was substituted by titanium dioxide as well as the relative molar ratio of two glass-former
components is equal to GeO,:TiO, = 1:1. Near-infrared luminescence spectra of chromium ions
show two emission bands near 730 nm and 1030 nm, which correspond to the 4T, — %A, transitions
in octahedral and tetrahedral sites, respectively. Further spectral analysis suggests that chromium
ions occupy higher crystal-field sites in germanate glass with the presence of titanium dioxide.
Visible luminescence spectra of europium ions present characteristic emission bands associated to
Dy — 7F] (J = 1-4) transitions. The red-to-orange fluorescence intensity ratio R/O and the luminescence
lifetime for the 5D0 state of europium were determined. The later parameter, i.e., the measured
5Dy lifetime was reduced from 1.26 ms (Ge-Eu) to 0.78 ms (TiGe-Eu). This behavior is quite well
correlated with the phonon energy, which decreases from 790 cm™! to 765 cm~! with the presence of
titanium dioxide. The factor R/O was changed from 3.54 (Ge-Eu) to 4.10 (TiGe-Eu) suggesting the
increase of local asymmetry and stronger covalent character of bonding between europium ions and
their nearest surroundings in glass sample in the presence of TiO,.

Our spectroscopic studies clearly indicate that luminescence properties of multicomponent
titanate-germanate glasses are completely different for transition metal ions than rare earth ions.
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The intensities of emission bands of chromium ions are reduced, whereas the emission band
intensities of europium ions increase drastically in the presence of TiO,. The obtained results
demonstrate that titanate-germanate glass doped with Eu®* ions is a promising candidate for red
luminescence applications.

Author Contributions: Conceptualization, W.A.P.; methodology, M.K.,, ].P. (Justyna Polak), E.P,, and T.G,;
formal analysis, W.A.P. and J.P. (Joanna Pisarska); investigation, M.K., K.K., ].P. (Justyna Polak), E.P, T.G.,
and J.P. (Joanna Pisarska); writing-original draft preparation, W.A.P.; writing-review and editing, W.A.P;
project administration, W.A.P.;funding acquisition, W.A.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Science Centre (Poland), grant number 2018/31/B/ST8/00166.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, ].; Wei, C. Formation and structure of titanate glasses. ]. Non-Cryst. Solids 1986, 80, 135-140.
Fukushima, T; Benino, Y.; Fujiwara, T.; Dimitrov, V.; Komatsu, T. Electronic polarizability and crystallization
of K,O-TiO,-GeO; glasses with high TiO, contents. . Solid State Chem. 2006, 179, 3949-3957. [CrossRef]

3. Masai, H.; Fujiwara, T., Benino, Y., Komatsu, T. Large second-order optical nonlinearity in
30BaO-15TiO,-55GeO, surface crystallized glass with strong orientation. J. Appl. Phys. 2006,
100, 023526. [CrossRef]

4. Toloman, D.; Suciu, R.; Leostean, C.; Regos, A.; Ardelean, I. The influence of TiO, concentration in some
calcium-phosphate glasses. Physica B 2014, 438, 84-87. [CrossRef]

5. Kirchhof, J.; Unger, S;; Dellith, J.; Scheffel, A. Diffusion in binary TiO,-SiO, glasses. Opt. Mater. Express 2014,
4, 672-680. [CrossRef]

6. Slavov, S.S.; Dimitriev, Y.B. Glass formation in the system BiyO3-TiO,-SiO,. ]. Chem. Technol. Metall.
2016, 51, 536-546.

7. ElBatal, FH.; Marzouk, M.A.; ElBatal, H.A. Optical and crystallization studies of titanium dioxide doped
sodium and potassium silicate glasses. J. Mol. Struct. 2016, 1121, 54-59. [CrossRef]

8.  Freschi, C.D.; Gouveia, ].T.; Marcondes, L.; Ferrari, ].L.; Cassanjes, F.C.; Poirier, G. Crystallization of anatase
TiO; in niobium potassium phosphate glasses. Mater. Res. 2017, 20, 502-508. [CrossRef]

9.  Pisarska, J.; Kowal, M.; Kochanowicz, M.; Zmojda, J.; Dorosz, J.; Dorosz, D.; Pisarski, W.A. Influence of BaF;
and activator concentration on broadband near-infrared luminescence of Pr3* ions in gallo-germanate glasses.
Opt. Express 2016, 24, 2427-2435. [CrossRef]

10. Walas, M.; Lewandowski, T.; Synak, A.; Lapinski, M.; Sadowski, W.; Koscielska, B. Eult doped tellurite glass
ceramics containing SrF, nanocrystals: Preparation, structure and luminescence properties. J. Alloys Compd.
2017, 696, 619-626. [CrossRef]

11. DPisarska, ].; Soltys, M.; Gorny, A.; Kochanowicz, M.; Zmojda, J.; Dorosz, J.; Dorosz, D.; Sitarz, M.; Pisarski, W.A.
Rare earth-doped barium gallo-germanate glasses and their near-infrared luminescence properties.
Spectrochim. Acta A 2018, 201, 362-366. [CrossRef] [PubMed]

12.  Zur, L.; Janek, J.; Sottys, M.; Pisarska, J.; Pisarski, W.A. Effect of BaF, content on luminescence of rare-earth
ions in borate and germanate glasses. . Am. Ceram. Soc. 2016, 99, 2009-2016. [CrossRef]

13.  Upendra Kumar, K.; Prathyusha, V.A; Babu, P.; Jayasankar, C.K.; Joshi, A.S.; Speghini, A.; Bettinelli, M.
Fluorescence properties of Nd3*-doped tellurite glasses. Spectrochim. Acta A 2007, 67, 702-708.
[CrossRef] [PubMed]

14. Jaba, N.; Ben Mansour, H.; Kanoun, A.; Brenier, A.; Champagnon, B. Spectral broadening and luminescence
quenching of 1.53 um emission in Er**-doped zinc tellurite glass. J. Lumin. 2009, 129, 270-276. [CrossRef]

15. Ratnakaram, Y.C.A.; Balakrishna, A.; Rajesh, D. Effect of modifier oxides on absorption and
emission properties of Eu®* doped different lithium fluoroborate glass matrices. Physica B 2012,
407, 4303-4307. [CrossRef]

16. O’Shaughnessy, C.; Henderson, G.S.; Nesbitt, H.-W.; Bancroft, G.M.; Neuville, D.R. The influence of modifier
cations on the Raman stretching modes of Q" species in alkali silicate glasses. J. Am. Ceram. Soc. 2020,
103, 3991-4001. [CrossRef]


http://dx.doi.org/10.1016/j.jssc.2006.08.035
http://dx.doi.org/10.1063/1.2210173
http://dx.doi.org/10.1016/j.physb.2014.01.005
http://dx.doi.org/10.1364/OME.4.000672
http://dx.doi.org/10.1016/j.molstruc.2016.05.052
http://dx.doi.org/10.1590/1980-5373-mr-2016-0265
http://dx.doi.org/10.1364/OE.24.002427
http://dx.doi.org/10.1016/j.jallcom.2016.11.301
http://dx.doi.org/10.1016/j.saa.2018.05.027
http://www.ncbi.nlm.nih.gov/pubmed/29763830
http://dx.doi.org/10.1111/jace.14223
http://dx.doi.org/10.1016/j.saa.2006.08.027
http://www.ncbi.nlm.nih.gov/pubmed/17027327
http://dx.doi.org/10.1016/j.jlumin.2008.10.006
http://dx.doi.org/10.1016/j.physb.2012.07.022
http://dx.doi.org/10.1111/jace.17081

Materials 2020, 13, 4422 11 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Yusub, S.; Rajyasree, C.; Ramesh Babu, A.; Vinaya Teja, PM.; Krishna Rao, D. Influence of alkaline earth
oxides (R = Ca, Sr and Ba) on spectroscopic and dielectric studies of iron doped RO-Na,O-B,0Oj3 glasses.
J. Non-Cryst. Solids 2013, 364, 62-68. [CrossRef]

Janek, J.; Sottys, M,; Zur, L.; Pietrasik, E.; Pisarska, J.; Pisarski, W.A. Luminescence investigations of
rare earth doped lead-free borate glasses modified by MO (M = Ca, Sr, Ba). Mater. Chem. Phys. 2016,
180, 237-243. [CrossRef]

Sottys, M.; Zur, L.; Pisarska, J.; Goryczka, T.; Pisarski, W.A. Selective oxide modifiers M;O3 (M = Al, Ga)
as crystallizing agents in Er>*-doped lead phosphate glass host. Cerant. Int. 2015, 41, 4334-4339. [CrossRef]
Pisarski, W.A.; Pisarska, J.; Zur, L.; Goryczka, T. Structural and optical aspects for Eu3* and Dy3+ ions in
heavy metal glasses based on PbO-Ga;O3-XO, (X = Te, Ge, Si). Opt. Mater. 2013, 35, 1051-1056. [CrossRef]
Marcondes, L.M.; Maestri, S.; Sousa, B.; Goncalves, R.R.; Cassanjes, F.C.; Poirier, G.Y. High niobium oxide
content in germanate glasses: Thermal, structural, and optical properties. J. Am. Ceram. Soc. 2018,
101, 220-230. [CrossRef]

Zur, L.; Janek, J.; Soltys, M.; Goryczka, T.; Pisarska, J.; Pisarski, W.A. Structural and optical investigations of
rare earth doped lead-free germanate glasses modified by MO and MF, (M = Ca, Sr, Ba). ]. Non-Cryst. Solids
2016, 431, 145-149. [CrossRef]

Zmojda, J.; Kochanowicz, M.; Miluski, P.; Golonko, P.; Baranowska, A.; Ragin, T.; Dorosz, J.; Kuwik, M.;
Pisarski, W.A.; Pisarska, J.; et al. Luminescent studies on germanate glasses doped with europium ions for
photonic applications. Materials 2020, 13, 2817. [CrossRef] [PubMed]

Peng, Y.-P; Yuan, X.; Zhang, ].; Zhang, L. The effect of La;O3 in Tm3+—d0ped germanate-tellurite glasses for
~2 pum emission. Sci. Rep. 2014, 4, 5256. [CrossRef]

Ragin, T.; Baranowska, A.; Kochanowicz, M.; Zmojda, ].; Miluski, P.; Dorosz, D. Study of mid-infrared
emission and structural properties of heavy metal oxide glass and optical fibre co-doped with Ho3*/Yb3* ions.
Materials 2019, 12, 1238. [CrossRef]

Wei, T.; Chen, E; Tian, Y.; Xu, S. Efficient 2.7 um emission and energy transfer mechanism in Erd* doped
Y,03; and Nb,O5 modified germanate glasses. J. Quant. Spectrosc. Radiat. 2014, 133, 663—669. [CrossRef]
de Mello, L.B,; Sigoli, F.A.; Mazali, 1.O. Structural and optical properties of erbium and ytterbium codoped
germanoniobophosphate glasses. J. Am. Ceram. Soc. 2014, 97, 2462-2470. [CrossRef]

Pisarski, W.A.; Goryczka, T.; Wodecka-Dus, B.; Ploriska, M.; Pisarska, J. Structure and properties of rare
earth-doped lead borate glasses. Mater. Sci. Eng. B 2005, 122, 94-99. [CrossRef]

Gruji¢, S.; Blagojevi¢, N.; Tosi¢, M.; Zivanovi¢, V,; BoZovi¢, B. The effect of TiO, on the structure
and devitrification behavior of potassium titanium germanate glass. J. Therm. Anal. Cal. 2006,
83, 463-466. [CrossRef]

Guerineau, T.; Strutynski, C.; Skopak, T.; Morency, S.; Hanafi, A.; Cazavara, F; Ledemi, Y.; Danto, S.;
Cardinal, T.; Messaddeq, Y.; et al. Extended germano-gallate fiber drawing domain: From germanates to
gallates optical fibers. Opt. Mater. Express 2019, 9, 2437-2445. [CrossRef]

Kamitsos, E.I; Yiannopoulos, Y.D.; Karakassides, M.A.; Chryssikos, G.D.; Jain, H. Raman and infrared
structural investigation of xRb,O-(1-x)GeO, glasses. . Phys. Chem. 1996, 100, 11755-11765. [CrossRef]

Lu, M.; Wang, E; Liao, Q.; Chen, K.; Qin, J.; Pan, S. FTIR spectra and thermal properties of TiO,-doped iron
phosphate glasses. J. Mol. Struct. 2015, 1081, 187-192. [CrossRef]

Narendrudu, T.; Suresh, S.; Chinna Ram, G.; Veeraiah, N.; Krishna Rao, D. Spectroscopic and structural
properties of Cr3* ions in lead niobium germanosilicate glasses. J. Lumin. 2017, 183, 17-25. [CrossRef]

De Vicente, ES.; Santos, FA.; Sim8es, B.S.; Dias, S.T.; Siu Li, M. EPR, optical absorption and luminescence
studies of Cr3+-doped antimony phosphate glasses. Opt. Mater. 2014, 38, 119-125. [CrossRef]

Murali, A.; Rao, J.L. Electron paramagnetic resonance and optical absorption spectra of Cr** ions in
fluorophosphate glasses. J. Phys. Condens. Matter 1999, 11, 1321-1331. [CrossRef]

Pisarska, J.; Kuwik, M.; Goérny, A.; Dorosz, J.; Kochanowicz, M.; Zmojda, J.; Sitarz, M.; Dorosz, D.;
Pisarski, W.A. Influence of transition metal ion concentration on near-infrared emission of Ho3* in barium
gallo-germanate glasses. J. Alloys Compd. 2019, 793, 107-114. [CrossRef]

Li, Y;; Ye, S.; Zhang, Q. Ultra-broadband near-infrared luminescence of ordered—disordered multi-sited Cr3+
in LazGas 5Nbg 5014:Cr3*. J. Mater. Chem. C 2014, 2, 4636-4641. [CrossRef]


http://dx.doi.org/10.1016/j.jnoncrysol.2012.12.045
http://dx.doi.org/10.1016/j.matchemphys.2016.06.001
http://dx.doi.org/10.1016/j.ceramint.2014.11.122
http://dx.doi.org/10.1016/j.optmat.2012.12.012
http://dx.doi.org/10.1111/jace.15215
http://dx.doi.org/10.1016/j.jnoncrysol.2015.03.008
http://dx.doi.org/10.3390/ma13122817
http://www.ncbi.nlm.nih.gov/pubmed/32585869
http://dx.doi.org/10.1038/srep05256
http://dx.doi.org/10.3390/ma12081238
http://dx.doi.org/10.1016/j.jqsrt.2013.10.003
http://dx.doi.org/10.1111/jace.13020
http://dx.doi.org/10.1016/j.mseb.2005.05.002
http://dx.doi.org/10.1007/s10973-005-7099-4
http://dx.doi.org/10.1364/OME.9.002437
http://dx.doi.org/10.1021/jp960434+
http://dx.doi.org/10.1016/j.molstruc.2014.10.029
http://dx.doi.org/10.1016/j.jlumin.2016.11.005
http://dx.doi.org/10.1016/j.optmat.2014.10.012
http://dx.doi.org/10.1088/0953-8984/11/5/017
http://dx.doi.org/10.1016/j.jallcom.2019.04.154
http://dx.doi.org/10.1039/c4tc00243a

Materials 2020, 13, 4422 12 of 13

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Pisarski, W.A.; Pisarska, J.; Dominiak-Dzik, G.; Ryba-Romanowski, W. Transition metal (Cr3+) and rare
earth (Eu®*, Dy>*) ions used as a spectroscopic probe in compositional-dependent lead borate glasses.
J. Alloys Compd. 2009, 484, 45-49. [CrossRef]

Wang, W.C.; Le, Q.H.; Zhang, Q.Y.; Wondraczek, L. Fluoride-sulfophosphate glasses as hosts for broadband
optical amplification through transition metal activators. J. Mater. Chem. C 2017, 5, 7969-7976. [CrossRef]
Ramachari, D.; Rama Moorthy, L.; Jayasankar, C.K. Phonon sideband spectrum and vibrational analysis of
Eu®*-doped niobium oxyfluorosilicate glass. J. Lumin. 2013, 143, 674-679. [CrossRef]

Manasa, P.; Jayasankar, C.K. Luminescence and phonon side band analysis of Eud *-doped lead
fluorosilicate glasses. Opt. Mater. 2016, 62, 139-145. [CrossRef]

Rajesh, M.; Reddy, G.R.; Sushma, N.J.; Devarajulu, G.; Deva Prasad Raju, B. Phonon sideband analysis,
structural and spectroscopic properties of Eu3* ions embedded SiO,-B,03-CaF,-NaF-Na,O glasses.
Opt. Mater. 2020, 107, 110038. [CrossRef]

Vijaya Prakash, G.; Jagannathan, R. Fluorescence properties of Eu3* doped lead bearing fluoro-chloro
phosphate glasses. Spectrochim. Acta A 1999, 55, 1799-1808. [CrossRef]

Pisarski, W.A.; Zur, L.; Kowal, M.; Pisarska, ]. Enhancement and quenching photoluminescence effects for
rare earth - doped lead bismuth gallate glasses. J. Alloys Compd. 2015, 651, 565-570. [CrossRef]

Aryal, P; Kim, H].; Khan, A.; Saha, S.; Kang, S.J.; Kothan, S.; Yamsuk, Y.; Kaewkhao, J. Development of
Eu®*-doped phosphate glass for red luminescent solid-state optical devices. J. Lumin. 2020,
227,117564. [CrossRef]

Roy, J.S.; Messaddeq, Y. Photoluminescence study of Eudt doped zinc-tungsten-antimonite glasses for red
LED applications. J. Lumin. 2020, 228, 117608. [CrossRef]

Lakshminarayana, G.; Wagh, A.; Kamath, S.D.; Dahshan, A.; Hegazy, H.H.; Marzec, M.; Kityk, I.V.; Lee, D.-E.;
Yoon, J.; Park, T. Eu?*-doped fluoro-telluroborate glasses as red-emitting components for W-LEDs application.
Opt. Mater. 2020, 99, 109555. [CrossRef]

Maity, A.; Jana, S.; Ghosh, S.; Sharma, S. Spectroscopic investigation on europium (Eu3+) doped
strontium zinc lead phosphate glasses with varied ZnO and PbO compositions. ]. Non-Cryst. Solids
2020, 550, 120322. [CrossRef]

Vazquez, G.V,; Muioz, H.G.; Camarillo, I; Falcony, C.; Caldifio, U.; Lira, A. Spectroscopic analysis of a novel
Nd?*-activated barium borate glass for broadband laser amplification. Opt. Mater. 2015,46,97-103. [CrossRef]
Mazurak, Z.; Bodyl, S.; Lisiecki, R.; Gabryé-Pisarska, J.; Czaja, M. Optical properties of Pr3*, Sm3* and Er*
doped P,05-CaO-5rO-BaO phosphate glass. Opt. Mater. 2010, 32, 547-553. [CrossRef]

Pisarska, J.; Zur, L.; Pisarski, W.A. Optical spectroscopy of Dy3+ ions in heavy metal lead-based glasses and
glass-ceramics. J. Mol. Struct. 2011, 993, 160-166. [CrossRef]

Zur, L. Structural and luminescence properties of Eu®, Dy3+ and Tb3* jons in lead germanate glasses obtained
by conventional high-temperature melt-quenching technique. J. Mol. Struct. 2013, 1041, 50-54. [CrossRef]
Gokge, M. Development of Eu®" doped bismuth germanate glasses for red laser applications.
J. Non-Cryst. Solids 2019, 505, 272-278. [CrossRef]

Guedes, L.EN.; Marcondes, L.M.; Evangelista, R.O.; Batista, G.; Mendoza, V.G.; Cassanjes, F.C.; Poirier, G.Y.
Effect of alkaline modifiers on the structural, optical and crystallization properties of niobium germanate
glasses and glass-ceramics. Opt. Mater. 2020, 105, 109866. [CrossRef]

Szal, R.; Zmojda, J.; Kochanowicz, M.; Miluski, P.; Dorosz, J.; Lesniak, M.; Jelen, P; Starzyk, B.; Sitarz, M.;
Kuwik, M.; et al. Spectroscopic properties of antimony modified germanate glass doped with Eu®* ions.
Ceram. Int. 2019, 45, 24811-24817. [CrossRef]

Jadach, R.; Zmojda, ]J.; Kochanowicz, M.; Miluski, P.; Leéniak, M.; Soltys, M.; Pisarska, J.; Pisarski, W.A.;
Lukowiak, A.; Sitarz, M.; et al. Spectroscopic properties of rare earth doped germanate glasses. Proc. SPIE
2018, 10683, 1068316.

Wachtler, M.; Speghini, A.; Gatterer, K.; Fritzer, H.P.; Ajo, D.; Bettinelli, M. Optical Properties of Rare-Earth
Ions in Lead Germanate Glasses. |. Am. Ceram. Soc. 1998, 81, 2045-2052. [CrossRef]

Zmojda, J.; Kochanowicz, M.; Miluski, P.; Baranowska, A.; Pisarski, W.A.; Pisarska, J.; Jadach, R.; Sitarz, M.;
Dorosz, D. Structural and optical properties of antimony-germanate-borate glass and glass-fiber co-doped
Eu®* and Ag nanoparticles. Spectrochim. Acta A 2018, 201, 1-7. [CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2009.05.039
http://dx.doi.org/10.1039/C7TC01853C
http://dx.doi.org/10.1016/j.jlumin.2013.05.025
http://dx.doi.org/10.1016/j.optmat.2016.09.006
http://dx.doi.org/10.1016/j.optmat.2020.110038
http://dx.doi.org/10.1016/S1386-1425(99)00005-0
http://dx.doi.org/10.1016/j.jallcom.2015.08.160
http://dx.doi.org/10.1016/j.jlumin.2020.117564
http://dx.doi.org/10.1016/j.jlumin.2020.117608
http://dx.doi.org/10.1016/j.optmat.2019.109555
http://dx.doi.org/10.1016/j.jnoncrysol.2020.120322
http://dx.doi.org/10.1016/j.optmat.2015.04.009
http://dx.doi.org/10.1016/j.optmat.2009.11.011
http://dx.doi.org/10.1016/j.molstruc.2010.12.022
http://dx.doi.org/10.1016/j.molstruc.2013.02.036
http://dx.doi.org/10.1016/j.jnoncrysol.2018.11.011
http://dx.doi.org/10.1016/j.optmat.2020.109866
http://dx.doi.org/10.1016/j.ceramint.2019.08.223
http://dx.doi.org/10.1111/j.1151-2916.1998.tb02586.x
http://dx.doi.org/10.1016/j.saa.2018.04.051

Materials 2020, 13, 4422 13 of 13

59. Wang, X.; Huang, L.; Zhao, S.; Xu, S. Eu?* doped heavy germanate scintillating glasses. J. Lumin. 2018,
196, 256-258. [CrossRef]

60. Bensalem, C.; Mortier, M.; Vivien, D.; Diaf, M. Thermal and optical investigation of EuF3-doped lead
fluorogermanate glasses. J. Non-Cryst. Solids 2010, 356, 56-64. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jlumin.2017.12.045
http://dx.doi.org/10.1016/j.jnoncrysol.2009.09.023
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

P2

Karolina Kowalska, Marta Kuwik, Justyna Polak, Joanna Pisarska,
Wojciech A. Pisarski,
EPR and optical spectroscopy of Cr3* ions in barium gallo-germanate glasses
containing B,03/TiO:
Journal of Luminescence 245 (2022) 118775

47



Journal of Luminescence 245 (2022) 118775

Contents lists available at ScienceDirect

Journal of Luminescence

journal homepage: www.elsevier.com/locate/jlumin

™

Check for

EPR and optical spectroscopy of Cr>" ions in barium gallo-germanate

glasses containing B203/TiOo

Karolina Kowalska , Marta Kuwik, Justyna Polak, Joanna Pisarska, Wojciech A. Pisarski

Institute of Chemistry, University of Silesia, Szkolna 9 Street, 40-007, Katowice, Poland

ARTICLE INFO ABSTRACT

Keywords:

Glasses

Transition metal ions
Spectroscopy

Structural properties
Near-infrared luminescence

The remarkable variety of glasses doped with transition metal ions is a major reason for the growing popularity
of spectroscopic studies to identify their optical properties. This study presents interesting results of analyzing the
relationship between structural and optical properties of multicomponent germanate glass systems doped with
cr®* ions. The chemical composition of the developed glasses was changed as a function of boron oxide and
titanium oxide. EPR studies showed that each glass system exhibits two resonance signals in the low and high
magnetic fields, respectively. The optical properties of the fabricated glasses were analyzed by recording optical
absorption, excitation, and emission spectra. The calculated spectroscopic parameters showed very well the
changes of the crystal field strength around Cr®* ions. The used approach perfectly demonstrates the changes in
the profile of the recorded luminescence bands related to the *T, — “A; and 2E — “A, transitions of trivalent
chromium ions. These findings set a new direction in infrared photonics because show a way to effectively tune
the unique optical properties of Cr* ions from the change of the chemical composition of the germanate glassy

matrix.

1. Introduction

Inorganic glasses containing transition metal oxides have generated
considerable recent research interest. This phenomenon is primarily
advanced research undertaken by a broad group of scientists, presenting
exciting correlations between the type of matrix and the spectroscopic
properties of transition metal ions [1-3]. Particulars of interest are
phosphate, silicate, or borate glasses. The last ones exhibit dielectric
properties, while doped with V,0s increases their semi-conducting na-
ture [4]. The same transition metal oxide determines the thermal
properties of tellurite glasses [5]. Studies of the effects of transition
metal oxides on the local structure and properties of glasses are the
fundamentals for the development of materials that are used in radio-
metric thermometry [6], cathode materials [7], and optical device ap-
plications [8,9].

It was published an excellent paper in 1996 by van Walree et al. [10]
in which followed interesting changes in the luminescence decay of
excited energy levels “Ty and 2E of Cr®" ions in glasses whose main
network-former component was germanium dioxide. Germanate glass
belonging to the low-phonon glass family is characterized mainly by a

* Corresponding author.
** Corresponding author.

wide transparency window and a relatively high refractive index [11,
12]. Its additional advantage is also quite a high solubility of transition
metal ions [13], hence it can be successfully used as starting material for
optical applications. On the other hand, Cr®" ions are one of the
extremely sensitive activators used in inorganic glasses, being the main
reason for the popularization of near-infrared device technology [14].
The different glass systems have distinct properties, however, it
should be noted that each is characterized by the absence of long-range
order. The trivalent chromium ions in the glassy phase occupy sites with
different crystal field strengths [15]. From a scientific perspective, these
aspects are the main motivation to undertake the analysis of the prop-
erties of chromium ions using appropriate research tools. The variation
of the intensity, as well as the shifts of the resonance signals on the
electron paramagnetic resonance (EPR) spectra, make it possible to
determine the structural changes. When chromium ions playing an
important role as paramagnetic ions are introduced into glass matrices,
the EPR spectra exhibit two resonance signals in low and high magnetic
fields, respectively. Effective g values equal to about 6 and 2 are
assigned to isolated Cr®" centers located in the strongly distorted octa-
hedral sites, Cr®* centers in cubic sites, and Cr®* - Cr®" paired centers
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coupled by magnetic dipolar interaction [16-18].

Glasses intended directly to optical materials emitting infrared ra-
diation must meet the criterion of the correct selection of an optically
active dopant for the glassy matrix [19]. It is phenomenally presented by
the NIR emission spectra of the fluorogermanate glass samples doped
with Cr®", Ho*" and Cr®t/Ho®" ions, respectively [20]. Controlling the
unique luminescent properties of Cr®* ions enable the modification of
the content of network-former and network-modifier. R. Lachheb et al.
[21] showed that the optical alkalinity of glasses strongly affects the
increase in the intensity of the 4T2 — 4A2 transition of Cr*. In the
performed analysis of spectroscopic parameters for Cr>* ions, the value
of Dq/B is also a key issue [22]. Its value exceeding 2.3 may be the main
reason for the appearance of the characteristic NIR emission line of Cr®*
so-called R-line. Actually, PbO-NbyO5-GeO,-SiO, based glass doped
with 0.1 and 0.2 %mol Cr03 [23] is a quite good example of a material
which emission is dominated by a narrow band corresponding to the 2E
— “4A, transition of Cr®*. In this context, it is worth mentioning that crit
ions, due to their emission in a surprisingly long wavelength range, are
active components of laser medium and tunable solid-state laser me-
dium. Thus, the synthesis and studies of chromium ions in amorphous
materials are very attractive from both the scientific and application
point of view. To summarize the discussion so far, the main aim of our
work is to improve the knowledge of the structural and luminescence
properties of chromium ions in germanate glasses containing TiO3 and
B,0s.

In this paper, the Authors report the results of oxide glasses in GeO»-
B,03-Ba0-Gay03 and GeO5-TiO2-BaO-GagO3 compositions singly doped
with Cr®* ions, which were prepared using a high-temperature melt
quenching technique. The resonance signals on the EPR spectra pro-
vided information about the local environment around the Cr>* ions.
The research issues highlighted in the next chapter are focused on the
optical properties of the received glasses. It was presented and discussed
based on the optical absorption, excitation, and emission spectra. In
particular, emission properties of glasses have been investigated in the
near-infrared range.

2. Experimental

Germanate glasses singly doped with chromium ions were synthe-
sized using a high-temperature melt quenching-technique. It was
assumed that the basic oxides in the developed glasses would be GeOo,
TiO9, and B203. The chemical composition and quantitative relation-
ships of individual metal oxides are presented in Table 1. High-purity
starting materials (99.99%, Aldrich Chemical Co.) were used for the
synthesis. The appropriate amounts of metal oxides were mixed in an
agate mortar, put into a corundum crucible, and then subjected to
thermal treatment. The temperature of glass melting in an electric
furnace was 1250 °C. The samples were melted for 1 h in the air at-
mosphere and, next, cooled to room temperature. Additionally, each
glass sample was polished for optical measurements. As a result of the
procedure, GeO2-B203-Ba0-Gaz03-Cry03 and GeOy-TiO2-BaO-Gag0s3-
Cry03 glass systems characterized by an intense green color were
obtained.

Table 1
Molar compositions of the barium gallo-germanate glasses containing B,O3/
TiO,.

Glass code % GeO % B503 % TiOy % BaO % Gay03 % Cry03
GBCrl 50 10 - 30 9.75 0.25
GBCr2 30 30 - 30 9.75 0.25
GBCr3 10 50 — 30 9.75 0.25
GTCrl 50 - 10 30 9.75 0.25
GTCr2 30 — 30 30 9.75 0.25
GTCr3 10 - 50 30 9.75 0.25
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Electron paramagnetic resonance measurements of all samples were
performed using a Bruker EMX EPR spectrometer (Bruker - Biospin,
Karlsruhe, Germany) operating at X-band frequency (9.8 GHz). Next, an
optical study of the glass samples was conducted. Absorption spectra in
the wavelength range 400-800 nm were recorded using a Cary 5000 UV-
VIS-NIR spectrophotometer (Agilent Technology Santa Clara, CA, USA).
Measurements of excitation and emission spectra in the near-infrared
range were carried out with the use of laser equipment, which consists
of PTI QuantaMaster QM40 spectrofluorometer, tunable pulsed optical
parametric oscillator (OPO), Nd:YAG laser (Opotek Opolette 355 LD,
Carlsbad, CA, USA), double 200 mm monochromators, multimode
UVVIS PMT R928 and Hamamatsu H10330B-75 detectors (Hamama-
tasu, Bridgewater, NJ, USA).

3. Results and discussion
3.1. Electron paramagnetic resonance studies

Investigations of glasses doped with transition metal ions using
electron paramagnetic resonance spectroscopy (EPR) provide informa-
tion on the effect of the individual components on the microstructure
around the d-electron metal ions [24], which in the presented work
consists of chromium ions. The EPR research is significant because the
environment and the strength of the crystal field around the chromium
ions change as a result of differences in binding to the ligands. The
experimental EPR spectra of germanate glasses containing different
concentrations of TiO2 and B2O3 doped with CryO3 presented in Fig. 1
show resonance signals with two special features.

In the part of the spectrum corresponding to low magnetic field
values, a centered asymmetric broad signal at g = 4.8 was registered. A
second narrow, intense resonance signal with an effective g value = 1.97
was detected in the high magnetic field. Taking into account the signal
intensity in the low magnetic field, it was observed that it is greater in
germanate glasses containing boron oxide. On the other hand, germa-
nate glasses with titanium dioxide show more intense resonance in the
high magnetic field. Thus, it has been reported that the recorded two
EPR signals as a function of the quantitative GeO2:TiO3 and GeO3:B203
relationships indicate the occurrence of Cr" ions in different crystal
field environments. Numerous scientific reports of EPR signals at g = 4.8
and g = 1.97 suggest that they only come from Cr>* ions. The occurrence
in the phosphate, silicate, and borate, glasses of a broad resonance signal
in a low magnetic field is justified by the presence of isolated Cr** ion
centers at strongly distorted octahedral sites only [25-27]. The devoted
reports on the high field portion (g = 1.97) are attributed to the
exchange-coupled pairs of anti-ferromagnetic Cr®t - Cr®* [28,29].
However, the same resonance signal may be also due to Cr>* isolated at
the axially distorted octahedral site [30,31]. Further experiments indi-
cate that the oxidation states of chromium ions present in the studied
glass samples can be quite well detected using the EPR method. The EPR
spectra recorded for silica glasses show two well-defined signals near g
= 1.97 assigned to Cr°* and Cr*" ions and it was also confirmed by the
absorption spectra measurements [32].

3.2. Optical studies

The optical absorption spectra for Cr>* doped systems revealed two
main bands near 430 nm and 600 nm, which correspond to O,
(blue region) and 4A2 - 4T2 (red region) transitions, respectively. For
cr*t doped systems, two main absorption bands are located at about
500 nm and 1000 nm. They are assigned to 3A, = 3T; (VIS) and A, —
3T2 (NIR) transitions of cr*t, All absorption transitions are quite well
observed for Cré*/crtt co-doped systems [33,34]. In our case, the ab-
sorption spectra for barium gallo-germanate glasses containing ByO3 or
TiO, present broad band characteristics for the d-d transition of chro-
mium ions at a trivalent oxidation state. Fig. 2 (on left) shows the optical
absorption spectra of Cr>*-doped germanate glasses containing different
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Fig. 1. EPR spectra as a function of TiO2/B;03 content for germanate glasses
doped with chromium ions.

concentrations of titanium dioxide (GTCr) and boron oxide (GBCr). In
the present study, the absorption spectra of all glasses recorded in the
400-800 nm range show a broad band. The registered absorption band
corresponds to the transition 4A5 — 4T of chromium ions.

Further spectroscopic analysis suggests the presence of a poorly
resolved absorption band, which is attributed to the transition ‘Ay— 2E
of Cr®" ions. It was well demonstrated in Fig. 2 (on right). When B503
and TiOy were introduced to the base barium gallo-germanate glass, the
absorption spectra are drastically changed. The changes in positions and
spectral profiles of absorption bands are completely different for ByO3
than TiO,. For the GBCr glass series, the main broad absorption band
due to transition 4A2 — 4T2 of Cr3* is shifted to higher wavenumbers
with increasing BoO3 content. Independently on B,O3 concentration, the
absorption band corresponding to transition 4Ay — 2E of Cr®* ions is
located near 700 nm. The absorption spectra measurements for the GTCr
glass series give interesting and rather unexpected results. In contrast to
the GBCr series, the position of the broad absorption band due to
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transition *A, — *T, is nearly independent on glass-host, whereas the
spin-forbidden transition “A; — 2E of Cr®* ions is shifted to higher
wavenumbers with increasing TiOy content. It indicates that the ab-
sorption spectra measured for GTCr glass series are more complex and
the observed changes may be due to so-called Fano resonance effect.
Thus, the *T, state can be lower-lying than the 2E state of Cr>*, when the
concentration of TiOy is relatively high. This situation is rather rarely
observed. It was demonstrated earlier for Cr®" ions in crystals
CsaNaScClg [35] and Sca(MoO4)3 [36]. The spectral shift of transition
4As - 2B (Cr3H) varying with modification of chemical composition was
presented and discussed for chloride and bromide fluorozirconate
glasses [37]. However, based on the absorption spectra measured for
several oxide and fluoride glass systems it is generally accepted that the
2E state is energetically below the “T; state of Cr>*. In some cases, the
maxima of absorption bands due to 4Ay — *T, and *A, — %E transitions
of Cr®* ions lie close to each other and characteristic dips corresponding
to Fano antiresonances were obtained for fluoride-based glasses [38,39].

The conducted analysis of the studied glasses shows the presence of
absorption bands corresponding to the transitions characteristic for the
octahedral symmetry of the Cr>* crystal field. Generally speaking, only
two bands due to 4A2 — 4T2 and 4A2 - 2E transitions are observed in the
presented absorption spectra, while optical research of glasses doped
with Cr®* ions show also the additional band located around 450 nm. It
was assigned to transition 4A2 — 4T1 of Cr®* ions [40,41]. Moreover, our
results indicate that with increasing titanium dioxide content, the
spectra in the short-wavelength region are masked by strong absorption
of the glass host. On the other hand, the absorption edge gradually shifts
towards shorter wavelengths in the GBCr glass series as the boron oxide
content increases. It should be emphasized here that the tendency to
obscure the spin-allowed *Ay — *T; transition of Cr®* through the ab-
sorption edge was also observed in fluoroborophosphate [42] and cal-
cium borosilicate [43] glasses, clearly suggesting that it is caused by
strong absorption of the glass host. In these cases, the excitation spectra
are usually applied to measure all bands necessary to calculate Racah
parameters of Cr* jons [44-46].

The excitation spectra of germanate glasses containing TiO2/B203
were recorded by monitoring at an emission wavelength of 780 nm
(Fig. 3).

The bands that contain between spectral range 550 and 870 nm
(transitions Ay — *T, and *A, — 2E) show similar features to the
analyzed bands of the optical absorption spectra. Importantly, a well-
separated band was found at shorter wavelengths around 480 nm.
This relatively intense band was attributed to the transition from the *Ay
ground level to the higher-lying energy level “T; of Cr®* ions [47]. Its
presence is significant, and, in particular, the value of its energy makes it
possible to perform appropriate theoretical calculations. With the
Tanabe-Sugano diagram for the d® configuration of trivalent chromium
ions in octahedral symmetry [48], the following parameters 10Dq, B,
and Dq/B were calculated using equations (1)-(3) presented below. The
calculated values of these parameters for germanate glasses containing
B,0s3 are given in Table 2.

Dq:% [E(T:) - E(*A,)] m

Dg _ [15(x — 8)]

B [ — 104 @
1 4 4

x:Fq[E( T\) - E(*T)] 3)

The interatomic repulsion strength of Cr®* ions expressed by the
parameter B in the developed glasses was in the range 733 cm ™! - 661
em™! (GBCr glass series). Compared with the standard interelectron
repulsion value for the free ion (B = 918 cm’l) [49], a decrease in the
value of this parameter was found by 28% in the GBCr3 glass sample
suggesting the relatively strong covalent nature of the bond between
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Fig. 2. Optical absorption spectra of germanate glasses with TiO, (GTCr) and ByO3 (GBCr) doped with chromium ions.

Cr®* ions and surrounding ligands and the effective protection of the
d shell electrons of chromium ions [50]. Next, it was important to obtain
information on the crystal field strength of the chromium ions contained
in the glasses. From the spectroscopic point of view, the Dg/B ratio
provides information about the strength of the crystal field. Literature
data indicate that the value of the spectroscopic parameter Dq/B for
most oxide glass systems [51-53] is within three ranges: Dq/B < 2.3
(weak crystal field), 2.1 < Dq/B < 2.3 (intermediate crystal field), and
Dq/B > 2.3 (strong crystal field).

For Cr" doped barium gallo-germanate glass, the value of Dq/B is
close to 2.13 [54] suggesting an intermediate octahedral ligand field
environment (2.1 < Dq/B < 2.3), which separate the low-field (4T2
state) and high-field (2E state) sites. When B,O3 was introduced to the
germanate based glass, the nearest surrounding of Cr>* ions is changed
in direction to a stronger crystal field. The value of Dq/B increases from
2.15 (GBCr1) to 2.29 (GBCr2) and 2.44 (GBCr3) within increasing BoO3
content. A similar situation was also observed for Cr>* ions in borate
based glasses [55-57]. In contrast to the GBCr glass series, the positions
of absorption bands of Cr>*, except the spin-forbidden transition *Ay —
2E, depend slightly on TiO; content. Considering Dq = 1550 cm ™! and B
= 658 cm ™!, factor Dq/B for GTCr glass series is nearly close to 2.35
independently on TiO, concentration. It suggests that Cr>* ions are

located in the intermediate/strong crystal field confirming the results
obtained previously for some Cr®* doped titanate compounds [58].
Undoubtedly, the spectroscopic parameters obtained from the excitation
spectra indicate that the glass components B,O3 and TiO influence
significantly on the strength of the crystal field of Cr>* ions in germanate
based glass. For that reason, special attention has been paid to the
luminescence properties of Cr>* ions in barium gallo-germanate glasses
containing BO3/TiO; in the next part of the manuscript.

It is well known that Cr®* ions in amorphous materials act as a useful
paramagnetic spectroscopic probe [59]. Previous studies of glasses have
presented different positions and intensities of luminescence bands of
Cr3* ions. If the “T, level is below the 2E level, the emission spectrum
shows only a broad band located in the 700-870 nm range corresponding
to the Ty — *A, transition of Cr®* ions [60]. In another case, the main
luminescence band centered around 680 nm is attributed to the %E — 4A,
transition of Cr>* ions [61]. As shown in Fig. 4 registered the emission
spectra of Cr>* ions in GTCr and GBCr glass series, which were measured
under direct excitation with 600 nm line.

Spectral analysis of all the studied glass samples shows that Cr®* ions
are very sensitive to the change in the quantitative relationship of the
individual oxides and thus are affected by different crystal field
strengths. Comparative analysis shows different spectral profiles of crdt
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Fig. 3. Excitation spectra of germanate glasses with TiO (GTCr) and B,O3
(GBCr) doped with chromium ions (Aey, = 780 nm).

Table 2
Spectral parameters for cr®* ions in germanate glasses containing B,Os.
Glass code Molar ratio Dq [em™ 1] B [em™!] Dq/B
GeOy: BoO3
GBCrl 5:1 1571 733 2.15
GBCr2 1:1 1593 697 2.29
GBCr3 1:5 1615 661 2.44

ions for both germanate glass systems containing TiO2 and B3Os.
Firstly, the Authors’ followed the luminescence properties of Cr®*
ions in germanate based glass samples with TiO, referred to as GTCr1,
GTCr2, and GTCr3. In general, independent of the relative molar ratio of
Ge02:TiOy, each glass system is characterized by a broad luminescence
band, which confirms that Cr®* ions in an octahedral symmetry envi-
ronment occur [62]. However, the detailed analysis confirmed
well-defined broad emission band consists of two overlapping emission
lines of Cr®' ions. Their relative positions and intensities strongly
depend on oxides as the network-former or network-modifier depending
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Fig. 4. Luminescence spectra of germanate glasses with TiO2 (GTCr) and B,O3
(GBCr) doped with chromium ions (Aexc = 600 nm). The spectra were measured
in the 640-875 nm range.

on its concentration. The luminescence spectrum for glass samples
containing predominantly germanium dioxide (GTCr1) is dominated by
the broad band corresponding to the spin-allowed T, — %A, transition
of Cr®* ions. The maximum emission band is significantly shifted to-
wards shorter wavelengths with increasing TiO, content. From this point
of view, the key aspect is the spectral range marked as (*). Luminescence
band centered at about 730 nm is related to the characteristic so-called
R-line [63,64] and corresponds to the ’E - 4A2 transition of Cr>* ions.
For the GTCr2 glass sample (GeO3:TiO2 = 1:1), the intensities of emis-
sion bands related to *T, — %A, and 2E — *A, transitions are comparable.
The profile of the emission band is completely different for the GTCr3
glass sample, where the 2E — *A, transition is dominant. Similar changes
in spectral profiles of emission bands corresponding to both “Ty — “A,
and %E — *A, transitions of chromium were observed for tetraborate
glasses with KLiB4O7:Cr and LizB4O7:Cr compositions [61]. Interest-
ingly, the emission spectra of Cr** ions in glasses, where titanium di-
oxide was replaced by boron oxide, are completely different. In the GBCr
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glass series, the quantitative relationship of the individual oxides did not
significantly affect the position of the broadband luminescence. How-
ever, detectable changes are related to the intensity of the broad emis-
sion band, which is reduced from GBCrl via GBCr2 to GBCr3 with
increasing B,O3 content. An inverse emission intensity dependence is
observed for glass samples by changing the molar ratio of GeOz to BoO3
from 5:1 to 1:5. It is noted that the narrow, poorly separated emission
band corresponding to the ’E > 4A2 transition of Cr3*t (R-line) and
presented by the insert marked as (*), becomes more evident as a result
of introducing higher content of boron oxide. It is quite well evidenced
that the intensity of broadband luminescence due to the *T, — %A,
transition of Cr°t ions decrease but still dominated, whereas the in-
tensity of R-line increases with increasing B;O3 content. The mutual
relation of these two emission lines allows us to explain that a significant
part of the Cr’" jons in germanate glasses containing boron oxide is
located in the stronger field sites. It quite well collaborates with the
results obtained from the absorption/excitation measurements and
calculation of spectroscopic parameter Dq/B which its value increases
with increasing B;O3 content.

Finally, near-infrared luminescence properties of Cr>" ions in glass
series GTCr and GBCr have been also examined in the 950-1500 nm
range. In this spectral range, two NIR emission bands corresponding to
the octahedrally coordinated Cr>* ions in 3 d® configuration and the
tetrahedrally coordinated Cr** ions in 3 d? configuration can be
observed for numerous amorphous and crystalline materials [65]. These
emission bands are located usually at NIR I (ranging up to about 1200
nm) and NIR II (1200-1600 nm) regions and they are assigned to 4T2 —
4Ay (Cr®) and 3T, — 3A, (Cr**) transitions of chromium. Compared to
Cr®*, near-infrared luminescence of Cr** ions in glasses, transparent
glass-ceramics, and other crystalline phosphors are shifted to longer
wavelengths [66,67]. Especially, it is well evidenced for Cr®*/Cr*"
co-doped systems, where the coexistence of chromium ions at trivalent
and tetravalent oxidation states was confirmed by absorption/excitation
and emission spectra measurements [68,69].

Fig. 5 shows near-infrared luminescence spectra measured in the
950-1500 nm region under excitation with the 600 nm line.

Irrespective of the glass composition, both glass series GTCr and
GBCr are characterized by a single broad near-infrared luminescence
band centered at about 1050 nm. In general, the intensities of bands are
reduced independently on BoO3 or TiO; concentration increase, whereas
luminescence band profiles are practically not changed. The results for
NIR luminescence that existed above 1000 nm in numerous Cr>* doped
compounds are quite well documented in the literature. The presence of
two emission bands at 730 nm and 1030 nm for LazGas sNbg.5014:Cr>"
phosphors is ascribed to trivalent chromium ions in disordered octahe-
dral (site I) sites and tetrahedral sites (site II), respectively [70]. Also,
further studies demonstrate some chromium doped NIR phosphors, i.e.
CsyAgInClg:Cr®* [71] and LiScGeO4:Cr®* [72] with peak emission
wavelength longer than 1000 nm, which correspond to the spin-allowed
4Ty — %A, transition of Cr*.

In our case, we also observe for both glass series GTCr and GBCr the
near-infrared emission bands centered near 1050 nm. The excitation
spectra measurements under various monitoring emission wavelengths
680 nm and 1050 nm (Fig. 6) confirm the presence of two main 4A2 —
4T, and Ay — T, transitions of chromium ions at trivalent oxidation
state. However, the positions of maxima of excitation bands measured
under two monitoring VIS (Aem;, = 680 nm) and NIR (Aep; = 1050 nm)
emission wavelengths are different. The maxima of the *T, bands are
located at a longer wavelength for Aey, = 1050 nm than Aey, = 680 nm.
These phenomena could be explained by the presence of two types of
octahedral Cr®* ions with slightly different crystal field strengths, i.e.,
isolated Cr>* ions evidenced by the visible emission, and another Cr3*
ions which transfer successfully their excitation energy to nearby
tetrahedral chromium ions giving the near-infrared emission. The in-
vestigations are in a progress.

Journal of Luminescence 245 (2022) 118775

Fig. 5. Near-infrared luminescence spectra of germanate glasses with TiOy
(GTCr) and B,03 (GBCr) doped with chromium ions (Aexe = 600 nm). The
spectra were measured in the 950-1500 nm range.

4. Conclusion

In this paper, chromium-doped germanate glass matrices (GeOs-
B203-Ba0-Gay03-Cry03 and GeO,-TiO2-BaO-Gay03-CroO3) were suc-
cessfully synthesized and studied using EPR and luminescence spec-
troscopy. The author’s strategy was based on a prepared series of glass
samples with different GeO2:B203 and GeO3:TiO3 molar ratios. Using
this approach, the Authors’ managed to obtain interesting spectroscopic
results. The received materials were studied using EPR spectroscopy to
confirm chromium ions occur in the trivalent oxidation state. The op-
tical absorption spectra consist of two characteristic transitions of Cr>"
ions: “Ay — 4T, and *Ay — 2E. Moreover, an interpretation of the results
concerning parameters Dq/B obtained from excitation spectra allows us
to state that the Cr>* ions are located in an intermediate/strong crystal
field. Further analysis of the obtained glasses perfectly has proven that
the quantitative relationship of metal oxides determines the luminescent
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Fig. 6. Excitation spectra of germanate glasses with TiO, (GTCr) and B;03 (GBCr) measured under various monitoring emission wavelengths Ae;, = 680 nm and

1050 nm.

properties of Cr>" ions. The glasses show evident differences in the
profile of the recorded emission band associated with the 4Ty > 4A,
transition of Cr>* ions. Simultaneously, it was revealed that the content
of individual oxides allows identifying the R-line characteristic for
trivalent chromium ions. The presented results may be important in
terms of potential application because suggest new approaches tailored
to the needs of developing an optical material. Concluding our research
showed that trivalent chromium ions are very sensitive to modification
chemical compositions of germanate glasses that can be applied in many
optoelectronic devices emitting radiation in the wide near-infrared
spectral range.
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Abstract: Modified barium gallo-germanate glass hosts are still worthy of attention in studying
structure—property relationships. In this work, two different series of glass systems based on
(60-x)GeO,-xTi0,-30Ba0-10Gay O3 and (60-x)GeO,-xB,03-30Ba0-10Ga,03 (x = 10, 30, 50 mol%)
were synthesized, and their properties were studied using spectroscopic techniques. X-ray diffraction
(XRD) patterns revealed that all fabricated glasses were fully amorphous material. The absorption
edge shifted toward the longer wavelengths with a gradual substitution of GeO,. The spectroscopic
assignments of titanium ions were performed with excitation and emission spectra compared to the
additional sample containing an extremely low content of TiO; (0.005 mol%). On the basis of Raman
and FT-IR investigations, it was found that increasing the TiO, content caused a destructive effect on
the GeOy4 and GeOg structural units. The Raman spectra of a sample containing a predominantly TiO,
(50 mol%) proved that the band was located near 650 cm 1, which corresponded to the stretching
vibration of Ti-O in TiOg unit. The deconvoluted IR results showed that the germanate glass network
consisted of the coexistence of two BO3 and BO;, structural groups. Based on the experimental
investigations, we concluded that the developed materials are a promising candidate for use as novel
glass host matrices for doping rare-earth and/or transition metal ions.

Keywords: barium gallo-germanate glasses; boron trioxide; titanium dioxide; vibrational raman and
infrared spectroscopies; structure-property relationship

1. Introduction

Glass, according to the definition, is a supercooled liquid and exhibits an amorphous
nature. It should be noted that the common specific feature of all oxide glasses is the lack of
long-range ordering. In the last few years, much research has been focused on explaining
the relationship between the content of network formers and network modifiers and the
stretching or bending vibrations occurring in the glasses. Special attention has been paid to the
attractive infrared range characterizing the local structure of glassy systems using vibration
analysis such as Raman and FTIR spectroscopy. There are extremely useful experimental
techniques in investigating the structural properties of inorganic glasses [1-3]. Although
there are well-documented scientific reports, the interpretation of the vibrations of glass host
structural units occurring in oxide glasses is still a subject of ongoing scientific debate.

The above vibrational spectroscopies were successfully applied to examine the local
structure of borate [4,5], phosphate [6,7], tellurite [8,9], silicate [10,11], and
germanate [12-16] glass-host matrices. Studies in the last decade have shown that ba-
sic glass composition can be realized by adding several oxides and/or fluoride addi-
tives [17,18]. The main goal is to develop materials with excellent thermal, chemical,
structural, and spectroscopic properties and various potential applications. Among those
mentioned above, germanate glass is a promising starting material. First observed by
Ivanov and Evstropiev [19], the coordination of Ge would continuously change from GeOy
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to GeOg with the addition of alkali oxides. Recently, the structural properties of germanate-
based glasses have been examined in NayO-GeO,-TeO; [20], LiO-GeO,-TeO, [20], MnO-
GeO,-PbO;, [21], TeO2-GeO,-PbO [22], NayCO3-CaO-GeO;, [23], and GapO3-GeO,-BaO [24].
Among the reported germanate-based glasses, the barium gallo-germanate matrix has re-
ceived the most attention due to its excellent properties, i.e., relatively large glass-forming
region, high transmittance in a wide wavelength region, superior chemical durability,
and thermal stability [25,26]. The structural properties of the BGG glass system modified
by boron trioxide are less documented in the literature. Borate-based glass has excellent
properties among the common glass-forming agents due to its high bond strength, co-
ordination geometry, and maximum phonon energy (~1400 cm™!). The transformation
of the coordination environment of boron, in terms of the equilibrium of the structural
changes related to the conversion between BO3 and BOy, has been extensively studied [27].
Meanwhile, titanium oxide (TiO,) is one of the important constituents of luminescent glass,
which acts as both network formers and network modifier [28]. Depending on the glass
type, titanium can exhibit both trivalent and tetravalent valence states. The first attempts in
this area were made by Cheng J. and Chen W. [29], who showed that stable titanate glasses
could be obtained without adding glass network components (S5iO;, B,O3). However, the
formation of titanium ions in glasses has been reported, but most of the glass systems
are partially crystallized. Up to now, fully amorphous barium gallo-germanate glasses
containing higher TiO, contents (10-50 mol%) were not obtained. It is well known that
metal oxides such as B,O3 and TiO, can be added to germanate-based glass to modify their
optical and structural properties. The effect of the spectroscopic properties of properties for
SrO-BaO-B,0,-5i0; glass ceramics [30] with different TiO, /B,Oj3 ratios has been studied.
Consequently, the fraction in the form of TiO4 and TiOg increased when the fraction of
BOj3 decreased. For this reason, it is important to broaden our knowledge of the structural
properties of the GeO,-BaO-GayOj3 glass system modified by TiO, /B,0Os3.

In our previous work [31], Cr3* ions were used in multicomponent germanate glasses
as a spectroscopic probe. We observed that GeO, and TiO,/B,0Oj3 strongly influenced the
profiles of luminescence bands and their relative intensity of trivalent chromium ions in
the visible and infrared range. The calculated spectroscopic parameters from the Tanabe-
Sugano diagram indicated that Cr** ions in the GeO,-BaO-Ga, O3 glassy phase occupied the
intermediate (sample with BOs) and strong (sample with TiOy) crystal field, respectively. It
is assumed that adding glass formers such as TiO, and B,0Oj3 to the BGG network changes
the local structure. We have extended this experimental approach to the analysis structural
properties of undoped GeO,-TiO,-BaO-Ga;O3 and GeO-B,O3-BaO-Ga, O3 systems. Struc-
tural changes in the studied glasses were examined by XRD, FT-IR and Raman spectroscopy.
Our study intends to present the role of titanium ions in germanate glass-host matrices based
on excitation and emission spectra compared to the glass sample containing an extremely
low content of TiO;. Another aspect worth exploring is a mathematical procedure of spectral
decomposition as the possibility of determining the component bands resulting from matrix
vibrations for the GeO;-B,03-Ba0-GayOj3 glass system.

2. Materials and Methods

In the presented procedure, multicomponent germanate-based glass systems modified
by TiO, /B,O3 were prepared using the conventional melt quench technique. The high purity
chemicals such as (>99.99%) germanium oxide (GeO;), boron trioxide (B,O3), titanium oxide
(TiOy), barium oxide (BaO), and gallium trioxide (Ga;O3) (Sigma Aldrich Chemical Co.,
St. Louis, MO, USA) were used to synthesize the glass samples. The glass samples were
entitled as GT1 (GeO,:TiO, = 5:1), GT2 (GeO,:TiO; = 1:1), GT3 (GeO,:TiO, = 1:5) and GB1
(GeO,:B,0O3 = 5:1), GB2 (GeO,:B,03 = 1:1), and GB3 (GeO,:B,03 = 1:5), where the first
letters refer of the GeO;,, TiO;, and B,O3; metal oxides. The chemical compositions of the
GeO, /TiO; and GeO,/B,0O3 molar ratios and nomenclature are listed in Tables 1 and 2.
The glass components were taken in appropriate proportions and mixed using agate-made
mortar and pestle in a glove box in an inert atmosphere to constitute a 5 g batch. The
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homogenized mixtures were melted in a crucible (Lukasiewicz Research Network, Institute
of Ceramics and Building Materials, Cracow, Poland) at a temperature of 1250 °C for
60 min in an electric furnace (CZYLOK Company, Jastrzebie-Zdrdj, Poland). The molten
glass sample was taken out of the electric furnace, cast on a porcelain plate, and cooled
down to room temperature. At the end of the procedure, the glass samples were polished
(semiautomatic grinding and polishing LaboPol-5 Struers, Denmark) in the desired shape.
Finally, we fabricated glass samples of dimensions 15 mm X 15 mm and thickness £3 mm
for the following optical and structural measurements. Figures 1 and 2 show images of the
polished samples GT2 and GB2.

Table 1. Nominal composition (mol%) and GeO, /TiO, ratio of glass samples.

Chemical Composition of BGG Glass with TiO, (mol%)

Sample . .
Coé’e GeO, TiO, BaO Ga,05 Ge0,:TiO;
GT1 50 10 30 10 5:1
GT2 30 30 30 10 11
GT3 10 50 30 10 15

Table 2. Nominal composition (mol%) and GeO, /B,0Oj5 ratio of glass samples.

Chemical Composition of BGG Glass with B,O3 (mol%)

Sample

Code GeOz 3203 BaO Ga203 GeOz:B203
GB1 50 10 30 10 5:1
GB2 30 30 30 10 11
GB3 10 50 30 10 1:5

Figure 1. Photographs of the obtained glass sample: 30GeO,-30TiO,-30Ba0O-10Gay O3 (GT2).

An XRD spectrum for prepared samples was recorded with an X'Pert Pro diffractome-
ter with CuKo radiation with a A = 1.54056 A wavelength supplied by PANalytical (Almelo,
The Netherlands) in the range 20-70°. The diffraction patterns were measured in step-scan
mode with a step size of 0.050 and a time per step of 10 s. The UV-VIS spectrophotometer
(Varian Cary 5000, Agilent Technology, Santa Clara, CA, USA) was used to measure the
optical absorption spectra. The excitation and luminescence spectra of the glasses in a range
of 260-650 nm were registered using a laser system that consisted of a PTT Quanta-Master 40
UV/VIS Steady State Spectrofluorometer (Photon Technology International, Birmingham,
NJ, USA) coupled with a tunable pulsed optical parametric oscillator (OPO) pumped by
the third harmonic of an Nd:YAG laser (Opotek Opolette 355 LD, OPOTEK, Carlsbad,
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CA, USA). The laser system was coupled with a Xe lamp (75 W). The resolution for the
excitation and luminescence spectra was +0.25 nm.

Figure 2. Photographs of the obtained glass sample: 30GeO,-30B,03-30BaO-10Ga, O3 (GB2).

In the next step, the structural investigations for the obtained materials were evalu-
ated. The bonding vibrations were determined via a Fourier Transform Infrared (FTIR)
measurement in the region 1600-400 cm~! (Nicolet™ iS™ 50, Thermo Fisher Scientific,
Waltham, MA, USA) with a diamond attenuated total reflectance (ATR) module. The
complementary structural characterization of the obtained glass samples was verified using
Raman spectroscopy (Thermo Scientific, Waltham, MA, USA). The appropriate laser source
with an excitation wavelength of 780 nm was used to obtain the Raman spectra. The laser
was directly focused on the sample with an Olympus long-working-distance microscope
objective (50x). The Raman and IR spectra were normalized and deconvoluted using
Origin Pro 9.1 software. All the measurements were performed at room temperature.

3. Results

The aim of this work is to evaluate the effect of a boron trioxide (B,O3) and titanium
dioxide (TiOy) substitution on the properties of barium gallo-germanate (BGG) glasses.
Firstly, to emphasize the potential of titanium-rich glasses and boron-rich BGG glasses,
X-ray diffraction (XRD) was used to verify the local structure of the studied glass systems.
Absorption spectroscopy is a very useful technique for characterizing the optical properties
within the range of 200-800 nm of fabricated glasses. The assignment of the titanium ions’
emission bands that were derived from the spectroscopic results allowed us to confirm
the Ti>* ions in barium gallo-germanate glass systems. Secondly, a thorough analysis of
the structural properties was performed by means of FI-IR and Raman spectroscopy. In
those pioneering works, the properties of barium gallo-germanate systems were studied
for possible applications in low-loss fiber optics and optical components [32-34]. The
morphology of barium germanate glasses was reported by Shelby [35]. It should be
noted that the barium gallo-germanate system shows a broad glass-forming region [36].
The properties of these systems can also be modified by adding or substituting other
components. The effect of various substitutions in the barium gallo-germanate glasses was
studied by Jewell et al. [37]. As a result, gadolinium is a typical modifier ion because of
its large field strengths. Next, aluminum acts as an intermediate with AlIO;~ substituting
directly for Ga;O4~ units. In the presence of GeO,, gallium atoms tend to reinforce the
glass network as observed in BaO-GayO3-GeO, glass compositions, where the corners
bind GaO4 and GeOy tetrahedra. Consequently, depending on the content of various
components, their role can change from network modifier to network former. To the best
of our knowledge, these phenomena were not yet examined for B,O3, one of the typical
covalent network formers that meet Zachariasen’s rules for glass formation, and TiO,
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whose role can change from glass network modifier to glass network former depending on
its amount in the glass.

3.1. Glass Characterization

In order to examine the amorphous or crystalline state of the fabricated glasses, a
phase analysis was conducted with the use of X-ray diffraction (XRD). Figure 3a,b present
representative X-ray diffraction patterns measured of the barium gallo-germanate glasses
with the varying content of TiO, and B,Oj3 (from 10 to 50 mol%). According to the literature
data [38], the barium gallo-germanate glass system can exhibit a tendency toward surface
crystallization. However, it is well known that bulk crystallization can be made possible
in various glass systems by phase separation followed by nucleation and crystal growth.
It needs to be stressed that TiO, was an effective crystal nucleating agent in various glass
systems. Systematic studies clearly indicate that the crystallization of TiO, in glass systems
depends on several factors, e.g., ionic size, ionic chance, and the ability to be conditional
glass former ions [39,40]. The main drawbacks of TiO, content are related to decreasing
the viscosity of the glasses at a high temperature process and importantly promoting glass
liquid-liquid phase separation, which provides more phase interfaces. Mingshen et al. [41]
exhibited the role of TiO; (5-10 wt%) in the process of the phase separation, nucleation, and
crystallization of CaO-MgO-Al,O3-5i0,-NayO system glasses. Importantly, they showed
that the number of the main crystalline phase increased with temperature and time. Our
results indicated that this phenomenon was not observed in the fabricated glass system
using the traditional high-temperature melt-quenching method. For this reason, for the
structural analysis, we started using X-ray diffraction measurements.

Figure 3. XRD profiles of barium gallo-germanate glasses containing various molar ratios TiO,
(a) and B,O3 (b). Insets show the X-ray diffraction intensity for GT3 (GeO,:TiO, = 1:5) and GB3
(GeOy:B,0O3 = 1:5) glass samples.

Figure 3 shows the XRD patterns of the GT and GB precursor glasses. The titanate—
germanate samples revealed only a broad diffuse scattering at different angles instead of
narrow lines typical for crystalline materials, confirming a long-range structural disorder



Materials 2023, 16, 1516

60f 19

characteristic of the amorphous glassy network. The same behavior was observed in the
case of a glass sample where GeO, was partially substituted by B,O3 from Figure 3b. The
broad low intense peak at the angles 20-30° confirmed the amorphous nature of the GB1,
GB2, and GB3 samples. Additionally, the hump’s maximum did not shift, corroborating
the absence of the evolution to a lower degree of the order of the local structure of the
studied glasses with wide GeO,:TiO, and GeO;:B,O3 molar ratios. Moreover, the GT3 glass
sample containing 50 mol% TiO; showed a higher peak intensity than the glass sample
with predominantly boron trioxide content GB3. This phenomenon met the requirement
that the higher the atomic number of an element (Ti > B), the higher the X-ray diffraction
intensity shown in the inset of Figure 3.

Figure 4 illustrates the optical UV-visible absorption spectra for fabricated germanate
glasses modified by titanium dioxide (Figure 4a) and boron trioxide (Figure 4b). It should be
noted that the characteristic of both series of GeO,-TiO,-BaO-Gay;O5; and GeO,-B,03-BaO-
GayO3 glass matrices is the absorption edge which was shifting towards the longer wavelength
with increasing TiO, and B,O3 content. Following that, the UV cut-off wavelength, referred
to as the intersection between the zero-base line and the extrapolation of the absorption edge,
was estimated. The inset in Figure 4a,b presents the absorption edge for the GT1, GT2, GT3
and GB1, GB2, GB3 glasses. From absorption spectra, it is clear that with the increasing
TiO, /B,0O3 concentration, the absorption edges were shifted to longer wavelengths.

@) (b)

Figure 4. UV-visible optical absorption spectra for glass systems modified by TiO; (a) and B,O3 (b).
Insets show the variation in UV cut-off as a function of TiO, and B,O3 concentration.

According to the literature [42,43], titanium ions are also accepted to exist in glasses
in various oxidation states. For this reason, we extended our experimental approach in
optical research by designing and preparing a glass sample doped with an extremely low
concentration of TiO, (0.005 mol% TiO,). We registered the optical absorption spectrum for
the spectroscopic characterization of titanium states in the glass sample (Figure 5a). Rao
et al. [44] suggest that the intense and very broad absorption in the visible region was a
result of superimposed bands from Ti** and Ti** ions. In the silica calcium aluminosilicate
system, the band of about 310 nm corresponded to the Ti** ions [45]. However, this band
was strongly masked by the absorption edge for titanium-doped germanate glass, which
was significantly shifted toward longer wavelengths. Moreover, in the case of a fabricated
sample doped with titanium ions, the inset of Figure 5a displays the high-resolution optical
absorption spectrum in the 675-730 nm range. The low intense absorption band centered at
700 nm may be quite well interpreted and related to the Ti**-Ti** ion pair interactions [45].
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Based on it, it was stated that the presented experiment constitutes the next step toward
measurements with different emission wavelengths

Figure 5. Optical absorption spectrum (a) and excitation spectra (b) of the sample containing extremely
low titanium dioxide content. The excitation spectra are monitored at 440 nm and 530 nm. The inset
shows Ti*—Ti** pair’s interaction in the range 675-730 nm (*) recorded with high resolution.

To analyze the emission spectra for the prepared glasses, it is necessary to know
the excitation wavelengths of titanium ions. For this purpose, Figure 5 shows combined
excitation spectra for the titanium-doped germanate glass sample (0.005 mol%). Upon
excitation at 440 nm, the band at 270 nm might be identified as Ti ions in a tetravalent
oxidation state [44,45]. On the other hand, our experimental investigations demonstrated
the excitation band by monitoring the emission at 530 nm. The spectrum exhibited a
relatively intense band at about 300 nm, which could be related to the Ti** ions [44, 45].

We performed the same procedure for the GT1, GT2, and GT3 glass samples (Figure 6).
Obviously, changing the chemical glass composition leads to changes in the positions and
intensities of the relevant excitation bands of the titanium species. Within the VIS range,
the excitation spectra consisted of a characteristic band centered at 390 nm (Figure 6a).
The relatively highest intensity of these excitation band glasses suggests a larger Ti**
ions concentration in these samples. Notably, the band associated with titanium ions on
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the tetravalent valence state was very weakly detectable. Further analysis demonstrated
notable changes in the excitation spectra (Aem = 530 nm) dependent on the TiO, content. To
evaluate a full picture of the optical properties of the titanate—germanate glass system, we
performed a luminescence experiment using the direct excitation wavelength between two
excitation bands (Aexc = 345 nm).

A\
/

Figure 6. Excitation spectra (Aem = 440 nm and Aem = 530 nm) for GT1, GT2, GT3 samples.

The emission properties of GeO,-TiO,-BaO-GayO3 glass systems with different
GeO,:TiO, molar ratios were investigated under the 345 nm excitation wavelength and
recorded in the 400-650 nm range, as shown in Figure 7. The asterisk (*) refers to the
extremely low titanium dioxide concentration of the glass samples. For the fabricated
titanate-germanate glasses (GT1, GT2, GT3), the intensities of the recorded band at 560 nm
increased with the increasing GeO,:TiO, molar ratio. Interestingly, for the sample with
the highest GeO,:TiO, molar ratio (1:5), the concentration quenching of the emission of
the Ti®>* ions was observed. Our research phenomenally demonstrated that the succes-
sive replacement of germanium dioxide by titanium dioxide shifts the redox equilibrium
Ti3*-Ti** to obtain optically detectable amounts of Ti3* ions. Hence, a sample with a
10 mol% concentration of TiO, is preferable for achieving a high luminescence emission of
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Ti%* ions. Broadband, low-intensity emission with a maximum of 440 nm is characteristic
of the Ti** valence state [44,45].

in
34

— / .

Figure 7. Visible emission spectra (Aexc = 345 nm) for GT1, GT2, and GT3 samples. The asterisk (*)
refers to glass containing an extremely low titanium dioxide concentration.

The absorption, excitation, and luminescence results showed that titanium dioxide
caused variations in the valence state of the titanium ions in the germanate glass network
that may produce structural modifications and local-field variations in the structure. For
this reason, this work discusses the IR and Raman spectroscopy of germanate-based glass
systems modified by TiO; /B,Os.

3.2. Raman and FT-IR Spectroscopy of Barium Gallo-Germanate Glasses Containing TiO,/B»O3

Previous reports showed that many types of germanate glass had been studied using
vibrational spectroscopy [46—49]. Initially, the precise determination of the network units
characterized by multicomponent germanate matrices was a complicated task due to the
character of composed network-forming or network-modifier oxides. The network of
germanate glass is formed by tetrahedral GeO, structural units, which share their corners,
and the Ge atom is covalently bonded to four bridging oxygens. The thermodynamic
instability of the GeOg octahedral units produces a large concentration of nonbridging
oxygen ions. This evolution clearly indicates the conversion of [GeOy4] — [GeOg] structural
units [50]. According to the literature [51], the vibrational spectrum of the germanate
glasses is rather remarkable. The germanate matrix is characterized by the structural units’
dominant contributions in low- and high-frequency regions. The low-frequency region
is mainly characterized by a peak around 560 cm~! and is associated with the bending
vibrations of Ge-O-Ge. The high-frequency region is reported to contain a band at approx.
915 cm !, and low inflections at approx. 1000 cm™! are attributed to the asymmetric
vibrations of the Ge-O-(Ge) bridges. These bands occur in a typical infrared spectrum
when the glassy germanium oxide is composed of germanium-oxygen tetrahedra with
nonbridging oxygens. It was repeatedly demonstrated that changes in the local structure of
the germanate network as the alkali concentration [52,53] increased resulted in a systematic
shift in the band components associated with the vibrations of the GeO, units. This
is evidenced by the broken Ge-O" bridges at about 750 and 870 cm™~! for the Q2 and
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Q3 units. Comprehensive studies of germanate glasses have also provided strong evidence
regarding the replacement of GeO4 by other units, including germanate—oxygen octahedra
(GeOg). This strong modification is demonstrated by the appearance of a band at about
715 cm ™! in the midinfrared spectrum, evidently involving a change in the coordination
number of the germanium ions from four (LK = 4) to six (LK = 6) [54,55]. According to the
paper published by McKeaon and Marzbacher [56], when the GeO, content decreases, the
midfrequency envelope shifts to higher frequencies while the high-frequency features shift
to lower frequencies. It was interpreted as a reduction in the average ring size, as well as
an average lengthening of the T-O (where T is Ge or Ga) band.

Figure 8 shows the measured FT-IR and Raman spectra in the wavelength range of
400-1600 cm ™! of barium gallo-germanate glasses with various GeO,:TiO, molar ratios.
The spectra exhibited two groups of bands (i) in the low-frequency region located from
400 to 600 cm ™! and (ii) in the high-frequency region from 700 to 900 cm~ 1. A single
band dominates the first region of 400600 cm~! due to the GeOy structural units, which
share their corners, where the germanium atom bending is covalently bonded to four
biding oxygens. The second high-frequency region, between 620-900 cm !, is attributed
to the GeOg structural units, where the central atom is germanium and is surrounded
by six oxygen atoms [57,58]. As expected, the molar ratio of TiO; strongly affected these
structural properties of glasses. As one can see from Figure 8, the intensities of the IR and
Raman bands related to the GeO4 and GeOg structural units underwent significant changes
by incorporating the TiO, content into the germanate glass host. With the introduction of
TiO, up to 30mol% in the GeO,-BaO-Ga,O3 glass network, the intensity band centered
at about 450 cm ™! and 800 cm ! was observed to significantly decrease with the shifting
towards the lower frequency region. However, when the TiO, concentration was greater
than 30mol%, it was observed that the band due to the GeOg structural units was shifted to
higher frequencies. The explanation for these results lies in the dual role of titanium dioxide
in the glass network. Titanium dioxide acted both as the network modifier and network
former, which participated during the formation of the glass network in the form of TiO4 or
existed in the gap outside the network in the form of TiO4 units [57-60]. In this work, the
effect observed with the increased TiO, content very well confirms that the doping titanium
ions of the germanate matrix generated a strong destruction of germanate tetrahedra and
octahedra units caused by the formation of more Ti-O structural units. We considered
the Raman spectrum for the GeO,:TiO; = 1:5 (GT3) glass sample when titanium dioxide
acted as a network former. The main problem with this material is the interpretation of the
local structure due to the overlapping bands. The most interesting observation concerning
all registered spectra was the presence of a band in the frequency range of 600-700 cm~*.
The mentioned band was very detectable with the increase in the amount of titanium ions
introduced at the expense of germanium ions, which resulted in a systematic decrease
in the amount of GeOy tetrahedrons and GeOg octahedrons. According to the data, this
Raman peak is considered strong evidence of Ti-O stretching vibration connected with the
TiOg unit. Earlier studies of other glasses containing TiO; exhibited a well-resolved band
at about ~720 cm ! identified due to the vibration of TiOj structural units [61,62].

As a final point of our investigations, we characterized the structural properties of the
barium gallo-germanate glass host containing B,O3 (Figure 9). As expected, independently,
the chemical composition germanate glass structure resulted in the appearance of the
spectra, revealing signals from the bending and stretching modes of the GeO4 and GeOg
structural units. In contrast to TiO,, the addition of boron oxide was found to be a weak
scatterer in low-frequency and high-frequency ranges between 400-1600 cm~!. Adding
B,O3 to glass causes progressive changes in the low and higher frequency range. These
changes are accompanied by the decreasing of a strong band at 450 cm™~! (almost vanishing
at 50 mol% B,03 in the FT-IR spectrum) and the one at 800 cm ! with increasing borate
content and shifts to lower frequencies. The obtained results indicated that the Raman shift
decreased from 1411 cm ! (glass GeO,-rich composition) to 1340 cm™! (glass ByOs3-rich
composition). A clear correspondence was observed between the bands in the Raman
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spectra and the measurements carried out of the infrared spectra for the obtained glasses.
In general, in the boron-based glass host, boron is three-coordinated. Moreover, previous
studies indicated the presence of trigonal and tetrahedral boron with different ratios and
the partial conversion of BOj into BO, units [63,64].

7
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(

Figure 8. Infrared and Raman spectra of the investigated samples with GeO, /TiO; ratio (5:1, 1:1, and 1:5).

To better visualize the obtained data, the deconvoluted components infrared bands
were separated by a Gaussian deconvolution constructed for each sample GB1, GB2, and
GB3 (see Figure 10). From the structural point of view, the most important observation was
the change in the shift and the relative intensities of these two deconvoluted components po-
sitioned at 1230 cm ! and 1360 cm ! initiated as a function of the quantitative GeO,/B,03
ratio. Hence, in assessing the effect of boron oxide on the barium gallo-germanate glass
network, it is useful to analyze the location and mutual intensity of the appropriate decon-
voluted bands, which have been previously described in detail in the scientific report of
lead-borate glass systems [65].
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Figure 9. Infrared and Raman spectra of investigated glass samples with GeO, /B,Oj ratio (5:1, 1:1,
and 1:5).

The peculiar structural properties of borate glasses come from the ability of boron to
occur in three or four coordination. In general, the equilibrium of the structural conversion
between the BO3 and BOy units in the glass network depends on the chemical composition
and the kind of modifiers [66,67]. Moreover, the relative fraction of the BO3 and BO4 groups
proved to be a sensitive probe of the basic structural units of the network. Calculations were
evaluated with the following formula presented in Figure 11, where Az and A4 correspond
the areas of the BO3 and BOy4 groups. The relative integrated intensity A3/A4 of the
Ge0O,-B03-Ba0-Gay O3 glass system upon adding oxides GeO, and B,O3 in three different
concentrations of 10%, 30%, and 50% each drastically reduced from 1.03 (glass sample GB1)
to 0.38 (glass sample GB3), respectively. We can conclude that the incorporation of B,O3
changed the local structure of the barium gallo-germanate glasses, and the low polymeric
states containing the BO3 units constantly transformed into the high polymerized network
units that mainly consisted of BOj. Interestingly, the group Mogus-Milankovic et al. [68]
noted results for the quaternary LiO-B,03-P205-Ge;O glass system. With the addition of
lower GeO; content, the dominant borate unit was BO4, whose charge was more delocalized
and enhanced the ion transport. In contrast, the formation of neutral BO3 units at a higher
GeO; concentration could break the conduction pathways and reduce the mobility of
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the ions. According to the literature [69-71], the competition for charge compensation
between highly charged cations is the fundamental reason for boron coordination. The field
strength of different modifier cations such as Na*, Ba2*, and Ca?* [72] affects the enhanced
stabilization of tetraborate groups by involving higher field strength cations in NBO-rich
glasses. A similar effect of Na* in sodium borate glasses has been recently found for the
highly charged state of lanthanide ions (which act as modifiers) [73], which boosts the
formation of negatively charged tetrahedral boron.

Figure 10. Deconvoluted infrared bands of series glass samples (GB1, GB2, GB3) as a function of
GeO, and B,Oj3 concentration in spectra range 1100-1550 em™ L
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Figure 11. Change with composition of the calculated total fraction of BO3 and BO, units versus the
GeO, /B,0O3 molar ratio.

4. Discussion

The properties of precursor glasses were characterized using various experimental
techniques to fulfill laser sources emitting midinfrared radiation and broadband optical
amplifiers operating at near-IR range requirements. The obtained novel titanate-germanate
and borogermanate glasses with a TiO, and B,O3 content of up to 50 mol% were transparent
and exhibited a fully amorphous nature. The luminescence studies of the GeO,-TiO,-BaO-
Ga 03 glasses perfectly confirmed the oxidation state of titanium ions in the function of
the GeO,:TiO, molar ratio. In the case of the GT series of glasses, the titanium acted as
a glass network and a network modifier in the barium gallo-germanate network. It was
proven that the incorporation of two various metal oxides in the barium-gallo germanate
glass host influenced their structural GeO4 and GeOy units. Indeed, this effort led to the
better identification of the structural building blocks and the evolution of the Raman and
FT-IR spectra of the BaO-GapO3-GeO, glass system containing TiO; /B,O3 in the lower
and higher frequency, respectively. It is well known that in glasses doped with lanthanide
ions, the highest-energy phonons exercise the most influence in nonradiative relaxations
because multiphonon decay occurs with the fewest number of phonons required to bridge
the energy gap between two manifolds. On the other hand, the lower phonon energy of
the glass host can reduce the probability of nonradiative relaxation and enable the higher
quantum efficiency of photoluminescence and/or a higher luminescence lifetime of the
excited state of lanthanide ions [74,75]. Moreover, we indicated [76] that the highest phonon
energy for glass with GeO,:TiO, equal to 1:1 decreased to 765 cm~!, which was smaller
than that of the pure barium gallo-germanate glass reported (845 cm ') [77]. For this reason,
in the field of developing the glass structure system by embedding optically active ions
to enhance their optical characteristics, titanium dioxide is a very useful component. Our
systematic investigations demonstrated that barium gallo-germanate glasses containing
TiO, can be successfully used for near-IR laser applications at 1.06 um through Nd3* dop-
ing. The same glass systems doped with Er®* ions are suitable for near-IR luminescence at
1.5 um and could be useful for near-infrared broadband optical amplifiers. However,
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the optimal molar ratios of GeO,:TiO, in these glass systems were completely different
for Nd3* [78] than Er®* [79] ions. The further characterization of barium gallo-germanate
glasses with TiO, and their energy transfer processes between Yb3* and Ln3* ions
(Ln = Pr, Er, Tm, Ho) [80] allowed us to demonstrate that the measured lifetimes de-
creased with an increasing TiO; content, while changes in the energy transfer efficiency
seemed to be nonlinear. To extend the optical applications of barium gallo-germanate
glasses, the effect of B,O3 on structural modifications in the higher frequency range was
observed, suggesting the important role of the molar ratio of GeO,:B,0Oj3 in the formation
of the glass host. In general, borate glasses are striking hosts because they are highly
transparent, thermally stable, and show an appreciable solubility of lanthanide ions [81]. In
the part of this work devoted to the results the Raman band near 1300 cm ! was very well
observed after B,O3 incorporation. This Raman band was related to the maximal phonon
energy of the borate glass host, which caused emission quenching and the suppression
of radiative emissions, especially in the near-IR spectral range. For that reason, barium
gallo-germanate glasses containing relatively higher B,O3 concentrations are rather useless
for near-IR luminescence applications, but they are interesting glass materials for the emis-
sion of visible light. These glass systems doped with Dy3* ions emitted an intense greenish
light, which was changed to yellowish light with an increasing GeO,:B,O3 molar ratio [82].
Interestingly, increasing B,O3 concentrations in barium gallo-germanate glasses did not
negatively affect the reddish-orange luminescence and experimental lifetimes of Eu®* ions
despite their relatively high phonon energy [83]. This suggests evidently that barium
gallo-germanate glass can be an excellent candidate for visible or near-IR luminescence
depending on the glass modifiers (TiO, or B,O3) and lanthanide doping.

5. Conclusions

Undoped germanate-based glasses modified by TiO,/B,O3 were studied experimen-
tally using XRD, luminescence, FT-IR, and Raman spectroscopy. The results led to the
following conclusions:

1.  Barium gallo-germanate glass hosts can accommodate 50 mol% TiO; and B,0O3, and
the samples were still fully amorphous. Based on the absorption spectra measure-
ments, the absorption edge was determined. It was proven that the intensities of the
excitation and emissions and the position bands of Ti** and Ti** strongly depended
on the chemical composition of the fabricated materials.

2. Analysis of Raman and FI-IR spectra for the modified barium gallo-germanate glasses
showed evidence of GeO, and GeOg structural units, independently of the GeO, /TiO,
and GeO,/B,O3 molar ratio. However, titanium dioxide strongly modified the struc-
ture of the glass between the 400 cm~! and 1000 cm ™! frequency region, while boron
trioxide modified the structure between the 1100 cm~! and 1600 cm~! frequency re-
gion. As the titanium dioxide increased, the bands were shifted to a lower frequency
region. From the Raman spectra, we observed that the additional band located near
650 cm ™! confirmed the presence of the TiOg unit. The dependence of the fractions of
the BO3 and BOj units on the kind of glass network formers was reduced from 1.03
to 0.38. Therefore, we confirmed such a hypothesis that there was a strict correlation
between the local structure and optical properties of the barium gallo-germanate glass
system in the function of two various network-former components (TiO, and B,0O3).
The presented analysis confirmed that the developed materials are one of the most
important classes of matrices for doping optically active ions for photonic applications.
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Abstract

Influence of titanium dioxide concentration on thermal properties of germanate-based glasses has been studied. Germanate
glasses varying with TiO, content were examined using DSC methods. The DSC curves exhibit two exothermic peaks,
when GeO, is substituted by TiO,. Based on DSC measurements, characteristic temperatures were determined. The studies
demonstrate that glass transition temperature increases, whereas thermal stability parameters are reduced with increasing
TiO, concentration. The DSC curves were also acquired with different heating rates, and the Kissinger method was used to
calculate the activation energy. X-ray diffraction analysis for germanate-based glass with TiO, indicates that crystallization
processes are more complex and several phases are formed during annealing. The absorption and emission spectra of glass
samples doped with Er** ions were also examined before and after annealing process.

Keywords TiO, - Germanate glass - Thermal properties - Optical properties

Introduction

Previous results published for inorganic glasses proved that
the presence of modifier oxides [1] or rare earths playing
the role as the optical activators [2] has an important influ-
ence on their thermal properties. Among metal oxides that
are components of photonic glasses emitting visible light or
infrared radiation, titanium(IV) oxide (TiO,) deserves par-
ticular attention. Several glass systems varying with TiO,
concentration were synthesized, and their thermal, struc-
tural and optical properties have been determined [3-9]. The
introduction of titanium dioxide to the glass increases the
refractive indices and the radiative transition rates. Thermal
investigations demonstrate that glasses with low TiO, con-
tent exhibit high stability against crystallization. Moreover,
small quantities of TiO, enhance the glass-forming ability
and chemical durability of the glass systems [3]. On the
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other hand, multicomponent germanate-based glasses with
relatively high TiO, concentration are preferred for broad-
band near-infrared emission of erbium ions at 1500 nm in
the so-called third telecommunication window [10]. There-
fore, it is necessary to synthesize thermally stable and fully
amorphous precursor systems with relatively high TiO, con-
centrations, which can be applied to optical fiber drawing.
In this work, the influence of TiO, concentration on ther-
mal behavior of multicomponent germanate-based glass
has been studied using differential scanning calorimetry
(DSC). Special attention has been paid to thermal stabil-
ity parameters, which are important criteria in relation to
glass stability and vitrification ability [11-14]. Crystalli-
zation kinetics of germanate glasses with the absence and
presence of TiO, have been evaluated by non-isothermal
analysis [15-18]. Here, the results for the following series
of glasses TiO,~GeO,-BaO—Ga,0; (un—doped samples) and
Ti0,~GeO,-Ba0O-Ga,0;-Er,0, (Er**-doped samples) are
shown. Erbium oxide (Er,03) plays the important role as
the optically active doping element. It was added to the base
glass TiO,—GeO,-Ba0-Ga,0j; in order to study its absorp-
tion and emission properties. In particular, luminescence
properties of Er’*-doped glasses [19] and glass—ceramics
[20] have been often examined for applications in the 1.5 um
telecommunication window. Thanks to the favorable posi-
tions of energy states, Er’*-doped glass systems can be also
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applied to optical temperature sensors through up-conver-
sion luminescence processes [21]. Germanate-based glasses
containing TiO, (30 mol %) and Er,0; (0.5 mol %) were
also heat-treated in order to fabricate glass—ceramics. Our
previous studies for lead borate glasses and glass—ceram-
ics indicated that the intensities of emission bands related
to the main *I,5,, — *I,5,, near-infrared laser transition of
erbium ions are enhanced and their decays are long-lived
after annealing process [22]. Transformation from ger-
manate glass containing TiO, to glass—ceramic system was
confirmed using the X-ray diffraction. In particular, hyper-
sensitive absorption spectra, near-infrared emission spectra
at 1500 nm and their decays have been examined for glass
samples before and after annealing. These aspects are also
presented and discussed in details.

Experimental

Glasses with the following chemical compositions
xTi0,—(60-x)GeO,-30Ba0-10Ga,0; and xTiO,—(60-x)
Ge0,-30Ba0-9.5Ga,05-0.5Er,0; (x=0, 10, 20, 30, 40,
45, 50) were synthesized using melt quenching technique.
In these glass compositions, the concentrations of com-
ponents are given in molar %. Metal oxides of high purity
(99.99%, Aldrich Chemical Co.) were used to prepare glass
systems. The appropriate amounts of metal oxides were
mixed homogenously together. Next, they were melted at
T=1200 °C for 0.45 h.

The samples were characterized by a SETARAM Lab-
sys thermal analyzer (SETARAM Instrumentation, Cal-
uire, France) using the DSC method. The DSC curves
were acquired with heating rate of 5 °C min“, 7°C min_],
10 °C min™', 12 °C min™’, 15 °C min~" and 20 °C min™",
respectively. Glass powder samples weighing 50 mg were
heated in Al,O; crucibles at the appropriate rates from
ambient temperature up to 1300 °C in a flowing high-purity
argon atmosphere. The values of characteristic tempera-
tures and stability parameters were determined within an
accuracy of +0.5 °C. At least three tests were performed
on each sample to verify reproducibility. The Raman spec-
tra were obtained using a Thermo Scientific™ DXR™2xi
Raman imaging microscope. The appropriate laser source
with an excitation wavelength of 633 nm was used to col-
lect the data. The nature of samples was examined using by
X-ray diffraction measurements (X’Pert Pro diffractometer,
Panalytical, Almelo, The Netherlands) with Cu K, radia-
tion (A=1.54056 A). Also, glass samples were characterized
using absorption (Cary 5000 UV-VIS-NIR spectrophotom-
eter, Agilent Technology, USA) and luminescence spectros-
copy. For emission spectra and decays, laser equipment was
used: PTI QuantaMaster QM40 spectrofluorometer with
a xenon lamp (75W), tunable pulsed optical parametric
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oscillator, Nd: YAG laser (OpotekOpolette 355 LD), double
200-mm monochromators, Hamamatsu H10330B-75 detec-
tor and PTI ASOC-10 USB-2500 oscilloscope. Resolution
for spectral measurements was + 0.1 nm. Decay curves were
recorded with an accuracy of +0.5 ps.

Results and discussion

Figure 1 presents DSC curves for germanate-based glasses
varying with TiO, concentration. The DSC curves were
measured under standard heating rate of 10 °C/min. The
inset referred here as (*) shows DSC curves registered for
glass samples, where TiO, plays the role as glass modi-
fier and its concentration is changed up to 30 molar %
(TiO,:GeO,=1:1). Thermal measurements for germanate
glass without TiO, clearly indicate that only one unsym-
metrical exothermic peak corresponding to crystallization
of the glassy matrix appears. The DSC curves exhibit two
exothermic peaks, when GeO, is partially replaced by TiO,.
The first exothermic peak shifts to lower-temperature region
with increasing TiO, concentration. The profiles of DSC
curves are practically unchanged for glass samples with tita-
nium dioxide playing the role as glass former (TiO,> 30
molar%). The presence of two exothermic peaks on the DSC
curves suggests more complex crystallization process for
our multicomponent TiO,-GeO,-Ba0-Ga,05 glass. Based
on the analysis of glass composition, it is possible to hypoth-
esize explaining the presence of two exothermic peaks on the
DSC curves. It could be assumed that the first crystallization
peak is responsible for forming phases based on GeO, dur-
ing the crystallization of the germanate glass network. The
clear separation of two exothermic peaks with increasing
TiO, concentration indicates the possibility of crystallizing
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Fig.1 DSC curves for germanate-based glasses varying with TiO,
concentration
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another phase during annealing at higher temperatures. The
results suggest that the second crystallization peak corre-
sponds to the formation of titanate crystalline phases in a
glass network. Completely different situation was observed
earlier for glass based on GeO,-K,0-TiO, with one exo-
thermic peak contrary to potassium germanate glass without
titanium dioxide exhibiting two exothermic peaks [23].

In order to determine correlation between thermal prop-
erties of germanate-based glasses varying with titanium
dioxide concentration and glass composition, the structural
aspects of studied systems were analyzed using Raman
spectroscopy. Figure 2 shows Raman spectra registered for
germanate glasses with TiO, as glass modifier or glass for-
mer in 400+ 1200 cm™! spectral region. It was observed that
spectra exhibit two separate frequency regions independent of
titanium dioxide content. The first group of bands (low-fre-
quency region) is mainly attributed to the stretching vibrations
of tetrahedral structural units (GeO,). In contrast, the second
group of bands (high-frequency region) originates vibrations
of octahedral (GeOg) and tetrahedral structural units with non-
bridging oxygen atoms (NBOs) [24, 25]. According to the
literature, the low-frequency region of Raman spectra con-
sists of several overlapped bands. The band located at around
473 cm™! can be assigned to symmetric stretching vibrations
of Ge—O-Ge in 4-membered GeO, rings. On the other hand,
the band corresponding to the symmetric stretching vibrations
of Ge—O-Ge in 3-membered GeO, rings was registered at
524 cm™! [26]. It is important to note that the high-frequency
region of Raman spectra is attributed to symmetric stretching
vibrations Ge-O in GeOg4 and asymmetric stretching vibra-
tions Ge—O(Ge) (767 cm™!) [27] as well as tetrahedral struc-
tural 07 (827 cm™!) and Q® (882 cm™!) units with two and

v, (Ge-O-Ge) in GeO, unit
v (Ti-O) in TiO4 unit
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v, (Ge-0) in GeO, unit  (in molar %)
= v,, Ge-O(Ge) 0%
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£
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@
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©
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Raman shift/cm™'

Fig.2 Raman spectra for germanate-based glasses varying with TiO,
concentration

one non-bridging oxygen atoms [28]. It was observed that
the decreased intensity of bands in low-frequency regions
corresponds to the conversion of GeO, to tetrahedral struc-
tural units with two or one non-bridging oxygen atoms. The
formation of Q% and Q* units due to the depolymerization
of 4- or 3-membered GeO, rings is associated with TiO, as
a glass modifier (TiO, <30 molar%) in the germanate glass
host. Moreover, for studied systems where TiO, is a glass
former (TiO,>30 molar%), the additional band (650 cm™h)
due to the stretching vibration of Ti—O in the TiOg unit is
well observed. Titanium dioxide can exist in the gap outside
the glass network as TiOg units [29]. On the other hand, TiO,
can participate in forming the glass network with tetrahedral
structural units TiO,. The typical Raman band corresponding
to the tetrahedral structural unit (TiO,) linked into the glass
network is around 900 cm™" [30]. This band overlaps with the
bands related to the GeO, and GeOg units. To investigate the
influence of changes in the glass network on physicochemi-
cal properties of the germanate glasses when TiO, plays a
role as a glass modifier (TiO, <30 molar%) or glass former
(TiO, > 30 molar%), a comparative analysis of thermal prop-
erties and structural properties was performed.

From DSC curves glass transition temperature T, crystal-
lization onset Ty, maximum of crystallization peak T}, and
melting temperature T,,, were evaluated. The thermal stabil-
ity parameter AT referred as T, — T, was also calculated. The
factors T, T;, and AT for glass samples varying with TiO,
concentration are schematized in Fig. 3.

As the TiO, content increases in glass composition,
the glass transition temperature 7, increases from 620 °C
(0 mol% TiO,) to nearly 708 °C (50 mol% TiO,). It suggests
that titanium dioxide acts as a glass-network modifier or
former, depending on its concentration. According to Gruji¢
et al. [23], the glass transition temperature T, measured for
oxide glass systems depends on bond strength, cross-link
density and closeness of packing of the glass. In our case,
the glass transition temperature 7, increases with increasing
TiO, content, which indicates that the glass structure is less
open in contrast to germanate glass without titanium dioxide.
Moreover, Calzavara et al. [31] stated that the change in the
structure of the germanate glass host influences glass transi-
tion temperature 7, evaluated from DSC measurements. It
was observed that an increase in Ga,0; concentration led
to the formation of Ge-O—-Ga bonds and polymerization
of the germanate glass network. Values of glass transition
temperature were increasing at the same time. This phe-
nomenon corresponds to reducing the number of structural
units with non-bridging oxygens and forming new gallate
units in the glass network. Our studies for germanate-based
glasses varying with TiO, concentration indicate a similar
relation between structural and thermal properties. Analysis
of Raman spectra for systems with titanium dioxide content
higher than 30 molar% suggests the destruction of germanate
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Fig.3 Glass transition temperature 7, the melting temperature 7, and the thermal stability parameter AT for germanate-based glasses varying

with TiO, concentration

units, especially tetrahedral structural units with NBOs, and
the formation of structural units with Ti—O bond that caused
polymerization of glass network. The values of evaluated
T, are higher when the glass network polymerizes, and the
structure is less open due to the increasing titanium dioxide
content in the glass composition.

The systematic investigations revealed that the glass tran-
sition temperatures are usually increased with increasing
concentrations of network-modifiers in various glass com-
positions. Among others, this situation has been observed
for glass systems with trivalent element oxides Sb,05 [32]
or M,0;, where M=Sc, Y, La and In [33], which behave
as glass network modifiers. Further studies demonstrated
that the initial addition of B,0; to the phosphate-based
glass increases the glass transition temperature, whereas
further additions of boron oxide have less effect. In the same
work published by Freudenberger et al. [34], no systematic
effect of replacement the alkaline earth modifier from CaO
to SrO on values of T, was found. Also, the glass transi-
tion temperature is nearly unchanged (7,=377 °C) after
the introduction of BaO into mixed tellurite-phosphate
glass composition [35]. In particular, glass systems with
the following network modifiers such as SrO, ZnO or V,05
give interesting thermal results. Increase in the SrO content
results in a decrease in T, This situation was observed for
glasses based on CaO-Si0,-B,0,—Na,0-ZrO, [36] and
BaO-SrO-Si0,-B,0; [37]. Completely different results
have been observed for B,0;—P,05—SrO-Li,0O glass [38],
where values of T, increase linearly with SrO content.
An introduction of ZnO into phosphate [39] and tellurite
[40-42]-based glasses results in increase in the glass tran-
sition temperature. Contrary to glass systems mentioned
above, the values of Tg decrease with increasing ZnO con-
centration in tellurite glass [43]. Also, different trends of T,
have been observed for glasses with V,05 concentration.
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The addition of V,Os induces a decrease of T, for alumino-
silicate [44] and borosilicate [45] glass systems, whereas
the glass transition temperature increases with increasing
vanadium oxide concentration in Li,O-PbO-V,05 glasses
[46]. It clearly suggests that the variation in 7, with con-
centration of network modifier oxides depends critically on
glass compositions.

Further thermal studies demonstrate that the values of
melting temperature 7, depend critically on TiO, concen-
tration. The values of T, are considerably higher for glass
samples with titanium dioxide playing the role as glass
former (TiO, >30 molar%) than glass modifier (TiO, <30
molar%). It should be also noted that the melting tem-
perature for samples with glass modifier TiO, is almost
unchanged (7,,=1060 °C+ 1 °C), whereas the values of T,
are increased from 1144 °C (30 molar% TiO,) to 1189 °C
(50 molar% TiO,) with further increasing TiO, concentra-
tion. Similar phenomena were also observed for barium lith-
ium tetraborate glasses BaO-TiO,-Li,B,0;, where the melt-
ing temperature was increased considerably with increasing
TiO, content up to 20 molar% [47]. Studies for phosphate
glasses containing sodium oxide as a glass modifier by
Ciecinska et al. indicated that physicochemical properties
depend on the structure of the glass. Introducing modifiers
into the glass network depolymerizes the glass structure due
to forming ionic bonds between non-bridging oxygen atoms
and modifiers. At the same time, thermal measurements
confirmed that the value of melting temperature 7,, was
practically unchanged for systems with a low glass modi-
fier content [48]. Based on the structural characterization
of our germanate glasses, it can supposed that the evaluated
value of temperature 7, for samples with a low concentra-
tion of titanium dioxide modifier (TiO, < 30 molar%) does
not change because TiO, plays a role as a glass modifier
and causes partially depolymerization of the glass network.
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In contrast with the glass transition temperature T, the
thermal stability parameter AT is reduced with increas-
ing TiO, concentration in germanate-based glasses
(Fig. 3). This situation is completely different compared to
TeO,-La,0;-TiO, glass, where the thermal stability fac-
tor AT was found to increase with TiO, composition [49].
Here, the thermal stability parameter AT is reduced from
187 °C (0 mol% TiO,) to 150 °C (10 mol% Ti0O,), 120 °C
(20 mol% Ti0,), 115 °C (30 mol% TiO,), 80 °C (40 mol%
Ti0,), 65 °C (45 mol% TiO,) and 60 °C (50 mol% TiO,)
in the presence of titanium dioxide in glass composition.
This reducing trend with TiO, content was confirmed by
the Hruby parameter [50], the Saad-Poulain criterion [51]
as well as Weinberg [52] and Lu and Liu [53] factors, which
were also applied to further evaluate the thermal glass stabil-
ity. The results are summarized in Table 1.

The thermal stability parameters AT are reduced with
increasing TiO, concentration, which is useless in relation
to fabrication of the optical fibers from precursor germanate-
based glasses containing titanium dioxide. It is generally
accepted that the larger values of AT give a larger working
range during operations for fiber drawing and glass can be
considered as a glass with relatively good thermal ability if
AT is higher than 100 °C. On the other hand, germanate-
based glasses with higher TiO, content are strongly recom-
mended from the optical point of view, but their values of
AT are relatively low. The thermal stability factors AT for
glass samples with TiO, <30 molar% are still higher than
100 °C. It suggests that glasses with TiO, content up to 30
molar% exhibit good thermal stability against devitrifica-
tion, giving quite large working range during operations for
fiber drawing. The proper choice of glass-host, which we
would like to use for optical fiber drawing, is a compromise
between thermal stability factors and spectroscopic/laser
parameters of rare earth ions.

Germanate-based glass with 30 molar% titanium dioxide
(Ti0,:GeO, =1:1) was selected for further non-thermal anal-
ysis. A widely used non-isothermal technique is the classical

Kissinger method [54] assuming single activation energy
E,. Also, the Kissinger method was applied to calculate the
activation energy for some germanate-based glasses [55].
Matusita and Sakka [56] found criteria on the application of
the Kissinger equation based on the surface nucleation and
crystallization mechanism in the function of the heating rate
for Li,0-Si0, glass. In this work, we used the simplest form
equation throughout the crystallization process as follows:

—FE,
ln<£2> = < d) + const
¥ RT,

where T}, is the temperature that corresponds to the position
of the rate peak maximum, R is the gas constant, f is the
heating rate. The slopes of the linear fit the experimental
data from a Kissinger plot of ln(ﬂ/sz) versus 1/T, which
gives the value of E,. The activation energy E, of crystalliza-
tion that seems to be responsible for the molecular motion
and rearrangements of atoms around the glass transition tem-
perature for fabricated material has been evaluated from a
set of DSC curves measured under different heating rates.
Figure 4 shows the DSC curves for germanate glass with
30 molar% TiO, acquired with heating rate of 5 °C min~!,
7 °C min™!, 10 °C min™!, 12 °C min™', 15 °C min~' and
20 °C min~!. The results were compared to glass without
titanium dioxide. In both cases, with increasing heating
rate, we observed a shift to a higher temperature range and
an increase in the height of the peak maximum. Previously
published work for crystallization kinetics of glass systems
gives interesting results. For lithium borate glasses [57],
the curves were registered for the pre-annealed, slowly, and
quickly quenched samples. Based on this experimental data,
Koga et al. [57] clearly suggested that the number of pre-
existing nuclei was smaller in the slowly quenched glasses.

The activation energies E, for glass samples without
and with 30 molar% TiO, are close to 223 kJ mol~! and
377 kJ mol~!, respectively. The calculations using the Kiss-
inger method demonstrate the increase in activation energy

Table 1 Thermal stability

parameters for glass samples Ti0y/mol% TefC ATPX K Ko™ Kw K
varying with TiO, 0 620 187 0.74 11.16 0.21 0.5

10 657 150 0.59 5.25 0.16 0.48

20 673 120 0.45 3.03 0.13 0.47

30 690 115 0.34 1.83 0.11 0.45

40 705 80 0.22 1.13 0.08 0.43

45 708 65 0.16 0.73 0.06 0.42

50 708 60 0.14 0.68 0.06 0.41

*Hruby parameter Ky =(T_T)/(T,,_T,)

x="g
**Saad-Poulain parameter Kqp=(

***Weinberg parameter Ky, = (7,

p—'x

o TIT,,

m—"x

TOX(T,_TIT,

%% Lu and Liu parameter Ky =T /(T,+T},)
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Fig.4 DSC curves for ger- (a)
manate glass a without and b

with 30 molar% TiO, measured

under different heating rates
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Fig.5 Kissinger plots for germanate-based glasses without and with
30 molar% TiO,

E, with respect to progress of crystallization process of
germanate-based glass in the presence of titanium dioxide.
The regression coefficients of the linear fitting presented in
Fig. 5 are equal to 0.962 (glass with 30 molar% TiO,) and
0.991 (glass without TiO,).

Finally, the crystallization processes in germanate-based
glasses containing 30 molar% TiO, have been examined
using the X-ray diffraction and optical methods (absorption
and emission spectroscopy). For that reason, the precursor
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glasses were heat treated at the appropriate annealing tem-
perature and time. The annealing temperature is usually
chosen between the crystallization onset 7, and the glass
transition temperature T,. For germanate-based glass with
30 molar% TiO,, the values of T, and 7, are close to 805 °C
and 690 °C, respectively. Thus, the annealing temperature
T=750 °C was selected to study crystallization processes in
germanate-based glasses with titanium dioxide. In our case,
the glass samples were annealed from 1 to 5 h.

From literature, it is well known that precursor glasses
are partially crystallized during temperature-controlled pro-
cess, and at consequence, micro-/nanocrystals are formed.
They are distributed into amorphous matrices. Thus, new
composite materials so-called transparent glass—ceramics
(TGC) can be successfully fabricated. Optical changes dur-
ing structural transformation from glass to glass—ceramic
are possible to detect in the studied systems through rare
earth doping. In our case, trivalent erbium ions were used
as the optical active dopants and they are usually incorpo-
rated into crystalline phase present in glass after annealing
process. Differences in the optical characteristics (absorption
and emission spectra) of erbium ions in glasses before and
after annealing can be explained by structural changes in the
environment around the optically active dopants.

Figure 6 presents the X-ray diffraction patterns for ger-
manate-based glass with TiO, before and after annealing
process. The XRD pattern measured for precursor ger-
manate-based glass with 30 molar% TiO, (before anneal-
ing) suggests that sample is fully amorphous. Further XRD
measurements demonstrate that samples after annealing
at T=750 °C for 1, 2 and 3 h are still fully amorphous.
Situation was completely changed for samples annealed at
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Fig.6 X-ray diffraction patterns for germanate-based glasses with 30
molar% TiO, before and after annealing process

T=750 °C for 4 and 5 h. It is well evident from the XRD
measurements that the narrow diffraction lines characteris-
tic for crystalline phases can be observed. It suggests that
our glass was partially crystallized. This is the experimental
proof that a structural transformation from precursor glasses
to glass—ceramics has occurred.

The XRD analysis suggests that crystallization process is
more complex than previously studied BaO-TiO,~GeO, ter-
nary system, where only one crystalline phase Ba,TiGe,Og
is successfully formed [58, 59]. In our case, the phase iden-
tification is not entirely evident. We suggest that narrow dif-
fraction lines may be assigned to the following crystalline
phases: TiO, (card no. 01-075-1537), Ga,Ge,O; (card no.

Fig.7 a hypersensitive absorp- (a)
tion spectra and b near-infrared
luminescence spectra measured

for germanate-based glasses

with TiO, before and after

annealing process
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00-035-0387), Ba;Ga,O (card no. 00-023-1021), BaO (card
no. 00-030-0143) and Er,0; (card no. 00-008-0050), but at
this moment it should be pointed out that further structural
investigations are necessary to identify the nature of these
crystalline phases. However, it may be concluded that com-
plex phases consist of many elements that crystallize easier
[1]. The results obtained by Laudisio et al. [60] confirmed
that the crystallization processes of lithium—titanium—ger-
manate glasses occur in one or more steps into two non-
identifiable crystalline phases.

Also, our previous crystallization studies for multi-
component germanate glasses without TiO, give similar
results. The examination of the crystallization processes
is quite easy in these glass systems, where only a single
phase is growing from nuclei generated during annealing
process. Situation is more complicated, when at least two
or more crystalline phases are formed in glass systems.
These effects are observed for multicomponent germanate
glasses, for which the presence of four crystalline phases
(BaF,, BaO, Ba;Ga,Ge, 0,4, GeO,) was verified by the
X-ray diffraction measurements [61].

Optical changes for germanate-based glasses contain-
ing titanium dioxide after annealing process were verified
using the optical spectroscopy. The optical results were
limited to the measurements of hypersensitive absorp-
tion spectra and near-infrared luminescence spectra of
Er®* ions in germanate glasses with TiO, before and after
annealing. The luminescence decays from the excited state
of Er** ions were also analyzed in details. The absorp-
tion and emission spectra as well as luminescence decay
curves for erbium ions in germanate-based glasses with
TiO, before and after annealing process are presented in
Figs. 7 and 8, respectively.
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Fig.8 Luminescence decays
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The characteristic band due to hypersensitive
1,5, — *H,,), transition of Er’* ions is located in the
absorption spectrum between 500 and 540 nm [62]. This
absorption band is sensitive to even the slightest struc-
tural changes of the glass host. The near-infrared emission
spectrum at about 1500 nm consists of band originating
to the main laser transition from the *I, 5, excited state to
the 1,5, ground state of Er’*. The absorption and near-
infrared emission measurements presented in Fig. 7 well
demonstrate that the spectra are changed after annealing
process and these effects are stronger for glass systems
heat treated at 750 °C for 4 and 5 h. In particular, lumines-
cence bandwidth for the *I;5, — *I,s, near-infrared laser

@ Springer

transition of Er** referred as full width at half maximum
(FWHM) is reduced with annealing time, which is charac-
teristic for semi-crystalline glass—ceramic systems. Lumi-
nescence decay curve analysis confirms this hypothesis.
To obtain an additional information on the luminescence
of Er** ions in titanate—germanate system, the lumines-
cence decay curves for the 1,5, state were recorded by
monitoring the emission and excitation wavelengths at
Aemn=1530 nm and A, =488 nm, respectively. Figure 8
presents the decay profiles of the samples under investi-
gation. All decay curves exhibit a slight deviation from
the single-exponential function. Luminescence decays
are longer for samples annealed for 4 h (Fig. 8¢) and 5 h
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Fig.9 Near-infrared emission bandwidth for the *I;;,— ;s transi-
tion and the *I,5, lifetime of Er** ions varying with annealing time

(Fig. 8f). Based on decay curve measurements, the lumi-
nescence lifetimes *I;3, (Er’*) were calculated by fitting
the luminescence decay curves. Their values are relatively
higher for samples annealed for 4 and 5 h (above 8000 ps)
compared to the glass samples before annealing (Fig. 8a)
or samples heat treated (Fig. 8b—d) for shorter time
(1+3 h). It evidently illustrates that part of erbium ions
is distributed into crystalline phases. The optical changes
limited to values of FWHM and the *I,5,, luminescence
lifetimes are also schematized in Fig. 9.

Conclusions

Influence of TiO, content on thermal properties of ger-
manate-based glasses has been examined in details. The
profiles of DSC curves depend critically on titanium
dioxide, which plays the role as glass modifier or former,
depending on its concentration. The DSC curves exhibit
two exothermic peaks, when GeO, is partially replaced
by TiO,. From DSC curve measurements, characteristic
temperatures were determined. The glass transition tem-
perature increases, whereas thermal stability parameters
are reduced with increasing TiO, content. Also, the DSC
curves for germanate glass containing TiO, were meas-
ured under various heating rates in order to determine the
activation energy of crystallization. The Kissinger method
was applied to calculate the activation energy, which is
considerably higher compared to glass without TiO,. X-ray
diffraction measurements revealed that crystallization pro-
cesses are more complex and several phases are formed
during annealing process of germanate-based glass with
TiO, at 750 °C for 4 and 5 h. Transformation from glass to
glass—ceramic was also confirmed for samples doped with
Er’* ions using absorption and emission spectroscopy.
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7.2. Wplyw stezenia TiO: na wlasciwosci szkiel germanianowych emitujacych

promieniowanie w zakresie podczerwieni

Badania prowadzone w niniejszej rozprawie doktorskiej ukierunkowane byly na
poszukiwanie nowych niskofononowych szkiel domieszkowanych trojwarto§ciowymi
jonami pierwiastkow ziem rzadkich, ktére emitujg promieniowanie elektromagnetyczne
w zakresie podczerwieni. Powinny si¢ wyrdznia¢ interesujagcymi wiasciwosciami
optycznymi, mi¢dzy innymi intensywnymi 1 poszerzonymi pasmami emisyjnymi
w wymienionym powyzej zakresie spektralnym. W tym celu opracowano nowe sktady
szkiel, zoptymalizowano parametry technologiczne, przeprowadzono syntez¢ oraz
kompleksowa charakterystyke wiasciwosci fizykochemicznych i luminescencyjnych
szkiet z uktadu TiO2-GeO;-BaO-Gax03-Ln,0s (gdzie Ln = Nd, Er, Tm, Pr, Ho), w ktorych
tlenek tytanu w zaleznosci od stezenia petnit role szktotwoércza (TiO2>30% mol) lub
modyfikujaca wiezbe (TiO2<30% mol). Otrzymane wyniki badan omoéwiono
szczegblowo w publikacjach P5-P10. Podstawowym zadaniem badawczym podjetym
w publikacji naukowej P5 pt.: “Nd** doped titanate-germanate glasses for near-IR laser
applications” bylo okreslenie wptywu zawartosci TiO> na wtasciwosci spektroskopowe
jonow Nd*" w szklach tytanowo-germanianowych. Przeprowadzono syntezg szkiet
pojedynczo aktywowanych jonami Nd** (1% mol) w uktadzie TiO2-GeO>-BaO-Gay0s,
gdzie wprowadzono TiO; o stezeniu odpowiednio 10, 20, 30, 40, 45 oraz 50% mol.
Na podstawie badan z wykorzystaniem spektroskopii absorpcyjnej stwierdzono,
ze najwigksza intensywno$¢ pasma absorpcyjnego zwigzanego z przejsciem nadczutym
Mon — *Gsp,>G7 jonow Nd* obserwuje sie dla uktadu zawierajacego 20% mol TiO;
(GeO2:TiO2 = 2:1). Schemat poziomdéw energetycznych trojwarto§ciowych jonow Nd**
sprzyja emisji promieniowania w zakresie bliskiej podczerwieni. Szczegdtowa
charakterystyka wlasciwosci optycznych wykazata, ze dla otrzymanego szkla mozna
zaobserwowac¢ trzy pasma luminescencyjne przy dtugosci fali okoto 0,89 pum, 1,06 pum
oraz 1,35 um, ktore odpowiadajg przejsciom *Fzp — Iy (gdzie J =9, 11, 13) jondw Nd**.
Najbardziej intensywne pasmo emisyjne potozone przy dlugosci fali 1,06 pm odpowiada
gtdéwnemu przejsciu laserowemu *F32 — #1112 jonow Nd**, ktore przesuwa sie w kierunku
dluzszych dhugosci fal wraz ze wzrostem zawarto$ci TiO,. Szerokos¢ spektralna
gtdwnego przejscia laserowego jonow Nd** jest niezalezna od sktadu chemicznego szkla

1jej warto$¢ zostala okreslona na okoto 41,5+ 1 nm.
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Na podstawie badan eksperymentalnych, wykorzystujac widma absorpcji, emisji
i kinetyki ich zaniku oraz obliczen z teorii Judda-Ofelta, okreslono szereg parametrow
spektroskopowych i laserowych jonow Nd*" w szklach tytanowo-germanianowych
w funkcji stgzenia TiO. Najkorzystniejsze parametry decydujace o potencjalnych
mozliwo$ciach jego zastosowania otrzymano dla szkta zawierajacego 20% mol TiO:
(GeO2:TiO2 = 2:1): przekrdj czynny na emisje wymuszong Gem=4,41 x 102%cm?,
zmierzony czas zycia luminescencji tm =154 pus, wydajnos¢ kwantowa n= 88%,
6emXFWHM = 1,85x107cm? i GemXtm = 67,91x10cm?s. Wykazano, ze nowe szkla
tytanowo-germanianowe domieszkowane jonami Nd**, zawierajace 20% mol TiO;
(GeO2:TiO2 = 2:1) emituja wydajne promieniowanie podczerwone przy 1,06 um, co daje
mozliwo$ci zastosowania tych uktadow na przyktad w laserach opartych na ciele statym.

Mozliwos¢ wyciggania wtokien ze szkiet optycznych przyczynita si¢ do rozwoju
technologii §wiattowodowej dziatajacej w zakresie tzw. okien telekomunikacyjnych.
W zakresie trzeciego okna telekomunikacyjnego przy dtugosci fali 1,5 um obserwuje si¢
najmniejsze thumienie w §wiattowodzie. W ramach rozprawy doktorskiej podj¢to badania
nad opracowaniem i syntezg tytanowo-germanianowych szkiet aktywnych z jonami Er**
przydatnych dla technologii $§wiattowodowych. Zagadnieniom tym pos$wigcona jest
publikacja naukowa P6 pt.: “Influence of TiO: concentration on near-infrared
luminescence of Er** ions in barium gallo-germanate glasses”. Przeprowadzono synteze
oraz badania luminescencyjne nowych szkiet tytanowo-germanianowych aktywowanych
jonami Er** (0,5% mol) emitujgcych promieniowanie w zakresie bliskiej podczerwieni.
Na podstawie badan eksperymentalnych i1 obliczen teoretycznych wykorzystujacych
teori¢ Judda-Ofelta wyznaczono szereg parametréw spektroskopowych i laserowych.
Szeroko$¢ spektralna pasma luminescencyjnego zwigzanego z glownym przejsciem
laserowym “I132 — #1152 jonodw Er** znaczgco wzrosta od 48 nm (bez TiO2) do 119 nm
(50% mol TiO2). Zauwazalny wzrost tego parametru spektroskopowego jest bardzo
korzystny z punktu widzenia zastosowania otrzymanego materialu do budowy
szerokopasmowych podczerwonych laserow przestrajalnych. Czas zycia goérnego
poziomu laserowego “Ii32 (Er**) maleje wraz ze wzrostem zawarto$ci TiO, w matrycy
barowo-galowo-germanianowej. Wykorzystujac zmierzony i1 obliczony czas zycia
wyznaczono wydajno$¢ kwantowa poziomu wzbudzonego, ktora osiaga bardzo wysoka
warto$¢ (powyzej 90%) dla uktadu barowo-galowo-germanianowego zawierajacego duze
stezenia TiO> (dla poréwnania wydajnos¢ kwantowa dla szkta bez TiO2 wynosi 59%).

Wyznaczono szereg parametrow zmieniajacych si¢ w funkcji stezenia tlenku tytanu.
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Najkorzystniejsze parametry otrzymano dla szkla zawierajagcego 40% mol TiO>
(GeO02:TiO2 = 1:2): Gem = 6,04 x 10?'cm?, Tm = 5,04 ms, 6emXFWHM = 423x1072% cm?,
Oem*Tm = 30,44x102*cm?s. Szkla o najkorzystniejszych parametrach spektroskopowych
i laserowych jonéw Er*" wybrano do dalszej szczegdtowej analizy.

W przypadku wigkszo$ci materiatow tlenkowych ze wzgledu na ich stosunkowo
duze drgania matrycy oraz znaczny udzial przej$¢ niepromienistych nie obserwuje si¢
emisji w zakresie sredniej podczerwieni zwigzanej z przejsciem z poziomu wzbudzonego
“Ti1» na nizej potozony poziom *Iiz» jondw Er’'. Weryfikacje spektroskopowego
potencjatu otrzymanego szkta tytanowo-germanianowego przedstawiono w publikacji P7
pt.: ,, Enhanced mid-IR luminescence of Er’** ions at 2.7 um in TiO>-GeQ:-BaO-Ga>03
glasses”. Charakterystyka termiczna pozwolita stwierdzi¢, ze temperatura zeszklenia
wytworzonego szkla Ty wzrasta z 620°C do 705°C w obecnosci TiO2. Szklo wykazuje
ponadto dobra stabilno$¢ termiczng niezb¢dng do wyciagania wldkien optycznych.
Dzigki zachowaniu rygorystycznych warunkéw podczas procesu syntezy szkiet
tytanowo-germanianowych w specjalnej komorze, w atmosferze ochronnej otrzymane
szkla charakteryzujg sie bardzo niskim wspotczynnikiem con wynoszacym < 0,05 cm™.
Przeprowadzone badania w zakresie $redniej podczerwieni potwierdzity, Ze niska
zawartos$¢ grup hydroksylowych korzystnie wptywa na wtasciwos$ci emisyjne. Uzyskana
dla szkfa tytanowo-germanianowego emisja promieniowania przy 2,7 um zwigzana
z przejsciem 1132 — *Tis52 jonow Er¥* jest okoto czterokrotnie wzmocniona w poroéwnaniu
do wyjsciowego szkta bez TiOz. Przy wprowadzeniu do matrycy 40% mol TiO> szeroko$¢
spektralna pasma odpowiadajacego przejsciu “liz2 — “I1s2 zmniejsza si¢ nieznacznie ze
126 nm do 118 nm. Nizej potozony poziom *I13,2 ulega efektywnej depopulacji niz wyzej
polozony stan *I;12 jondow Er**. Znalazlo to swoje odzwierciedlenie w przeprowadzonej
analizie kinetyki zaniku luminescencji. Czas zycia poziomu *I;3, zmniejsza si¢ z 5,35 ms
do 5,04 ms, podczas gdy czas zycia poziomu “I ;12 wydhuza sie z 69 ps do 138 ps.
Przeprowadzone badania jednoznacznie potwierdzily, ze szkta tytanowo-germanianowe
domieszkowane jonami Er** s dobrym kandydatem dla zrodet laserowych emitujacych
promieniowanie nie tylko w zakresie trzeciego okna telekomunikacyjnego, ale rowniez
przy dhugosci fali 2,7 pm. Warto zauwazy¢, ze warto$¢ parametru 6em XFWHM wzrosta
od 5,17 x10?cm?® do 8,14 x10%cm?, co jest korzystne dla generacji akcji laserowe;.
Mozna zatem stwierdzi¢, ze uktad o sktadzie chemicznym 20GeO;-40TiO>-30BaO-
9.5Ga203-0.5Er03; (%mol) jest obiecujacy jako material emitujacy wzmocnione

promieniowanie w zakresie $redniej podczerwieni.
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Wymagania stawiane nowym materiatom optycznym w dziedzinie podczerwone;j
fotoniki s3 coraz wyzsze. Poszukuje si¢ wydajnych ukladow emitujacych
promieniowanie w zakresie podczerwieni od 1,8 um do 2 um, ze wzgledu na potencjalne
zastosowanie w bezpiecznych dla oczu radarach laserowych lub laserach medycznych
stosowanych w chirurgii. Do tych ukladéw mozna zaliczy¢ migdzy innymi szkla
domieszkowane trojwarto§ciowymi jonami holmu, ktére wykazuja intensywne pasmo
emisji w zakresie podczerwonym przy dtugosci fali 2 um. Do tej problematyki nawigzuje
publikacja naukowa P8 pt.: "Optical properties of titanate-germanate glasses containing
Ho*" ions”, w ktorej uwage skupiono przede wszystkim na otrzymaniu i zbadaniu
wiasciwosci spektroskopowych szkiel tytanowo-germanianowych domieszkowanych
jonami Ho*" (0,25% mol). Wyznaczono szereg parametrow spektroskopowych
1 laserowych zmieniajacych si¢ w funkcji stezenia TiO2 (od 10 do 50% mol) w uktadzie
szkta TiO2-GeO:-Ba0-Ga;03-Ho,03. Prawdopodobienstwo przej$¢ promienistych
glownego przejscia laserowego 17 — °Is jonéw Ho>" przy 2 um przyjmuje stosunkowo
wysokie warto$ci od 120 do 140 s! w szklach, w ktorych tlenek tytanu pelni role
sktadnika szklotworczego (40-50% mol TiOz). Dalsze badania réwniez potwierdzity
korzystny wptyw wzrostu stezenia TiO» na wiasciwos$ci luminescencyjne jonéw Ho*".
Szeroko$¢ potowkowa przejécia °I7 — °Ig jonow Ho>* przy dtugosci fali 2 um wzrosta od
160 nm (bez TiOz) do 175 nm (50% mol TiO;). Szkla tytanowo-germanianowe
zawierajace stosunkowo wysokie stezenie TiO> (40 i 45% mol) charakteryzuja si¢
najwyzszymi przekrojami czynnymi na emisj¢ wymuszong oraz wydajnosciami
kwantowymi wynoszacymi cem = 0,45 x102° cm? i n = 48% (uktad GeO,:TiO; = 1:2)
oraz em = 0,44x102° cm? i n = 51% (uktad GeO,:TiO; = 1:3). Stosunkowo duzy przekroj
na emisj¢ wymuszong i wysoka wydajno$¢ kwantowa zwigkszaja prawdopodobienstwo
uzyskania akcji laserowej, co oznacza, ze tytanowe szklto barowo-galowo-germanianowe
domieszkowane jonami Ho**, w ktorym TiO pehni role sktadnika szktotworczego jest
potencjalnym kandydatem do zastosowan laserowych przy dlugosci fali 2 pm.
Badania przedstawione w pracy P6 jednoznacznie wykazaty, ze w wielosktadnikowym
szkle tytanowo-germanianowym aktywowanym jonami Er’* o duzym stezeniu TiO:
(40% mol) jest mozliwy znaczny wzrost intensywnos$ci pasma emisji przy dtugosci fali
1,5 pum. Podobng zalezno$¢ zaobserwowano w omawianej pracy P8. Analiza
otrzymanych wynikéw wykazata, Zze szkla tytanowo-germanianowe domieszkowane
jonami Ho*" zawierajace 40% i 45% mol TiO; (uktady GeO,:TiO2 = 1:2 i 1:3) sg rOwniez

atrakcyjnym materialem, ktory moze by¢ stosowany w zakresie podczerwieni przy 2 pm.
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Szczegdtowa charakterystyke szkietl tytanowo-germanianowych pojedynczo
domieszkowanych tréjwartosciowymi jonami Pr3* i Tm*" przedstawia kolejna publikacja
naukowa P9 pt.: ,, Experimental and theoretical studies on NIR luminescence of titanate-
germanate glasses doped with Pr’* and Tm*" ions”. Przeprowadzone badania wykazaty,
ze kierunek zmian wlasciwos$ci luminescencyjnych jonéw ziem rzadkich w otrzymanym
materiale zalezy nie tylko od skladu chemicznego matrycy szklistej, ale réwniez od
samego lantanowca, a doktadniej od polozenia jonu optycznie aktywnego w szeregu
lantanowcow (promienia jonowego). Analizujac parametry spektroskopowe wyznaczone
dla jonow Pr** i Tm*" w nowych tytanowych szktach barowo-galowo-germanianowych
w funkcji st¢zenia TiO2 mozna zauwazy¢, ze roznig si¢ w sposob istotny. Podobnie jak
dla uktadu z jonami Nd**, szkla tytanowo-germanianowe domieszkowane jonami Pr**
zawierajace 20% mol TiO: (uktad GeO2:TiO2 = 2:1) charakteryzuja si¢ najlepszymi
parametrami zwigzanymi z glownym przej$ciem laserowym 'Dy — !G4 jonow Pr’* przy
dtugosci fali 1,5 pm: tm = 88 ps, Gem = 1,16 x 102° cm?, 6em X FWHM = 233 x 10?7 ¢cm?
0raz Gem X Tm = 102 x 1026 cm?s. Na podstawie przeprowadzonych badan obejmujacych
pomiar widm emisji zwigzanych z przej$ciem *F4 — 3He jonow Tm?" przy dlugosci fali
1,8 um oraz kinetyki zaniku luminescencji stanu *F4 najlepsze parametry otrzymano dla
szkla tytanowo-germanianowego zawierajacego 40% mol TiO> (uktad GeO2:TiOz = 1:2):
Gem = 6,05 x 102! cm?, tm = 1,96 ms, 1 = 72,1% i Gem X FWHM = 138,5 x 10%° cm?,
podobnie jak w przypadku wczesniej omawianych uktadow z jonami Er** lub Ho*".
Na podstawie przeprowadzonych badan emisyjnych w zakresie podczerwieni mozna
zatem stwierdzi¢, ze szkla tytanowo-germanianowe o nizszym stezeniu TiO:
(GeO2:TiO2 = 2:1) preferuja jony ziem rzadkich o wigkszym promieniu jonowym
z poczatku szeregu lantanowcow (Pr’*, Nd**). W szktach o wiekszym stezeniu TiO;
(GeO2:TiO2 = 1:2) obserwuje si¢ sytuacje odwrotng: preferowane sa jony znajdujace si¢
na koncu szeregu lantanowcow (Er**, Tm**, Ho").

Dalsze badania wykazaty, ze wzrost stezenia TiO, przyczynia si¢ do stopniowego
wzrostu intensywnos$ci pasma emisyjnego zwigzanego z gtownym przejsciem laserowym
3F4 — *Hg jonéw Tm?". Jednym z etapéw prowadzonych badan, ktorych wyniki
zaprezentowano w publikacji naukowej P10 pt. "Thulium-doped titanate-germanate
glasses for infrared photonics” byto pordwnanie wlasciwosci wielosktadnikowych szkiet
na bazie GeO,-BaO-GeO: oraz TiO>-GeO,-Ba0-Ga>O3 domieszkowanych jonami Tm**
o zmiennym stosunku GeO2:TiO; (od 5:1 do 1:5) i stezeniu aktywatora (jonow Tm?").

Badania te potwierdzily wptyw sktadu chemicznego matrycy szklistej, ze szczegdlnym
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uwzglednieniem ilo§ciowego stosunku GeO,:TiO, na wlasciwosci luminescencyjne
szkiet w zakresie stezen od 0,05 - 1% mol jonéw Tm**. Analiza widm luminescencji
probek szkiet barowo-galowo-germanianowych wykazata, ze najwigksza intensywnos$¢
pasma emisyjnego zwigzanego z przej$ciem F4 — 3He jonow Tm** wykazuje uktad
zawierajacy 0,3% mol TmxO3. Wyzsze st¢zenie powodowato wygaszanie luminescencji
na skutek znanego dla jonéw Tm** bezpromienistego procesu przekazywania energii na
drodze relaksacji krzyzowej (ang. cross-relaxation, CR). Potwierdzeniem tego jest
malejgcy czas zycia stanu °F4 w funkcji stezenia domieszki optycznie aktywnej (Tm?>").
Wydajno$¢ kwantowa zmniejsza si¢ drastycznie od 50% do 4% wraz ze wzrostem
stezenia jonow aktywatora. Krawedz absorpcji w zakresie widzialnym $cisle zalezy od
stosunku GeO,:TiO;. Dla uktadu GeO;-BaO-Ga>O3 wynosi 290 nm. Wprowadzenie 10%
mol TiO> (GeO2:TiO, = 5:1) spowodowato znaczne przesunigcie krawedzi w strong
dtuzszych fal do 350 nm. Zmiany otoczenia jonéw Tm*" wywotane wzrostem stezenia
TiO, w matrycy barowo-galowo-germanianowej powoduja zmiang polozenia pasma
nadczutego Hs — °F4 jondw Tm3". Wzrost stezenia TiO> spowodowal przesunigcie
potozenia pasma w stron¢ dtuzszych fal od 1640 nm do 1685 nm, co §wiadczy o wzro$cie
kowalencyjnego charakteru wigzania Tm*"- O w funkcji stezenia TiO» w szkle. Znaczaca
cz¢$¢ badan w niniejszej pracy poswigcono wiasciwosciom luminescencyjnym szkiet
tytanowo-germanianowych, w ktorych TiO; odgrywa rolg¢ sktadnika szklotworczego
(TiO2 > 30% mol) lub sktadnika modyfikujacego (TiO2 < 30% mol), zawierajacych rdzne
stezenie jondw tulu. W kazdym analizowanym przypadku wykazano, Ze intensywno$¢
pasma zwigzanego z przejsciem *F4 — *Hg jonow Tm?* jest prawie 5-krotnie zwigkszona
w wyniku wprowadzenia 50% mol TiOz, a jego maksymalna szerokos$¢ spektralna wynosi
253 nm. Obliczona na podstawie eksperymentalnych czasow zycia z krzywych zaniku
luminescencji oraz radiacyjnych czaséw zycia z teorii Judda-Ofelta wydajno$¢ kwantowa
dla stanu °F4 jonow Tm?*' osiggneta warto$¢ powyzej 70% dla uktadow, w ktérych
stosunek GeO> do TiO; wynosit 1:1, 1:2 oraz 1:3. Dla wszystkich otrzymanych uktadow
korzystajac z modelu Inokuti-Hirayama wykazano, ze wygaszanie podczerwonej emisji
zmniejsza si¢ wraz ze wzrostem stezenia TiO, w probkach szkiet domieszkowanych
wysokim stezeniem jonéw Tm?*. Prowadzone badania poszerzono o wyjasnienie
korelacji migdzy wilasciwosciami emisyjnymi a zmieniajagcym si¢ uporzadkowaniem
bliskiego zasiegu w funkcji stezenia TiO2 z wykorzystaniem spektroskopii Ramana.
Optymalne stezenie TiO» w szklach tytanowo-germanianowych domieszkowanych

jonami Tm3" ustalono na: 30% mol (GeO2:TiO> = 1:1), 40% mol (GeO,:TiO2 = 1:2) oraz
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45% mol (GeO2:TiO2 = 1:3). Uzyskane wyniki potwierdzity unikalne wtasciwosci szkiet
tytanowo-germanianowych jako matryc dla podczerwonej fotoniki. Pozwalaja one takze
stwierdzi¢, ze kolejnym interesujgcym kierunkiem badan po$wigconym jonom Tm?*
w szktach tytanowo-germanianowych, bedzie analiza widma emisyjnego przy dtugosci
fali 2,3 um zwigzanego z przejsciem 3Hs — *Hs, ktore wykorzystywane jest miedzy
innymi w zastosowaniach takich jak bezinwazyjny pomiar poziomu glukozy we krwi.
Przeprowadzone w niniejszej rozprawie doktorskiej badania potwierdzity
niezwykle korzystny wplyw dwutlenku tytanu TiO> w wielosktadnikowych szklach
tytanowo-germanianowych pojedynczo domieszkowanych jonami ziem rzadkich na
wiasciwosci luminescencyjne w zakresie podczerwieni. Mozliwo$¢ badania wydajne;j
emisji promieniowania podczerwonego nie ogranicza si¢ jednak tylko do szkiet
pojedynczo domieszkowanych jonami ziem rzadkich. W publikacji naukowej P11 pt.:
“Near-IR luminescence of rare-earth ions (Er**, Pr’*, Ho’*, Tm’*) in titanate-germanate
glasses under excitation of Yb** ” okre$lono wptyw TiO» na wiasciwosci luminescencyjne
w zakresie podczerwieni, analizujgc zjawisko przekazywania energii wzbudzenia od Yb**
do Ln*" (Ln = Er, Pr, Ho, Tm). Wykorzystano w tym celu uklady szkiel tytanowo-
germanianowych, w ktorych stezenie jonow Yb** wynosito 0,5% mol, natomiast jonow
Er*', Pr**, Ho** i Tm*" wynosito 0,1% mol. Na podstawie analizy widm luminescencji
zaobserwowano nieliniowg zalezno$¢ zmiany intensywno$ci gtownych przejsé
laserowych 'Gs — 3Hs (Pr**), *Ii32 — 1152 (Er*"), 3F4 — *Hg (Tm?") oraz °I; — °Ig (Ho*")
w funkcji stezenia TiO». Na przykladzie szkta aktywowanego parg jonow Yb*'/Er’*
zauwazono, ze intensywno$¢ przejscia *lizn — *Iisp (Er’Y), ktore jest wykorzystywane
w telekomunikacji optycznej, najpierw maleje w funkcji zmiany ilo$ciowego stosunku
Ge02:TiOz od 5:1 do 1:2, a nastgpnie wzrasta. Z kolei jego szerokos¢ spektralna wzrasta
nieznacznie od 38 nm (GeO2:TiO2 = 5:1) do 55 nm (GeO2:TiO; = 1:5). Obserwuje si¢
ponadto znaczne skrocenie czaséw zaniku luminescencji ze stanu 2Fs jondw Yb** przy
wzroscie stezenia TiO,. W ukltadach szkiet tytanowo-germanianowych podwdjnie
domieszkowanych czas zycia 2Fs» (Yb**) maleje z 0,63 ms do 0,40 ms (uktad podwojnie
aktywowany Yb**/Pr*), z 0,65 ms do 0,49 ms (uktad podwojnie aktywowany Yb**/Er*"),
z 0,70 ms do 0,48 ms (uktad podwojnie aktywowany Yb**/Tm>**) i z 0,83 ms do 0,52 ms
(uktad podwojnie aktywowany Yb**/Ho"). Maksymalne warto$ci wydajnos$ci transferu
energii dla uktadow tytanowo-germanianowych wynoszg odpowiednio: 53% (Yb**/Pr**),

48% (Yb*/Er’*), 49%, (Yb*/Tm>*) i 40% (Yb**/Ho™).
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W nawigzaniu do wczesniejszych badan w celu poszerzenia wiedzy na temat
podwdjnego domieszkowania otrzymanego materiatu, porownano jak wzrost st¢zenia
jondéw Er** i Yb*" wplywa na wlasciwosci emisyjne szkiet tytanowo-germanianowych.
W ramach badan przedstawionych w ostatniej publikacji naukowej P12 wchodzacej do
cyklu rozprawy pt.” The impact of pair Er’*/Yb** on titanate-germanate glasses:
Physicochemical and near-infrared Iluminescence investigations” przeprowadzono
syntez¢ szkiet w uktadzie tlenkowym GeO:-BaO-GaxO; oraz TiO2-GeOz-BaO-Gay03
(Ge01:TiO2 =1:1) podwojnie domieszkowanych jonami Er** (0,1; 0,25; 0,5% mol) oraz
Yb** (0,5; 1,25; 2,5% mol). Przy wzbudzeniu falg o dlugosci 980 nm otrzymane szkta
wykazywaly charakterystyczng emisje¢ dla jondw Er**, z maksimum przy dlugosci fali
okoto 1,5 pum (przejscie “Ii32 — *lisp). Intensywnos$¢ glownego przejscia laserowego
jonow Er** jest prawie dwukrotnie zwickszona w pordéwnaniu do szkla bez TiO-.
Zaobserwowano réwniez wyrazne zmiany szerokosci spektralnej, ktorej wartos¢ dla
uktadu 30TiO2-30Ge0O2-30Ba0-7Ga203-0.5Er203-2.5Yb203 (% mol) wynosi 65 nm,
natomiast dla uktadu 60GeO,-30BaO-7Gax03-0.5Er203-2.5Yb203 (% mol) jest blisko
dwukrotnie mniejsza (31 nm). Na podstawie krzywych zaniku luminescencji okreslono
wydajno$¢ transferu energii wzbudzenia od jonow Yb** do jonow Er**, ktora wraz ze
wzrostem stezenia Er,O3 oraz Yb,O3 w matrycy barowo-galowo-germanianowej wzrasta
od 22% do 73%. Dla uktadow tytanowo-germanianowych zaobserwowano odwrotng
zalezno$¢. Wydajnos$¢ kwantowa wzrasta od 24% do 39%, a nastepnie maleje osiagajac
warto$¢ 36%. Zmiany stezenia jonow Er** i Yb*" moga rowniez wptywaé na zmiane
wlasciwos$ci strukturalnych otrzymanego materiatu, co pokazaty wyraznie badania
przeprowadzone przy pomocy dyfrakcji rentgenowskiej, spektroskopii Ramana oraz
spektroskopii absorpcyjnej 1 luminescencyjnej. Na podstawie analizy pasma nadczulego
zwigzanego z przej$ciem *Iis, — 2Hiizjondw Er** w ukladzie tytanowo-germanianowym
zawierajacym najwicksze st¢zenie jonow ziem rzadkich mozna zauwazy¢ wystgpowanie
rozszczepien starkowskich. Efekt ten obserwowany réwniez na widmie Ramana
$wiadczy niewatpliwie o zmianie lokalnej struktury (zmianie bezposredniego otoczenia
jonoéw ziem rzadkich). Przeprowadzona rentgenowska analiza fazowa (XRD) wykazata,
ze wprowadzenie do matrycy tytanowo-germanianowej matego stezenia EryO3 1 Yb20O3
(0,1/0,5 oraz 0,25/0,5% mol) nie powoduje zmiany lokalnej struktury. Uklad przestaje
by¢ w pelni amorficzny w przypadku wprowadzenia jonéw ziem rzadkich o znacznie
wigkszym stezeniu. Obecno$¢ charakterystycznych waskich linii dyfrakcyjnych,

$wiadczacych o obecnosci fazy krystalicznej YbaTi2O7 1 EraTi2O7, stwierdzono dla uktadu
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tytanowo-germanianowego zawierajagcego najwigksze st¢zenia jonow domieszek
optycznie aktywnych. Badania spektroskopowe dowodza, ze optymalne st¢zenie jonow
donora i akceptora w szkle, gdzie stosunek molowy sktadnikéw GeO2:TiO2= 1:1, wynosi
odpowiednio 0,25% mol jonow Er** oraz 1,25% mol jonow Yb3".

Problematyka badawcza podj¢ta w ramach rozprawy doktorskiej i przedstawiona
w oméwionych publikacjach naukowych (P5-P12) wnosi swo6j wktad do poszerzenia
wiedzy na temat szkietl nieorganicznych oraz mozliwosci ich zastosowan w dziedzinie
podczerwonej fotoniki. Szczegolowa i doktadna analiza wlasciwosci luminescencyjnych
otrzymanego materiatu, ze szczegdlnym uwzglednieniem sktadu chemicznego matrycy
szklistej (stosunek molowy GeO»:TiO) oraz optymalnego stgzenia domieszek optycznie
aktywnych, pozwala na dobdr szkiel tytanowo-germanianowych wyrdzniajacych sie
najlepszymi parametrami spektroskopowymi i1 laserowymi jondéw ziem rzadkich.
Interesujace wiasciwosci optyczne szkiet tytanowo-germanianowych pozwalaja na ich
potencjalne wykorzystanie w technologii elementow optycznych, zrddel laserowych
emitujacych promieniowanie w zakresie $redniej podczerwieni oraz szerokopasmowych

wzmacniaczy optycznych pracujacych w zakresie bliskiej podczerwieni.
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Abstract: In current work, spectroscopic properties of Nd** ions in titanate-germanate glasses
have been studied for near-IR luminescence and laser applications. Near-IR luminescence at
1.06 pm due to 4F, /2= I, /2 laser transition of Nd3* jons has been examined in the function of
TiO; concentration. Based on theoretical calculations and experimental investigations, several
spectroscopic and laser parameters for Nd>* ions in titanate-germanate glasses were determined
and compared to the previous results published for similar glass systems. Our systematic studies
indicate that Nd** doped glass with molar ratio GeO,:TiO, = 2:1 presents excellent near-IR
luminescence properties and could be successfully applied to laser technology.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The first laser action in glass was developed over sixty years ago [1] and initiated successfully
the era of laser glass technology. The laser oscillations observed in the near-infrared (NIR)
spectral range at about 1.06 um are associated with the main iF, /2 = T /2 transition of Nd3+,
Further experiments well demonstrated that spectroscopic parameters for the F; 2= 1, /2
NIR laser transition of Nd3* ions such as stimulated emission cross section, peak fluorescence
wavelength, effective fluorescence bandwidth, calculated and measured lifetimes, transition
probabilities, fluorescence branching ratios, and quantum efficiency of excited state varying
strongly on glass-host composition [2]. Since then, many excellent papers have been published
on optical and near-IR laser properties of Nd>* ions in numerous inorganic glass systems [3—6].
In particular, near-IR luminescence properties of Nd** ions in borate [7—13], phosphate [14-20],
silicate [21-23], germanate [24-28], tellurite [28—35], as well as mixed borotellurite [36—38],
borogermanate [39] and borobismuthate [40—42] glasses have been examined in details. Special
attention has been devoted to non-oxide glasses containing Nd** ions [43—46].

Among amorphous matrices, barium gallo-germanate glass belonging to low-phonon oxide
glass family presents some advantages, i.e. relatively large glass-forming region, good thermal
stability parameters, quite strong chemical and mechanical stability useful for optical fiber
drawing and enhanced luminescence properties. It was proposed as a window for high energy
laser systems [47]. Moreover, barium gallo-germanate glasses doped with rare earth ions are
excellent candidate for optical waveguides [48,49] and solid-state lasers [50,51] operated in the
near-IR ranges. Current work is focused on spectroscopic and laser properties of Nd** ions in
barium gallo-germanate glasses, where GeO, was partially substituted by TiO,. Their thermal
and structural properties were evidenced by differential scanning calorimetry (DSC), X-ray
diffraction (XRD), electron paramagnetic resonance (EPR), Raman and infrared spectroscopy in
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our previously published work [52]. Here, several spectroscopic and laser parameters for Nd>*
ions were determined in function of TiO, content. The results are presented and discussed for
glass samples, where GeO,:TiO, molar ratio was changed from 5:1 to 1:5. Titanium dioxide
plays the role of glass-modifier or glass-former, depending on its concentration. Until now,
emission properties of rare earth ions in inorganic glasses with a high content of TiO, have not
been yet studied, to the best of our knowledge. Recently, near-IR emission properties of Nd>*
have been examined in GeO,-PbO-TiO; [53], TeO,-TiO,>-Nb,O5 [54], TeO,-TiO,-WOj3 [55],
TeO,-TiO2-ZnO [56] and multicomponent PbO-B,03-TiO,-AlF3 [57] glasses, where amount
of titanium dioxide playing the role as glass-network modifier did not exceed 10 molar %.
Here, the purpose of our work concerns on the enhanced near-IR luminescence of Nd>* ions in
multicomponent germanate glasses in the presence of TiO;.

2. Experimental details

Glasses with the following chemical compositions xTiO,-(60-x)GeO,-30Ba0-9Ga,03-1Nd; 03
(where x =0, 10, 20, 30, 40, 45 and 50) were prepared using melt quenching technique. The
concentrations of components are given in molar %. The appropriate amounts of metal oxides
of high purity (99.99%, Aldrich Chemical Co.) were mixed homogenously together and then
melted at 1200°C for 0.45h. Each Nd3*- doped sample was polished for optical measurements.

In the next step, the Metricon 2010 prism coupler was applied to determine the refractive
index of the glass-host at a wavelength of 632.8 nm. Glass samples were then characterized
using absorption (Cary 5000 UV-VIS-NIR spectrophotometer, Agilent Technology, USA) and
luminescence spectroscopy. For luminescence spectra and decay curve measurements laser
equipment was used, which consists of PTI QuantaMaster QM40 spectrofluorometer, tunable
pulsed optical parametric oscillator (OPO), Nd:YAG laser (Opotek Opolette 355 LD), double
200 mm monochromators, Hamamatsu H10330B-75 detector and PTI ASOC-10 USB-2500
oscilloscope. Resolution for spectral measurements was +0.1 nm. Decay curves were recorded
and stored by a PTI ASOC-10 [USB-2500] oscilloscope with an accuracy of +0.5 ps.

3. Results and discussion

Previously published works for titanate glasses [58—60] revealed that they are partly crystallized
and present relatively low thermal stability. These glass systems possess crystalline phases
usually assigned to different titanates. In particular, it is quite difficult to synthesize thermally
stable and fully amorphous systems with high TiO, concentration. In our case, multicomponent
glasses with various molar ratios GeO,:TiO, from 5:1 to 1:5 were successfully prepared. It is
interesting to notice that glass-forming region for the studied compositions is relatively broad.
All studied samples are fully amorphous, which was verified by X-ray diffraction. Typical
X-ray diffraction patterns for selected glass samples with the absence and presence of titanium
dioxide (GeO,:TiO; = 1:1) are shown in Fig. S1. Further DSC experiments shown in Fig. S2
indicate that the glass transition temperature increases in the presence of TiO, suggesting less
open glass-structure for titanate-germanate glass samples. On the other hand, thermal stability
parameter (AT =Ty - Ty) is reduced for glass sample, where GeOs is partially replaced by TiO;
(for more details please refer to Table S1). However, AT factor is still above 100°C exhibiting
good thermal stability against devitrification and quite large working range during operations for
fiber drawing.

Another key parameter is the infrared absorption coefficient cioy for band near 3400 cm™!
assigned to the stretching vibrations of hydroxyl groups (Fig. S3). In general, glass systems
with extremely low content of OH™ groups are necessary to fabricate active near-IR emitting
optical fibers. According to the previous excellent results published for Tm>* doped barium
gallo-germanate glass single-mode fibers [50], the value of aoy is reduced drastically from 3.05
cm™! for sample melted in air to 0.19 cm™! for precursor glass prepared under the optimized
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Reaction Atmosphere Procedure (RAP). In our case, the OH- absorption coefficients are low,
because samples were prepared under rigorous technological conditions in special glove-box, in
a protective atmosphere of dried argon of high purity. The infrared absorption coefficient for
titanate-germanate glass sample is close to 0.23 cm™! (Table S2) and its value is similar to the
results obtained earlier for germanate based glasses [61-63]. Further investigations indicate that
that titanium ions at trivalent oxidation state are present in the studied glass samples (Fig. S4). It
was also confirmed for Ti**/Ti** doped calcium aluminosilicate glasses [64].

3.1.  Absorption spectra and refractive index of the glass-host

Figure 1 shows absorption spectra of Nd3* ions in glasses with various molar ratios GeO,:TiO5.
The following glass parameters, i.e. UV cut-off wavelength, bonding parameter & and refractive
index of the glass-host n in function of TiO;, concentration are also indicated.

Fig. 1. Absorption spectra of Nd3*-doped titanate-germanate glasses (a), UV cut-off (b),
bonding parameter (c) and refractive index of glass-host (d) in function of TiO, content.

The absorption spectra consist of the inhomogeneously broadened lines characteristic for
4f3-4f3 electronic transitions of Nd3* ions. They are located in the 300-950 nm spectral range.
Absorption bands of Nd3* jons correspond to transitions originating from the “Io /2 ground state
to the higher-lying *Fs 2, *Fs/2, *Hoj2, *F7/2, *S3/2, *Fo2, 2Hi1/2, *Gs 2, 2G7/2, *G72, *Kys)2,
Gy /25 2Gy /2 and 2p, /2 excited states, respectively. Among observed absorption lines, the T /2
—4Gs /2,2G7 /2 transition of Nd3* located near 600 nm, so-called hypersensitive transition, is the
most intense. It follows well the selection rules: |S| =0, [AL| < 2 and |AJ| < 2. Its position and
intensity is very sensitive to small changes of environment around Nd** ions. The absorption
measurements for Nd3* ions clearly indicates that the intensity of this band is the highest for glass
with GeO,:TiO, molar ratio equal to 2:1. Furthermore, the UV cut-off wavelength defined as the
intersection between the zero base line and the extrapolation of absorption edge was determined.
The absorption edge for titanate-germanate glass is shifted to longer wavelengths with increasing
TiO, concentration.
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From the optical absorption spectra measured for Nd>* ions in titanate-germanate glasses,
bonding parameters (§ and 8) were also calculated using the expression & = [(1- $)/] x 100%,
where =N =p*/N and f* =v./v, [65]. In this expression, 3 is the shift of energy level
position (Nephelauxetic effect), N - number of levels used for calculation of -values, v, and
v, are energies of the corresponding transitions in the investigated complex and free-ion [66].
Positive or negative sign for the values of & suggests covalent or ionic bonding between Nd>*
ions and surrounding ligands. Our calculations indicate that bonding parameter d increase from
0.281 (glass without TiO,) to 0.665 (glass with molar ratio GeO,:TiO, = 1:5). It suggests that
titanate-germanate glasses exhibit more covalent character in comparison to lead borate glass
doped with Nd3*, for which the bonding parameter & was found to be -0.210 [67]. The results
are well correlated with the refractive index, which increases from 1.736 (glass without TiO,) to
1.998 (glass with molar ratio GeO,:TiO; = 1:5) with increasing TiO, concentration. Details are
given in Table 1.

Table 1. Glass composition, TiO, content, Nd3* ion concentration, UV cut-off, bonding parameter
() and refractive index of glass-host (n).

Glass composition [mol %] TiO, Ge0O,:TiO, Nd3* uv o n
content Nx1020 cut-off
[% mol] [g/em?] [nm]
60Ge0;-30Ba0-9Ga; 03-1Nd, 03 0 - 4.30 286 0.281 1.736
50Ge0,-10Ti0;-30Ba0-9Ga;03-1Nd, O3 10 5:1 4.34 336.5 0.293 1.779
40Ge0,-20Ti0;,-30Ba0-9Ga;03-1Nd, O3 20 2:1 4.39 352.5 0.309 1.830
30Ge0,-30Ti0;-30Ba0-9Ga; 03-1Nd, O3 30 1:1 443 355 0.363 1.877
20Ge0,-40Ti0;-30Ba0-9Ga;03-1Nd, O3 40 1:2 4.49 359 0.409 1.928
15Ge0,-45TiO,-30Ba0-9Ga,03-1Nd, 03 45 1:3 4.58 361.5 0.442 1.969
10Ge0,-50Ti0;-30Ba0-9Ga; 03-1Nd, O3 50 1:5 4.64 364 0.665 1.998

3.2. Judd-Ofelt calculations

The standard Judd-Ofelt theory [68,69] was used to calculate radiative transition probabilities
for excited states of Nd3* ions in titanate-germanate glasses. The calculation procedure was
carried out using the software OriginPro. According to the standard procedure, the x-axis of
absorption spectrum was converted to wavenumbers given in cm™!. Then, the baseline was fitted
individually to the each absorption band and the integrated area was calculated. The intensities
of bands shown in Fig. | are estimated by measuring the areas under the absorption lines using
the Eq. (1):

Procas = 4.318 x 107™° / g(v)dv. (1)

In this equation &(v) = A/cl, / €(v) represents the area under the absorption line, A indicates the
absorbance, c is the concentration of Nd** ions in mol x 1! and 1 denotes the optical path length.

The measured oscillator strengths of transitions were obtained from the absorption bands of
Nd3* ions. The theoretical oscillator strengths for each transition of Nd3*, within 43 electronic
configuration, were calculated using the following relation (2):

8’ me(n? + 2)2

Pegle = o 20
e 32T + 1) - 9n

X Z Qu(<4fNI||UY|4NT > )? )
t=2,4,6

where m is the mass of the electron, c is the velocity of light, / is the Planck constant and A is the
mean wavelength of the each transition of Nd3*, n is the refractive index of the glass-host, an
[JUY|? represents the square of the matrix elements of the unit tensor operator U connecting the
initial and final states. The squared reduced matrix elements ||U!||*> were taken from [66].
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Measured and calculated oscillator strengths for Nd** ions in the studied glasses are given
in Table 2 (0, 10, 20 and 30% TiO;) and Table 3 (40, 45 and 50% TiO,), respectively. The
quality of the fit can be expressed by the magnitude of the root-mean-square (rms) deviation. It
is defined by Z(Ppeas - Peaic)?. The rms values are also given in Tables 2 and 3.

Table 2. Measured and calculated oscillator strengths (x10~6) for Nd3* ions in titanate-germanate
glasses. Transitions are from the %lg /2 ground state to the levels indicated. The rms deviation
(x1076) is also given.

Levels Ene{%y 0% TiO, 10% TiO, 20% TiO, 30% TiO,
[em™] Pmeas Pealc Pmeas Peatc Pmeas Pealc Pmeas Peaic
4F3/2 11350 2.430 2.023 1.650 1.531 3.580 3.278 2.220 1.959

FsplHg, 12450 4890 5386 5170 5315 9820 10187 6020 6338
4p. 4. 13400 5340 4977 5660 5554 10430 10157 6640 6403
J2 22146200 0600 0414 0510 0439 0900 0818 0560 0515
o 15850  0.170  0.114 0100 0119 0200 0221 0150  0.140
Hijp 17100 21400 21392 25200  25.190 44900  44.895 31500  31.491

4Gs)2.2Gy2
rms deviation 0.581 0.053 0.308 0.228

Table 3. Measured and calculated oscillator strengths (x10~¢) for Nd3* ions in titanate-germanate
glasses. Transitions are from the %lg /2 ground state to the levels indicated. The rms deviation
(x1076) is also given.

Lovels Enerey 40% TiO, 45% TiO, 50% TiO»
[em™] Pmeas Pealc Pmeas Peaic Peas Peaic
*F3) 11350 2.130 1.914 1.880 1.660 2.090 1.894
Fsp Mg, 12450 6.260 6.523 5.920 6.188 6.200 6.439
4p.  4g 13400 6.930 6.735 6.810 6.612 6.810 6.634
S22 14620 0.580 0537 0.600 0.520 0.600 0.529
, For2 15850 0.150 0.143 0.150 0.140 0.130 0.143
Hypp 17100 33.500 33.494 33.100 33.096 33.600 33.595
4Gs 2G
5/2> Y97)/2
rms deviation 0.156 0.166 0.132

The three Q; (t=2, 4, 6) intensity parameters (J-O) were evaluated from the least-square fit of
measured and calculated oscillator strengths for Nd** ions. They are collected in Table 4.

Table 4. The Judd-Ofelt intensity parameters Q; (t=2, 4, 6) x 10720 cm?2.

TiO; content GeOy : Q Qy Q¢ Q4/Q¢
[% mol] TiO,

0 - 4.88+0.48 3.74+0.77 2.95+0.31 1.27
10 5:1 6.64+0.14 247+0.21 3.30+0.09 0.75
20 2:1 10.67 +£0.34 5.31+0.51 5.72+0.20 0.93
30 1:1 7.58+0.28 3.01+0.42 3.48+£0.17 0.87
40 1:2 7.79+0.22 2.75+0.34 3.53+0.13 0.78
45 1:3 7.82+0.22 2.21+0.33 3.38+0.13 0.65
50 1:5 7.52+0.19 2.57+0.29 3.28+0.12 0.78

The J-O parameters Q; (t=2, 4, 6) are quite well correlated with thermal results obtained by
DSC method (Fig. S2). The Q4 and Qg parameters are found to be a structure-dependent. In
contrast to germanate glass without TiO,, the Q, and Q¢ parameters are higher than values of
Q4 suggesting that titanate-germanate glasses exhibit more rigidity and confirm less open glass
structure from DSC measurements. Moreover, the magnitude of €4/Q¢ named as spectroscopic
quality parameter, is found to be less than unity for glasses where the *F3 /2= T /2 transition
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at 1.06 pm is the intense lasing transition. Glass systems with more than unity of Q4/Q¢ factor
demonstrate the intense lasing *F3 /2= “Io /2 transition of Nd3* at 0.89 um. It was well presented
and discussed in details for numerous inorganic glasses containing Nd** ions [70]. In our case,
all values of Q4/Q¢ factor are less than unity, except glass without TiO,, which indicate that
titanate-germanate glass is promising to achieve lasing condition for the 4F, 2= I /2 (Nd3)
near-IR luminescence channel at about 1.06 um.

The Judd-Ofelt parameter Q, indicates the degree of covalency between Nd>* ions and
surrounding ligands. Also, it reflects the asymmetry of the environment around Nd** ions. It is
interesting to see that the Judd-Ofelt parameter €, for glass with molar ratio GeO,:TiO, =2:1 is
the highest (Q, = 10.67 x 1072%cm?) than values obtained for other studied Nd** doped glass
samples. It suggests that the bonds between Nd>* jons and ligands existing in glass sample with
GeO,:TiO, =2:1 are highly covalent in character and the results are comparable to the values Q,
equal to 10.43 x 10"2c¢m? obtained for Nd3* ions in Li;O-TayO5-Zr0;,-SiOs glasses [71] and
10.26 x 1072°cm? for Nd** doped oxyfluorosilicate glass [72].

In the next step, the values of Q; (t=2, 4, 6) were used to calculate the radiative transition
probabilities Ay, luminescence branching ratios 3 and radiative lifetimes t,9. The radiative
transition probabilities Ay for excited states of Nd>* ions from an initial state J to a final ground
state J” were calculated using the following expression (3):

__t4m'e?  n(’+ 2)°
"~ 3h(2) + 1)A3 9

. x Z Qu(<4fNT|| U 14ENT > 2. 3)

t=2,4,6

The total radiative emission probability At involving all the intermediate terms is given by the
sum of the Ay terms. Thus, radiative lifetime t,,q4 of an excited state is the inverse of the total
radiative emission probability given by the following relation (4):

Trad = - = 4

Luminescence branching ratio f3 is related to the relative intensities of transitions from the
excited state to all lower-lying states of Nd** and given by expression (5):

Ay

b= 2 Agi

)

The calculated radiative transition probabilities Ay and the luminescence branching ratios f§ for
Nd3* ions in titanate-germanate glasses are calculated. The results for the studied glass samples
are shown in Table 2 (0, 10, 20 and 30% TiO,) and Table 3 (40, 45 and 50% TiO,), respectively.
In all cases, the luminescence branching ratios for the 4F; /2= T, /2 transition at 1.06 um are
the highest and the values of [ are between 46% to 52%, depending on TiO, concentration. The
radiative transition probability is the highest for glass with GeO,:TiO; = 2:1 and its value for the
4F3/2 — 4111/2 transition at 1.06 pm is close to Ay =2787 s7L.

3.3. Near-IR luminescence spectra and their decays

Figure 2 presents near-IR luminescence spectra of Nd>* ions in titanate-germanate glasses.
Luminescence bands at 0.89 um, 1.06 pm and 1.33 um correspond to 4F3/2 - 419/2, 4F3/2 —
Ty /2 and to 4F, /2= T /2 transitions of Nd3+. They are schematized on energy level diagram
(Fig. 3).

Spectroscopic studies indicate that the intensities of luminescence bands of Nd3* ions are
enhanced with increasing TiO; concentration in glass composition. The most intense near-IR
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Fig. 2. Near-IR luminescence spectra of Nd3* ions in titanate-germanate glasses.

emission band located near 1.06 um is related to the main 4F;5 /2= 1, /2 laser transition of Nd3*.
It was examined in details in function of TiO; concentration. Figure 4 presents near-IR emission
band at about 1.06 um varying with TiO, content. Some spectroscopic parameters such as the
emission peak wavelength and the emission bandwidth for the 4F, /2= Ty /2 transition of Nd3+
are also schematized. It is clearly seen that the 4F; 2= 1 /2 transition of Nd3* ions is shifted
to longer wavelengths with increasing TiO; content. The near-IR emission band is shifted from
1064 nm (glass without TiO,) to 1070 nm (glass sample with molar ratio GeO,:TiO; = 1:5),
respectively. The luminescence bandwidth referred as full width at half maximum (FWHM) is
nearly independent on TiO; concentration and its value is close to 41.5 + 1 nm.

Fig. 3. Energy level diagram for Nd>* ions. Near-IR emission transitions of Nd3* are
indicated.

The luminescence bandwidth and the radiative transition probability Ay calculated for the
4F;3 /2= 15, /2 transition of Nd** (Tables 5 and 6) were applied to obtain the peak stimulated
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Fig. 4. Near-IR luminescence bands due to *F; 2= Ty /2 laser transition of Nd3* ions in
titanate-germanate glass (a), emission peak wavelength (b), emission bandwidth FWHM (c)
and stimulated emission cross-section (d) in function of TiO; content.

emission cross-section Oey, using the following relation (6):
4
Sem = —2__A,
M 8men2AL

where A, is the emission peak wavelength, AL is the luminescence bandwidth (FWHM), n is the
refractive index and c is the velocity of light.

(6)

Table 5. The calculated radiative transition probabilities A; and luminescence branching ratios §
for Nd3+ ions in germanate glass without TiO, and titanate-germanate glasses (0, 10, 20 and 30%

TiO,).
Transit Average 0% TiO» 10% TiO, 20% TiO» 30% TiO,
ransition wavelength

[nm]g Ajl p AJ] p A1 p AJl p
[s7'] [%] [s7'] [%] [s71 [%e] [s7'] [%]
4Py — 4o 890 1127 40 1063 38 2353 41 1480 40
Fyy ) 1060 1317 46 1419 51 2787 49 1823 495
R 1330 370 13 293 10.5 552 95 369 10
2 13/2 1870 27 1 14 0.5 28 0.5 18 0.5

4F3 - Lisp

The peak stimulated emission cross-section oOgy belongs to the important spectroscopic
parameters, which designate the potential laser performance of the glass-host. The emission
cross-section for the *F3 /2= Ty /2 transition of Nd3* is relatively large for glass with molar ratio
Ge0,:TiOy =2:1 (Oem =4.41 X 10‘2001112) compared to the other values, which were calculated
for the studied glass samples (Fig. 4). Details are also given in Table 7.

In the next step, luminescence decay curves for the upper “F3 /2 laser state of Nd3* ions were
measured and analyzed in function of TiO, concentration. Decay curves were quite well fitted to
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Table 6. The calculated radiative transition probabilities A; and luminescence branching ratios §
for Nd3+ ions in titanate-germanate glasses (40, 45 and 50% TiO5).

» Average 40% TiO, 45% TiO, 50% TiO,
Transition wavelength
[nm] Aj p AJ. p AJ, p

[s7'] [%e] [s7'] [%e] [s7'] [%e]

4Py — 4y 890 1526 38.5 1384 36.5 1620 38.5
“Fyy -1 1060 1989 50.5 1984 52 2105 50.5
4y - 13 1330 412 10.5 425 11 435 10.5
/ 1870 19 0.5 20 0.5 20 0.5

4Fa — Hispo

Table 7. The emission peak wavelength ), the luminescence bandwidth FWHM, the radiative

transition probability A, for the *F3/> — %1112 transition of Nd3*, the stimulated emission
cross-section cem and gain bandwidth cem x FWHM varying with TiO, concentration.

TiO, content GeO; : TiOy Ap [nm] FWHM Ay s~ Oem Oem X FWHM
[% mol] [nm] [10729 x cm?) [1072% x cm?)

0 - 1064 42.5 1317 1.75 0.74

10 5:1 1066 42 1419 1.81 0.76

20 2:1 1067 42 2787 4.41 1.85

30 1:1 1068 42 1823 2.13 0.90

40 1:2 1069 41.5 1989 2.23 0.93

45 1:3 1069 41 1984 2.16 0.89

50 1:5 1070 40.5 2105 2.29 0.92

nearly single-exponential function given below (7):
I(t) = loe 7)

where Iy is the intensity at time t =0 and 1y, is a luminescence lifetime.

Figure 5 shows luminescence decays from the *F3 /2 state of N d** ions in multicomponent
titanate-germanate glasses. Luminescence lifetimes and quantum efficiencies varying with TiO,
content are also schematized. Luminescence decay curve analysis suggests that the 4F3 /2 lifetimes
of Nd** ions depend slightly on TiO» concentration. Their values are shorter compared to glass
sample without TiO,.

The radiative lifetime t;,q calculated from the Judd-Ofelt theory using Eq. (4) and the measured
lifetime T, were applied to obtain the quantum efficiency for the 4F; 2= I /2 laser transition
of Nd3* ions using the following expression (8):

= % 100% ®)
Trad

Among the studied samples, the quantum efficiency for the “F3 12— T, /2 transition of Nd**
ions is the highest for glass with GeO,:TiO, =2:1 (Fig. 5) and its value is close to 1= 88%.
Details are also given in Table 8.

Based on measurements of luminescence spectra and their decays it can be concluded that
glass with molar ratio GeO,:TiO; equal to 2:1 has the highest stimulated emission cross-section
(Oem =4.41 X 1072%cm?) and quantum efficiency (1= 88%) for the *F3/, — #1112 laser transition
of Nd* ions. It suggests that titanate-germanate glass (GeO,:TiO, = 2:1) with 1 mol% Nd>* can
be successfully used for near-IR laser applications. At this moment, it should be also mentioned
that nominal activator concentration is in a good agreement with the actual neodymium content,
which was determined from the chemical analysis (Table S3). In particular, the stimulated
emission cross-section for the 4F3 /2= T /2 transition of Nd3* in glass with GeO,:TiO, =2:1 is
comparable with the values oer, ranging between 4 and 4.75 (in 1072°cm?) obtained for similar
inorganic laser glasses [72-80].
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Fig. 5. Luminescence decays from the upper 4F3 /2 laser state of Nd3* ions in multicom-

ponent titanate-germanate glasses (a), measured luminescence lifetime (b) and quantum
efficiency (c) in function of TiO, content.

Table 8. The calculated radiative lifetime 1,4, the measured lifetime tn, the quantum efficiency n,
the stimulated emission cross-section oem and figure of merit oem x tm varying with TiO,
concentration.

TiO, content GeO, : Trad Tm [ps] N [%] Oem Oem X Tm
[% mol] TiO, [us] [1072 x cm?] [107% x cm?s]
0 - 352 265 75 1.75 46.37
10 5:1 359 151 42 1.81 27.33
20 2:1 175 154 88 4.41 67.91
30 1:1 271 135 50 2.13 28.75
40 1:2 253 139 55 2.23 31.00
45 1:3 262 126 48 2.16 27.22
50 1:5 239 134 56 2.29 30.69
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Finally, the stimulated emission cross-section (Gen,), the luminescence bandwidth (FWHM)
and the measured lifetime t,,, for the *F5 2= T /2 transition of Nd3* were applied to calculate
the laser parameters: gain bandwidth (0., X FWHM) and figure of merit FOM (Oemy X Try). These
laser parameters varying with TiO, concentration are presented in Tables 7 and 8, respectively.

From literature data [72-81] it is well-known that the gain bandwidth and the figure of merit
are really important to identify the laser glass-host and near-IR broadband amplification. The
gain bandwidth is defined as the range of frequencies into which the optical amplification can
occur, whereas the laser threshold is evaluated by the figure of merit FOM [82]. In general, high
gain medium with low threshold pump power is required. Both parameters Oey X FWHM and
Oem X T exhibiting relatively high values for the *F3/, — *I;/, near-IR transition of Nd** are
necessary to generate laser action in inorganic glasses.

Previously published works for Nd** ions in glass systems containing lead give interesting
results [77-79]. For lead tungsten tellurite glass [77] the gain bandwidth is extremely high, but
the figure of merit is found to be smaller. The opposite situation is observed for lead phosphate
glass [78], where value of 0ey, X FWHM is found to be rather smaller, but product of Oem X Ty
known as the figure of merit is relatively higher. For lead fluorosilicate glass [79], both values
are large compared with other reported glasses. It clearly suggests that both laser parameters
depend significantly on glass composition.

Our near-IR luminescence investigations clearly demonstrate that the highest values of gain
bandwidth (Gem X FWHM = 1.85 x 10~ cm?) and figure of merit (Gem X T =67.91 X 1075 cm?s)
were obtained for Nd** ions in multicomponent glass with molar ratio GeO,:TiO, = 2:1. They
are compared to some Nd**- doped laser glasses published previously [72-81]. The results are
summarized in Table 9.

Table 9. Comparison of the stimulated emission cross-section (cem), gain bandwidth (cem x FWHM)
and figure of merit (cem X tm) in different laser glasses doped with Nd3+.

Glass-host Oem Oem X FWHM Oem X Tm Ref.
[10720 x cm?] [1073 x cm?] [1073 x cm?s]

Ge0,:TiO, =2:1 4.41 1.85 67.91 this work
Nb,O5-K,0-ZnF,-LiF-SiO; 4.30 1.63 58.05 [72]
Al(PO3)3-RF;-NaF (R =Mg, Ca, Sr, 4.51 1.29 - [73]
Ba) 4.05 1.13 - [74]
P,05-K,0-Sr0-Al, 03 4.20 1.01 66.36 [75]
TeO,-ZnO 4.18 0.75 63.11 [76]
B,03-Na;O-NaF 4.75 1.98 39.42 [77]
PbF,-WO3-TeO; 4.38 0.96 75.34 [78]
PbO-P,05 4.11 1.49 98.64 [79]
PbF,-Si0;-K,0-Na, O-LiF 441 1.27 86.24 [80]
P,05-K,0-MgO-Al,03 3.69 0.99 88.56 [17]
P205—Ng205—K20—A1203 342 - 81.05 [81]

P,05-K,0-Ca0-Al,03-CaF,

In our case, the gain bandwidth for the 4F; 2= 1, /2 near-IR transition of Nd3* ions in
glass with GeO,:TiO, =2:1 is found to be larger than for other lead-free glasses reported in
Table 9. However, the figure of merit (FOM) is smaller compared to oxide and oxyfluoride
phosphate based glasses [80-81]. The product Gep, X T, for our sample (GeO;:TiO, =2:1) is
similar to the values obtained for glasses based on ZnO-TeO; [75] and B,03-Na,O-NaF [76],
respectively. It can be concluded that both parameters 6., X FWHM and 0 X Ty, for the 4F3 /2
- %y /2 transition of Nd3* are promising and glass (GeO,:TiO, =2:1) could be potentially
useful for lasing action compared along with reported laser glasses. Therefore, Nd>*- doped
titanate-germanate glass with GeO,:TiO; =2:1 is suitable for near-IR laser gain active media
operating at 1.06 pm.
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4. Conclusions

In this work, Nd** doped titanate-germanate glasses have been examined for near-IR laser
applications. Multicomponent glasses with different molar ratios GeO,:TiO, were prepared and
then studied experimentally using photoluminescence spectroscopy. Theoretical calculations
were also obtained using the Judd-Ofelt framework.

Based on absorption and luminescence spectra, and decay curve measurements, several spec-
troscopic and laser parameters for Nd>* ions in glass varying with TiO, concentration were deter-
mined. Systematic investigations indicate that Nd** doped glass with GeO,:TiO, = 2:1 presents
strong near-IR luminescence at 1.06 um corresponding to the iF, /2= T /2 transition. The spec-
troscopic and laser parameters for the main 4F; 2= T /2 transition of Nd3* ions are as follows:
the stimulated emission cross-section Oem = 4.41 x 1072%cm?, the measured lifetime T, = 154
us, the quantum efficiency 1 = 88%, the gain bandwidth o, x FWHM = 1.85 x 10™2>cm? and
figure of merit known as Gem X Ty, product = 67.91 x 107> cm?s, respectively. They are attractive
compared with some reported glass systems and commercially-available laser glasses documented
in literature. Therefore, we suggest that Nd>*- doped titanate-germanate glass with molar ratio
Ge0,:TiO; equal to 2:1 is suitable for near-IR luminescence at 1.06 um and could be useful for
solid-state laser applications.
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Erbium (Er)-doped barium gallo-germanate (BGG) glasses modified by TiO, have been
investigated for near-infrared luminescence applications. Luminescence at 1.5 pm asso-
ciated to I3, — *I15/» transition of Er** ions has been examined in function of TiO, con-
centration. Several spectroscopic and near-infrared (NIR) laser parameters for Er** such as
stimulated emission cross-section, luminescence bandwidth and lifetime, quantum effi-
ciency, gain bandwidth and figure of merit were determined based on experiments and
theoretical calculations using the Judd-Ofelt framework. Our systematic investigations
indicate that Er-doped glass with molar ratio GeO,:TiO, = 1:2 shows excellent lumines-
cence properties and could be successfully applied to near-infrared broadband optical
amplifiers.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

from precursor BGG glass [3]. Further investigations revealed
that direct laser writing (DLW) as a powerful tool for the
fabrication of integrated electronic devices based on optical

Barium gallo-germanate glass referred as BGG is an excellent
candidate for high energy laser systems [1]. Systematic
studies well demonstrated that BGG glasses present enhanced
thermo-stability and thermomechanical properties [2]. They
are chemically-stable, non-toxic and exhibit quite high
infrared (IR) transparency and improved optical properties.
These aspects are also important for the optical fiber drawing

waveguides operating in the mid-IR was successfully applied
to BGG glass [4,5]. Furthermore, BGG glass can accommodate
transition metals and/or rare earths emitting efficient infrared
radiation [6—10]. Thus, BGG glass can be used to fabrication of
single-mode fibers with high gain per unit length for
ultra-compact laser [11], double-clad optical fibers emitting
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near-infrared (NIR) radiation [12,13] and up-conversion lumi-
nescence temperature sensors [14].

Among trivalent rare earths, Er ions distributed into low-
phonon glass-host matrices are attractive for solid-state
lasers and tunable NIR optical fiber amplifiers [15]. Lakshmi-
narayana et al. [16] suggest that it could be more conducive to
explore rare earth ions in low-phonon environments with
optimized host compositions for attaining longer lifetime,
wide bandwidth, higher emission cross-section and quantum
efficiency in relation to some applications such as NIR lasers
and fiber amplifiers. In particular, relatively long decay from
the upper laser state *I;3/, (Er**) is required for practical ap-
plications in Er-doped fiber amplifiers (EDFAs). For that
reason, low-phonon glass matrices are especially favored in
contrast to B,O3 based glasses, where non-radiative relaxation
is dominant and near-infrared luminescence due to the main
113/ = *I15, transition of Er** at 1.5 um can be successfully
quenched. NIR luminescence properties of Er** ions have been
examined for numerous glass systems like borate [16—19],
borosilicate [20], borotellurite [21], antimonate [22—24], silicate
[24—28], bismuthate [29], germanate [30—32], tellurite [33—37]
as well as heavy metal glasses based on PbO—Bi,03—Ga,03
[38], PbO—PbF,—B,03 [39], PbO—Ga,03;—GeO, [40], PbO—P,0s
[41,42]. Special attention has been paid to oxide and oxyhalide
phosphate based glass systems [43—53]. Our previous in-
vestigations indicate that BGG oxyfluoride glass doped with
Er’" ions is promising for long-lived near-infrared emission at
1.5 um [54]. Recently, BGG glasses with Er* ions were modified
by fluoride components (BaF,, MgF,, AlF;) to improve their
luminescence properties [55].

Here, spectroscopic and laser properties of Er** ions have
been studied for BGG, where GeO, was partially substituted by
TiO,. The influence of TiO, concentration on near-infrared
luminescence properties of Er’" has been examined in de-
tails. Thermal and structural properties of BGG glasses
modified by TiO, were evidenced by differential scanning
calorimetry (DSC), X-ray diffraction (XRD), electron para-
magnetic resonance (EPR), Raman and FT-IR spectroscopy in
our previous work [56]. In this work, several spectroscopic and
laser parameters for Er ions in BGG glasses were determined in
function of TiO, concentration. Theoretical and experimental
results are presented and discussed for glass samples, where
Ge0,:TiO, molar ratio was changed from 5:1 to 1:5. From
literature data it is known that glass component TiO, plays the
role of network-modifier or network-former, depending on its
concentration. However, most of titanate based glasses are
partly crystallized. Unfortunately, crystalline phases due to
different titanates are usually present in these systems.
Thermal stability parameters are also relatively low. It makes
them unsuitable for potential fiber applications. In general,
preparation of thermally-stable and fully amorphous systems
with relatively high TiO, concentration is still difficult. These
aspects are important from the scientific and technological
points of view.

Emission properties of Er*" ions in glass systems contain-
ing high content of TiO, have not yet been studied, to our
knowledge. NIR luminescence of Er*' at 1.5 ym has been
examined for niobophosphate [57,58], lead borate aluminum
[59], borate [60] and multicomponent tellurite based glasses
[61—64], where amount of titanium dioxide playing the role as

Fig. 1 — Transmittance spectra of barium gallo-germanate
glasses modified by TiO,. Inset shows transmittance bands
related to the stretching vibration of OH™ groups.

glass-network-modifier did not exceed 15 M%. The aim of our
work is concerned on the enhanced NIR luminescence of Er**
ions in BGG glasses in the presence of TiO,.

2. Experimental

Glasses with the following compositions xTiO,—(60-x)GeO,.
—30Ba0—9.5Ga,03—0.5Er,03 (where x = 0, 10, 20, 30, 40, 45 and
50) were prepared using melt quenching technique. The con-
centrations of components are given in molar %. The appro-
priate amounts of metal oxides of high purity (99.99%, Aldrich
Chemical Co.) were mixed homogenously together and then
melted at 1200 °C for 0.45 h. Each Er**- doped sample was
polished for optical measurements.

Transmittance spectra were performed on the Nicolet iS50
ATR spectrometer in a infrared frequency region. The refrac-
tive index of the glass-host at a wavelength of 632.8 nm was
determined using the Metricon 2010 prism coupler. In the next
step, glass samples were characterized using absorption (Cary
5000 UV-VIS-NIR spectrophotometer, Agilent Technology,
USA) and photoluminescence spectroscopy. For luminescence
measurements (spectra and decays) laser equipment was
used, which consists of PTI QuantaMaster QM40 spectrofluo-
rometer with a xenon lamp (75 W) as an excitation source,
tunable pulsed optical parametric oscillator (OPO), Nd:YAG
laser (OpotekOpolette 355 LD), double 200 mm mono-
chromators, Hamamatsu H10330B-75 detector and PTI
ASOC-10 USB-2500 oscilloscope. Resolution for spectral
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measurements was +0.1 nm. Decay curves were recorded with
an accuracy of +0.5 ps.

3. Results and discussion
3.1. Transmittance spectra

Systematic investigations of Er**-doped glasses clearly indi-
cate that only two stretching vibrations of the OH™ groups
with their energies of about 3300 cm ™ are able to bridge en-
ergy gap between the upper “l,5, laser state and the *I;5/,
ground state (AE = 6600 cm ™ %). It is especially important for
Er**-doped glass systems, because the hydroxyl groups can
couple to the Er*' ions. Thus, NIR luminescence at 1.5 pm
corresponding to the *I;3, — *I;5/, transition of Er*" could be
strongly quenched by hydroxyl groups. An effective elimina-
tion of OH™ groups was also verified in BGG glasses in the
presence of TiO, using by transmittance spectra measure-
ments. Fig. 1 shows transmittance spectra measured for BGG
glass samples varying with TiO, concentration. Inset shows
broad absorption bands centered between 3300 and
3400 cm ™, which are attributed to the stretching vibrations of

OH™ groups. Based on spectra measurements we can conclude
that glass samples show longer IR transmittance compared to
BGG without TiO,.

Our previous investigations indicated that BGG glass
without TiO, presents relatively broad transparency from 0.35
to 8 pym and the light transmission is above 80% at wave-
lengths nearly up to 8 um [65]. Here, the light transmission in
broad frequency region is above 90% for the studied glass
samples. It was changed for glass samples with molar ratios
Ge0,:TiO, equal to 1:3 and 1:5, for which the light trans-
mission decreased to about 90% and 85%, respectively. Further
analysis indicates that the residual absorption of OH™ groups
isreduced drastically in BGG glasses with the presence of TiO,.
The IR absorption coefficient aoy (given in cm™?) was also
calculated using the relation ooy = (1/L) In (To/T), where: L is
the thickness of the glass, To and T are the transmission value
of maximum and at 3 pm, respectively. The IR absorption
coefficient aoy for BGG glass without TiO, is close to 0.25 cm ™.
The results are comparable to the value of aoy- at 3 pm equal
to0 0.196 cm ™!, which was obtained for the Er**/Pr®* co-doped
germanate glasses without any hydroxyl removal process [66].
It is also in a good agreement with ooy close to 0.19 cm™* [7],
0.34 cm ™! [67] and 0.39 cm ! [68] for similar GeO, based glass

Fig. 2 — Absorption spectra of Er*" ions in barium gallo-germanate glasses modified by TiO,.
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Table 1 — Glass composition, TiO, content, rare earth ion concentration, UV cut-off and refractive index of glass-host.

Glass composition [mol %] TiO, content [% mol]  GeOxTiO; N x 10% [ion/cm® UV cut-off [nm] n

60Ge0,—30Ba0—9.5Ga,03—0.5Er,03 0 = 2.17 337 1.736
50Ge0,—10TiO,—30Ba0—9.5Ga,03—0.5Er,05 10 5:1 2.18 342 1.779
40Ge0,—20Ti0,—30Ba0—9.5Ga,05—0.5Er,05 20 21 2.20 350 1.830
30Ge0,—30Ti0,—30Ba0—9.5Ga,03—0.5Er,03 30 1:1 2.22 359 1.877
20Ge0,—40Ti0,—30Ba0—9.5Ga,03—0.5Er,03 40 1:2 2.25 365 1.928
15Ge0,—45Ti0,—30Ba0—9.5Ga,03—0.5Er,03 45 1:3 2.30 367 1.969
10Ge0,—50Ti0,—30Ba0—9.5Ga,03—0.5Er,05 50 1:5 2.33 368 1.998

systems. The IR absorption coefficient ooy is reduced signifi-
cantly for samples, where GeO, was replaced by TiO,. The
value of aoy decreases from 0.25 cm™* (sample without TiO,)
to 0.16 cm™? (sample with GeO,:TiO, = 5:1). The infrared ab-
sorption coefficients are extremely low (below 0.05 cm?) for
glass samples with higher TiO, concentration, but their values
are difficult to calculate with good accuracy. Our studies
suggest that titanium dioxide influence strongly on the OH™
content in glass composition. Multicomponent titanate-
germanate glasses appear to be more stable against water
absorption probably due to their strengthened network. These
effects were also observed for phosphate glasses under the
introduction of TiO, [69].

Similar phenomena were also documented earlier by us for
BGG oxyfluoride glasses, where BaO was substituted by BaF,
[70]. For these systems, the values of ooy decreased to
0.025 cm ™' (15% BaF,), 0.020 cm ™' (10% BaF,) and even below
0.01 cm™* (5% BaFy), respectively. The extremely low IR ab-
sorption coefficients (coy less than 0.05 cm™) are possible to
obtain, because all samples were synthesized under rigorous

atmosphere of dried argon of high purity. It suggests that BGG
glasses containing TiO, are attractive for active optical fibers
emitting IR radiation.

3.2.  Absorption spectra

Fig. 2 presents optical absorption spectra of Er*" ions in BGG
glasses with various molar ratios GeO,:TiO,. The spectra
consist of the inhomogeneously broadened absorption lines
characteristic for 4f'?—4f!! electronic transitions of Er**. Ab-
sorption bands correspond to transitions originating from the
115, ground state to the higher-lying *I13/5, *111/2, *lo/2, *Fos2,
*Sa/2, “Hivz, *Frrar *Fssa, *Faz, *Gosa, *Gryz and “Geyp excited
states of Er**.

From the spectra, the ultraviolet (UV) cut-off wavelength
defined as the intersection between the zero base line and the
extrapolation of absorption edge was determined. The ab-
sorption edge for the studied samples is shifted to longer
wavelengths with increasing TiO, concentration in glass
composition. Moreover, the refractive index increases from

technological conditions in glove-box, in a protective 1.736 (glass without TiO,) to 1.998 (glass with molar ratio

Table 2 — Measured and calculated oscillator strengths ( x 10~°) for Er** jons in barium gallo-germanate glasses modified

by TiO,. Transitions are from the “I;5/, ground state to the levels indicated. The rms deviations ( x 10~°) are also given.

States Energy [cm Y] 0% TiO, 10% TiO, 20% TiO, 30% TiO,
Pmeas Pcalc Pmeas Pcalc Pmeas Pcalc Prmeas Pcalc
4111/2 10,200 0.550 0.588 0.500 0.579 0.660 0.686 0.760 0.709
4F9/2 15,300 1.500 1.510 1.460 1.505 1.720 1.723 2.060 1.894
Sa/n 18,300 0.400 0.385 0.400 0.370 0.430 0.453 0.400 0.501
2Hn/z 19,200 11.10 11.65 10.94 10.98 12.63 12.25 11.61 11.16
4F7/2 20,400 1.600 1.511 1.580 1.483 1.840 1.772 1.880 1.956
4F3/2,4F5/2 22,300 0.700 0.727 0.700 0.715 0.800 0.875 1.000 0.968
2Goyy 24,500 0.650 0.533 0.630 0.554 0.770 0.671 0.800 0.742
4G11/2 26,300 19.70 19.15 19.42 19.37 21.21 21.61 19.20 19.67
4G9/2 27,750 1.700 1.721 1.750 1.665 1.820 1.890 1.340 1.975
rms deviation 0.63 0.36 0.33 0.88
States Energy [cm™Y] 40% TiO, 45% TiO, 50% TiO,
Pmeas Pcalc Pmeas Pcalc Pmeas Pcalc
*Tiaso 10,200 0.800 0.819 0.930 0.853 0.940 0.876
4F9/2 15,300 2.840 2.700 2.930 2.694 3.090 2.902
483/2 18,300 0.500 0.581 0.400 0.609 0.540 0.622
2H11/2 19,200 13.65 13.29 13.72 13.49 14.76 14.17
“Fr/ 20,400 2.520 2.452 2.380 2.521 2.490 2.629
4F3/2,4F5/2 22,300 1.110 1.122 1.270 1.177 1.180 1.201
2G9/2 24,500 0.910 0.889 1.080 0.925 1.200 0.952
“Gi12 26,300 23.06 23.43 23.55 23.78 24.35 24.97
4Gg/2 27,750 2.050 2.704 1.840 2.607 2.210 2.300

rms deviation 0.73 0.85 0.87
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Table 3 — The Judd-Ofelt intensity parameters Q; (t = 2, 4,
6) x 10~2° cm? for Er** jons.

TiO, content GeO,: TiO, Q2 Q4 06

[% mol]

0 = 477 +0.23 1.07 +£0.29 0.97 +0.21
10 5:1 6.47 + 0.06 0.93 +0.09 0.81 + 0.05
20 2:1 6.92 +0.13 097 +0.19 0.95 +0.11
30 1:1 594 +0.19 1.01 +0.28 1.01 +0.17
40 1:2 6.53 +0.16 1.61+0.24 1.12 +0.14
45 1:3 6.44 +0.18 1.51+0.27 1.14+0.16
50 1:5 6.56 +0.21 1.64+0.32 1.13+0.19

Ge0,:TiO, = 1:5) with increasing TiO, content. The following
glass parameters, the UV cut-off wavelength, Er** ion con-
centration and refractive index of the glass-host varying with
TiO, concentration are given in Table 1.

In the next step, radiative transition probabilities for
excited states of Er*" ions in BGG glasses containing TiO, were
calculated using the Judd-Ofelt theory [71,72]. The intensities
of absorption bands shown in Fig. 2 were estimated by
measuring the areas under characteristic lines of Er*" ions
and then the measured oscillator strengths of transitions were

obtained. Meanwhile, the theoretical oscillator strengths for
each transition of Er*t, within 4f™ electronic configuration,
were calculated using the following relation:

8n2me(n? + 2)°

Pcalczi X

A T 1)on ;th(<4fN}HUrH4fN}/>)z "

t:
where m is the mass of the electron, c is the velocity of light, h
is the Planck constant and 1 is the mean wavelength of the
each transition of Er**, n is the refractive index of the glass-
host, and ||UY|*> taken from Ref. [73] represents the squared
reduced matrix elements of the unit tensor operator U* con-
necting the initial and final states. Measured and calculated
oscillator strengths for Er*" ions in BGG glass varying with
TiO, concentration are given in Table 2.

The quality of the fit shown in Table 2 can be expressed by
the magnitude of the root-mean-square (rms) deviation and it
is defined by =(Pmeas - Pcai)®. The rms deviations for the
studied glass systems are in the range 0.33—0.88 ( x 10~°). The
error is within the acceptable range compared to similar Er-
doped glass systems, which were examined using the
Judd—Ofelt theory. The three Q; (t = 2, 4, 6) phenomenological
Judd—Ofelt intensity parameters (J-O) were evaluated from the

Table 4 — The calculated radiative transition probabilities A; and luminescence branching ratios B for Er*" ions in barium

gallo-germanate glasses without and with TiO,.

Transition Average wavelength [nm)] 0% TiO, 10% TiO, 20% TiO, 30% TiO,
AsT B AsTY B AsTY p A[sTY B
4S3/5 = *Fopn 3175 1 - 1 - 1 - 1 -
o2 1639 65 0.038 62 0.038 78 0.037 90 0.037
N1 1212 40 0.024 35 0.022 45 0.022 52 0.021
Tz 844 485 0.287 455 0.281 589 0.281 684 0.282
Tissa 547 1100 0.651 1067 0.659 1381 0.660 1606 0.660
“Fo — oy 3448 9 0.006 8 0.006 10 0.006 9 0.005
M1 1980 81 0.056 76 0.055 95 0.057 105 0.055
Tiasn 1156 70 0.049 67 0.049 80 0.048 87 0.046
M52 654 1280 0.889 1217 0.890 1475 0.889 1695 0.894
oz — ‘T2 4651 1 0.006 1 0.006 1 0.005 1 0.004
Tiasa 1739 48 0.268 44 0.257 57 0.279 66 0.283
M5 806 130 0.726 126 0.737 146 0.716 166 0.713
12 = *lizsn 2778 21 0.102 19 0.098 24 0.099 27 0.103
s/ 980 184 0.898 174 0.902 218 0.901 236 0.897
Miasp = Lassp 1538 110 1.000 107 1.000 136 1.000 155 1.000
Transition Average wavelength [nm] 40% TiO, 45% TiO, 50% TiO,
A s B A s B Al B

%Sz, = *Fopn 3175 1 - 1 - 1 -
o/, 1639 121 0.041 130 0.040 140 0.041
i1 1212 65 0.022 71 0.022 75 0.022
Tiasa 844 836 0.280 918 0.280 960 0.280
M5 547 1960 0.657 2153 0.658 2251 0.657
*Forp — Yopn 3448 11 0.004 12 0.004 13 0.004
N1 1980 128 0.045 139 0.047 147 0.045
s 1156 132 0.047 137 0.046 152 0.047
T1s/n 654 2555 0.904 2669 0.903 2952 0.904
o2 = “Tiapn 4651 1 0.002 2 0.005 2 0.005
Miasa 1739 81 0.220 89 0.233 93 0.217
M5 806 287 0.778 291 0.762 333 0.778
My12 > Tz 2778 35 0.108 37 0.106 40 0.108
Tissa 980 288 0.892 313 0.894 330 0.892
Myasp = “isyn 1538 197 1.000 209 1.000 215 1.000
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least-square fit of measured and calculated oscillator
strengths for Er**. They are summarized in Table 3.

The Judd—Ofelt intensity parameter Q, indicates the degree
of covalency between Er*" ions and surrounding ligands. It
reflects the asymmetry of the environment around rare earth
ions. It is interesting to see that glass with molar ratio
Ge0,:TiO, = 2:1 exhibits the highest value of Q, equal to
6.92 x 1072° cm?. It suggests that the bonds between Er’* ions
and surrounding ligands existing in glass sample with
Ge0,:TiO, = 2:1 are highly covalent in character compared to
series of the studied glass samples. It is in a good agreement
with the results obtained for Nd>* ions, where the Judd-Ofelt
parameter Q, for glass with Ge0,:TiO, = 2:1 was the highest
[74]. Next, the values of Q; (t =2, 4, 6) were used to calculate the
radiative transition probabilities, luminescence branching
ratios and radiative lifetimes.

The radiative transition probability A; for excited states of
Er’* ions from an initial state J to a final ground state J’ is
defined as follows:

4,2 2 2
A= 64re 3><n(n +2)
3h(2 +1)A 9 t=246

X

a(<4|ulary>)" @

The luminescence branching ratio 3 is related to the rela-
tive intensities of transitions from excited state to all terminal
states whereas the radiative lifetime 7,4 of an excited state is
the inverse of the total radiative emission rate At involving all
the intermediate terms (the sum of the A; terms). These re-
lations are given below.

Fig. 3 — Near-infrared luminescence spectra of Er** ions in
barium gallo-germanate glasses modified by TiO,. Inset
shows the photo of glass with molar ratio GeO,:TiO, = 1:2.

A
b= Z;\n ®
1 1
Trad = ZAJI' = A7T (4)

The radiative transition probabilities and the lumines-
cence branching ratios for Er** ions in BGG glasses in function
of TiO, concentration were calculated. The results are shown
in Table 4.

3.3. Luminescence spectra and decays

Fig. 3 shows NIR luminescence spectra of Er*" ions in BGG
glasses varying with TiO, concentration. The luminescence
spectra for glass samples with the absence and presence of
TiO, were excited by 488 nm line.

Luminescence bands at 1.5 um correspond to the main *I;5
2 — *15/, NIR laser transition of Er**. Spectroscopic studies

Fig. 4 — Radiative transition rates, luminescence
bandwidth and peak stimulated emission cross-section for
4372 — *115/, transition of Er** ions varying with TiO,
concentration.
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Table 5 — The emission peak wavelength 1, the luminescence bandwidth FWHM, the stimulated emission cross-section

Gem, the gain bandwidth 6., x FWHM and the figure of merit 6em X Tm for the *I;3/, — 5/, near-infrared transition Er*+
ions varying with TiO, concentration.

TiO, content [% mol] GeOx:TiO, A, [nm] FWHM [nm] Gem [107% x cm?] Gem x FWHM [107%8 x cm?| Gem X Tm [1072* x cm?s]

0 = 1533 48 5.55 270 29.69
10 5:1 1535.5 48 5.17 248 29.88
20 2:1 1534.5 60 4.98 299 27.74
30 11 1534 64.5 5.01 323 27.00
40 1:2 1534 70 6.04 423 30.44
45 i3 1534 110 3.60 396 17.06
50 1.5 1534 119 3.32 395 14.94

indicate that the profiles of emission bands of Er** ions
depend strongly on TiO, concentration in glass composition.
Some spectroscopic parameters such as the emission band-
width and the peak stimulated emission cross-section for the
1,3/ — 115, transition of Er** ions were determined and they
are illustrated in Fig. 4.

It is clearly seen that the radiative transition rates calcu-
lated from the judd-Ofelt framework for the I3, — “Ii52
transition of Er*" are increased with increasing TiO, concen-
tration. The same situation is observed for the luminescence
bandwidth referred as full width at half maximum (FWHM).
The values of FWHM increase with increasing TiO, concen-
tration. These effects are especially stronger for glass samples
containing higher TiO, content. The luminescence band-
widths are changed from 48 nm (glass without TiO,) to nearly
110 nm (GeOx:TiO, = 1:3) and 119 nm (GeOx:TiO, = 1:5),
respectively. The radiative transition rate for the *I;3/, — *I15/,
transition of Er*" (Table 4) and the luminescence bandwidth

were applied to calculate the peak stimulated emission cross-
section cem. It is generally accepted that the potential laser
performance of the glass-host is characterized by the peak
stimulated emission cross-section cem, Which is defined as
follows:

)‘4
Gom =——2—, A (5)
8mcn2AA

where 1, is the peak luminescence wavelength, A) is the
luminescence bandwidth (FWHM), n is the refractive index
and c is the velocity of light.

The peak stimulated emission cross-section for the *I;5
2 — “I15,, transition of Er** ions is relatively large for glass with
molar ratio GeO,:TiO; = 1:2 (Gem = 6.04 x 102! cm?) compared
to the other values, which were calculated for the studied
glass samples (Fig. 4). Details are given in Table 5.

Decay curves for the upper “l;5/, laser state of Er** ions
were also measured and examined in function of TiO,

Fig. 5 — Decays from the upper “I,3/, laser state of Er*" ions in barium gallo-germanate glasses modified by TiO,.
Luminescence lifetimes and quantum efficiencies for “I,3/, (Er**) state varying with TiO, concentration are also

schematized.
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Table 6 — The calculated radiative lifetime 7,4, the
measured lifetime t,, and the quantum efficiency nfor the

upper 1,3 laser state of Er** ions varying with TiO,
concentration.

TiO, content [% mol] GeOx:TiOy 7Traq [MS] Tm [Ms] 1 [%]

0 = 9.09 5.35 59
10 5:1 9.35 5.98 64
20 2:1 7.35 5.57 76
30 1:1 6.45 523 81
40 1:2 5.13 5.04 98
45 1:3 4.79 4.65 97
50 1:5 4.64 4.45 96

concentration. Luminescence decays from the *I;3/, state of
Er** ions in BGG glasses varying with TiO, content are pre-
sented in Fig. 5.

Luminescence lifetimes were determined based on decay
curves which are single-exponential. Decay curve analysis
clearly demonstrated that the luminescence lifetimes *I;3/,
(Er*') are reduced with increasing TiO, concentration. The
measured luminescence lifetimes t,, and the radiative life-
times t,qq calculated from the Judd-Ofelt theory are necessary
to determine the quantum efficiency for the *l;3, — *I1s/»
transition of Er*t given by n = tm/traq x 100%. Measured
luminescence lifetimes and quantum efficiencies varying with
TiO, concentration are also schematized on Fig. 5. The quan-
tum efficiencies for the *I;3/, — *I;5/, transition of Er** ions are
relatively high (n above 90%) for glass samples containing
higher TiO, content. They are comparable to the results ob-
tained for Er** ions in multicomponent oxyhalide glass based
on SrO—Al,03—B,03—BaCl,—TeO, (n = 90%), TeO,—H3BOs.
—PbO—Bi,0;—CdO (n = 92%) and TeO,—GeO,—Na,0—ZnO

(n = 93%), respectively [75—77]. Spectroscopic analysis in-
dicates that glass with molar ratio GeO,:TiO, = 1:2 exhibits the
highest value of n. It suggests that the introduction of TiO, to
BGG glass is conducive to achieve high quantum efficiency.
Details are given in Table 6.

The peak stimulated emission cross-section, the lumines-
cence bandwidth and the measured luminescence lifetime for
the *I;3/, — *I;5/, transition of Er** ions were applied to calculate
the laser parameters, i.e. gain bandwidth (cepy, x FWHM) and
figure of merit FOM (Gem X Tm). The gain bandwidth and the
figure of merit are important laser parameters to identify the
lasing in glass-hosts and near-infrared broadband amplifica-
tion. In practice, high gain medium with low threshold pump
power is strongly required. It is experimentally proved that both
factors cem x FWHM and e, X T, exhibiting high values for the
132 = *115/> NIR transition of Er** ions at 1.5 um are necessary to
generate laser action in glasses. These laser parameters varying
with TiO, content are also presented in Table 5. Based on mea-
surements of emission spectra and decays we can conclude that
glass with molar ratio GeO,:TiO, = 1:2 has the highest stimu-
lated emission cross-section (cem = 6.04 x 102! cm?), gain
bandwidth (Gem x FWHM = 423 x 10~?%cm®) and figure of merit
FOM (Gem X Tm = 30.44 x 10~ 2*cm?s) for the *I;3/, — *I35/, tran-
sition of Er** ions. Therefore, BGG glass with GeO,:TiO, = 1:2
doped with Er*' ions belonging to low-phonon oxide glass
family can be successfully used for NIR laser applications.

Finally, the peak stimulated emission cross-section, the gain
bandwidth and the figure of merit for the main *l3, — *I;5»
near-infrared transition are compared to several Er**- doped
laser glasses published previously [78-93]. The results are
summarized in Table 7.

The peak stimulated emission cross-section for glass with
Ge0,:TiO, = 1:2 is smaller in comparison to some germanate

Table 7 — Comparison of the stimulated emission cross-section

m), the gain bandwidth (6em X FWHM) and the figure of

merit (Gem X Tm) for the *I;3/, — *I;5/, near-infrared transition in different laser glasses doped with Er**.

Glass-host Oem [107% x cmM?]  Gem x FWHM [10728 x cm®]  Gem X T [1072* x cm?s] Ref.
Ge0,:TiO, = 1:2 6.04 423 30.44 this work
GeO,—BaO 7.89 560 16.57 [78]
GeO,~MgO 8.55 693 38.05 78]
GeO,—Gay05-Li0 7.78 424 - [79]
Ge0,—Ga,05—Na,,0 7.58 402 = [79]
Ge0,—Ga,05—K,0 7.62 403 - [79]
GeO,—PbO—Na,0 7.00 364 - [80]
Na,0—Ca0—Al,03—GeO, 5.70 239 = [81]
TeO,—WO03;—Na,0—Nb,0s 5.87 376 14.09 [82]
PbF,—Te0,—B,05 537 466 - 83]
Na,0—ALO5—P,0s 5.50 293 37.40 84]
P,05—K,0—SrO—Al,03 6.03 204 = [85]
P,05—K,0—Al,05—PbO—Na,0 6.73 310 13.86 [86]
NaF-RF,-AlF;-YF;-Al(POs)3 6.77 379 49.80 87]
P,05—K,0—Al,05—CaF, 10.50 704 23.21 [88]
Nb,0s—K,0—ZnF,—LiF-Si0O, 7.46 694 15.82 [89]
Si0,-GeO,-Ca0—BaO—Nb,0s—Li,0 955 735 - [90]
Si0,—Al,03—Na,CO3—SrF,—CaF, 9.80 520 37.57 [91]
Si0,—Al,03—LiF—SrF, 11.66 735 = [92]
Te0,—B,05—ZnF,—Ba0 294 222 35.80 [93]



https://doi.org/10.1016/j.jmrt.2022.11.081
https://doi.org/10.1016/j.jmrt.2022.11.081

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;21:4761-4772

4769

based glasses exhibiting ger, above 7 x 10-2* cm? [78—80], but
the gain bandwidth is similar to the results obtained for GeO,.
—Ga,03—R,0 glasses, where R denotes Li, Na or K [79]. According
to Zhangetal. [79], thelarger value of 6., x FWHM, the wider the
gain bandwidth and glasses might be promising host materials
for broadband fiber amplifiers at 1.5 um, when values of cem-
x FWHM are larger than 400 x 10~2® cm®. The emission cross-
section for the *I;3, — *I;5, transition of Er** ions in glass
with molar ratio GeO,:TiO, = 1:2 (Gem = 6.04 x 1072 cm?) is
comparable with the values o, ranging between 5.3 and 6.8 (in
10"%' cm? for some inorganic glasses [81—87]. Comparative
analysis indicates that the emission cross-sections of Er** are
significantly higher for selected phosphate [88] and silicate
[89—92] glasses. For oxyfluoride glasses based P,Os—K,0—Al,.
03—CaF, [88] and SiO,—Al,03—LiF—SrF, [92], the values of 6y, are
equal to even 10.50 and 11.66 ( x 1072 cm?). Previous work for
Er’*ionsin fluoroborotellurite glass gives interesting results, i.e.
values of G, and cen, x FWHM are found to be rather smaller
compared to other reported glass systems (Table 7), but product
of Gem X Tm known as the figure of merit is relatively high [93]. In
our case, the product Gem X Ty for the *1y5/, — I35/, transition of
Er*' in BGG glass with TiO, (30.44 x 10~2* cm?s) is found to be
larger than some other glasses reported in Table 7. The figure of
merit (FOM) for our BGG sample with GeO,:TiO, = 1:2 is similar to
glasses based on GeO,—MgO [78], Na,0—Al,03—P,0s [84],
NaF—RF,—AlIF5—YF;—Al(POs)s (R = Mg, Ca, Sr, Ba) [87], SiO,—Al,.
03—Na,C0O53—SrF,—CaF, [91] and TeO,—B,03—ZnF,—Ba0 [93], for
which the values Gem X T, are larger than 30 x 1072* cm?s.

Based on theoretical and experimental results we conclude
that glass (GeO,:TiO, = 1:2) could be potentially useful for
lasing action compared along with reported laser glasses.
Therefore, Er**-doped BGG glass with GeO,:TiO, = 1:2 is suit-
able for broadband NIR laser gain active media operating at
1.5 um.

4, Conclusions

In this work, Er-doped BGG glass modified by TiO, is proposed
as an excellent candidate for NIR luminescence and laser ap-
plications. The absorption and luminescence spectroscopy
and calculations using the Judd—Ofelt theory were used to
examine multicomponent glass with different molar ratios
Ge0,:TiO,. Several spectroscopic and laser parameters for Er**
ions in glass varying with TiO, concentration were determined
and compared to similar inorganic glasses and commercial
laser glass systems reported well in literature. Our studies
clearly indicate that Er-doped glass with GeO,:TiO, = 1:2 shows
strong NIR luminescence. Emissionband at 1.5 pm corresponds
to the *I13/, — *I;5/, NIR transition of Er*" ions. The spectro-
scopic and laser parameters are as follows: the peak stimulated
emission cross-section cem = 6.04 x 102! cm?, the measured
lifetime t,, = 5.04 ms, the quantum efficiency n = 98%, the gain
bandwidth oem x FWHM = 423 x 10728 cm® and figure of merit
known as Gem X Tm product = 30.44 x 10-2* cm?s, respectively.
We suggest that Er’"-doped glass with molar ratio GeO,:TiO,
= 1:2is suitable for luminescence at 1.5 um and could be useful
for NIR broadband optical amplifiers.
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ARTICLE INFO ABSTRACT

Keywords:

Glasses

Er®" ions

Mid-infrared luminescence
Spectroscopic properties

Er®*-doped glass based on TiO,-GeO,-BaO-GayO3 has been examined for mid-IR luminescence applications.
Mid-IR luminescence corresponding to the Iy 2= 4113 /2 transition of Er®" is enhanced in the presence of TiOs.
These effects are stronger for mid-IR emission at 2727 nm than near-IR emission at 1533 nm related to the s /2
-5 /2 transition of Er®t. The gain bandwidth for the “Iin /2= T /2 transition of Erttis relatively large (6em X
FWHM = 8.14 x 102°cm®), which imply that glass with TiO, might be a promising candidate for efficient

sources emitting mid-IR radiation.

1. Introduction

Nowadays there is a great interest in compact lasers operating in the
near-IR (up to 2 pm) and mid-IR (2-5 pm) spectral ranges for optical
communications, medical and eye-safe light detecting. These aspects are
really important in the field of infrared photonics and material engi-
neering [1] and have been examined for numerous systems from lumi-
nescent materials [2] and fiber based sources [3] to their optical device
applications. Among rare earth ions, the trivalent Er®" seems to be an
excellent candidate for diode-pumped lasers emitting near-IR (1500 nm)
and mid-IR (2700 nm) radiation due to 4113/2 - 4115/2 [4] and *13; /2=
“Ii3/2 [5] transitions, respectively. The rapid development of optical
telecommunication and data-transmitting services demands to increase
the transmission capacity of wavelength division multiplexing (WDM)
systems. It requires broadband optical amplification beyond the con-
ventional window (1500 nm, C-band) of Er3+-d0ped fiber amplifiers
(EDFA) in order to fully utilize low-loss band of silica based optical fibers
(1300-1700 nm).

On the other hand, broadband and/or tunable laser source operated
at the mid-infrared region 2-5 pm (atmospheric transmission window,
where the Earth’s atmosphere is relatively transparent) is especially
strongly demanded for the atmospheric, security and industrial appli-
cations. However, the stretching vibrations of hydroxyl groups OH™
varying with the glass composition are located in the 2700-3000 nm
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spectral region and they are usually difficult to eliminate. The relatively
high concentration of hydroxyl groups effectively quench luminescence
from excited states of rare earth ions and this effect is especially
important for Er®*-doped glasses emitting mid-infrared radiation at
about 2700 nm. It clearly indicates that technological conditions during
all steps from synthesis of precursor glass to fiber fabrication should be
extremely rigorous. For that reason an ultra-dry atmosphere filled glove-
box is strongly recommended and, in fact, absolutely required for glass
preparation (including chemical batching, glass melting, preform mak-
ing and annealing) in order to obtain the appropriate low OH content
(below 1 ppm in weight). Thus, it is possible to fabricate dehydrated
active glass fibers with relatively low OH content (1 ppm in weight) and
low OH-induced attenuation (10 dB/m level in 3-4 pm region) showing
promise for 2-5 pm mid-IR nonlinear applications. It was well presented
and discussed in the excellent work published recently [6]. In order to
further reducing the OH content to the level 0.1 ppm weight and the
OH-induced loss to 1 dB/m level, the glass-host matrices with different
oxide and fluoride glass-modifiers are tested and all parameters during
glass and fiber fabrication are still optimized due to restricted procedure
and technological conditions necessary for mid-IR emitting fibers. The
recent studies indicate that the choice of the glass-host matrix is very
important in order to achieve efficient mid-IR radiation. It is generally
accepted that inorganic glasses with relatively low phonon energies
have lower rates of non-radiative multiphonon relaxation. Extended
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transparency in the IR range and low phonon energy of the host makes
these glasses attractive for mid-IR emission and active fiber applications.

In practice, the mid-IR luminescence investigations were limited to
low-phonon oxide (tellurite, germanate, bismuthate) and non-oxide
(fluoride, chalcogenide) glass systems [7-11], which are more trans-
parent in the IR range than classical silica glasses. The previously pub-
lished work suggests that the Er>*-doped ZrF,-based fluoride glasses are
attractive for 2.7 pm laser materials [12], in contrast to oxide glasses.
However, the chemical and mechanical stability of fluoride fibers is still
poor and limits their applications.

From accumulated experience it is well known that mixed oxy-
fluoride glasses are quite good practical alternative to oxide and fluoride
glass systems for mid-IR fiber applications, because they combine very
good mechanical properties and thermal stability of oxide glasses and
improved radiative luminescence properties of fluoride glasses. The
addition of fluoride modifiers to oxide glasses starts to enhance contri-
bution of radiative transitions and results in significant increasing
spectroscopic parameters of rare earth ions such as luminescence life-
times, quantum efficiencies and stimulated emission cross-sections.
Thus, the Er®"-doped fluoro-tellurite glass is considered as a new
choice for 2.7 pm lasers [13]. The Er®" doped tellurite fibers showing
broadband 2.7 pm amplified spontaneous emission were also fabricated,
which are really important in relation to practical mid-IR laser appli-
cations [14]. Compared with tellurite glasses having lower phonon en-
ergy, germanate glasses have relatively higher glass transition
temperature as well as stronger chemical and mechanical stability.
Consequently, it makes germanate glass have a good thermal stability to
resist thermal damage at high pumping intensities. However, there have
been only a few reports on the Er’" doped germanate glasses for
mid-infrared fiber applications. It was stated that mid-IR luminescence
at 2700 nm depends critically on the population behavior between 111 /5
state and lower-lying 411 3/2 state of Er’* jons in germanate glasses [15].
Mid-infrared luminescence properties of Er®*-doped germanate based
glasses have been examined under 808 nm [16] and 980 nm [17]
excitation. Further studies confirmed that the addition of various
glass-modifiers to the base glass influenced significantly on mid-IR
emission of erbium. The previously published works indicate that
mid-IR luminescence of Er>* ions in germanate glasses depends on the
network-modifiers R,O3, where R—La or Y [18], Y203 and Nb,Os [19],
TeO, [20] and BiyO3 [21]. These aspects were not yet examined for
germanate based glass in the presence of titanium dioxide. Recently,
near-IR luminescence properties of rare earth ions due to “Fy /2 — I /2
transition of Nd** at 1060 nm [22] and “I;5 /2 — “Iis /2 transition at 1500
nm [23] have been analyzed for germanate glass in function of TiO,
content. Systematic investigations revealed that Er®*-doped germanate
glass with higher TiO, content (40 mol %) is suitable for broadband
near-IR laser gain active media operating at 1.5 pm [23].

In this work, mid-IR emission of Er®" in TiO2-GeO4-BaO-Gas03 glass
has been examined in details. Based on luminescence spectra at 2700 nm
and their decays, some spectroscopic parameters for Er’t ions (the
luminescence bandwidth and lifetime, the stimulated emission cross-
section, the gain bandwidth) were determined for glasses with the
absence and presence of TiOs. It is evidently seen that mid-IR emission
of Er®* ions is greatly enhanced with TiO,. Therefore, Er®-doped glass
based on TiO,-GeO3-BaO-Gag0s is strongly recommended for broad-
band mid-IR luminescent sources operating at 2.7 pm.

2. Experimental

Glasses with the following molar compositions 40TiO2-20GeO2-
30Ba0-9.5Gay03-0.5Er,03 denoted here as TGBG and 60GeO,-30BaO-
9.5Gaz03-0.5Er203 (GBG) were prepared using melt quenching tech-
nique. The appropriate amounts of metal oxides of high purity (99.99%,
Aldrich Chemical Co.) were mixed homogenously together and then
melted at 1200 °C for 0.45 h. Glass samples were polished for optical
measurements. Next, they were characterized using by DSC, FT-IR and
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luminescence methods. The DSC curves were acquired using a
SETARAM Labsys thermal analyzer (SETARAM Instrumentation,
Caluire, France) with heating rate of 10 °C/min. Transmittance spectra
were performed on the Nicolet iS50 ATR spectrometer in IR frequency
region. Details for emission measurements (spectra and decays) are
given in our previous work [23]. Measurements in wide range of
1000-3100 nm were carried out using an Acton 2300i monochromator
equipped with a PbSe detector (Teledyne, Princeton Instruments, Acton,
MA, USA) with a lock-in detection (Stanford Research Systems, Sunny-
vale, CA, USA) setup and high power Roithner Lasertechnik GmbH
(Vienna, Austria) laser diode (Aexe = 976 nm, Popiimaxy = 1 W) as an
excitation source. Resolution for spectral measurements was +0.1 nm.
Decay curves were recorded with an accuracy of +0.5 ps

3. Results and discussion

Fig. 1 presents DSC curves measured for glass samples without (GBG)
and with TiOy (TGBG). From DSC curves the glass transition tempera-
ture Ty and the thermal stability parameter (AT = Ty—Tg) were deter-
mined. They are also schematized on Fig. 1.

The glass transition temperature T increases from 620 °C to 705 °C,
whereas the thermal stability parameter is reduced from 187 °C to 80 °C
in the presence of TiO,. Although the AT factor was decreased signifi-
cantly, we suggest that our glass with TiO9 exhibits still good thermal
stability necessary for fiber drawing, when we compared to the values of
AT (80 -+ 85 °C) obtained earlier for some mid-infrared emitting glasses
based on AlF3 [24] and PbO-PbF2-Bi03-Gax03 glasses [25].

Further analysis for fluorotellurite glass systems [26-28] indicates
that Er®*-doped low-hydroxyl glasses are strongly demanded for laser
applications at 2.7 pm. Our glass TGBG with TiO; also meets these re-
quirements, because the residual absorption of OH™ groups is reduced
drastically compared to GBG glass (without TiOg). Fig. 2 presents
transmittance spectra measured for glass samples without (GBG) and
with TiOy (TGBG). Inset shows transmittance spectra registered in the
range, where characteristic band due to hydroxyl groups occurs.

The IR absorption coefficient apy (given in em™1) was calculated
using the following expression ooy = (1/L) In (To/T), where: L is the
thickness of the glass, T and T are the transmission value of maximum
and at 3 pm, respectively. The IR absorption coefficient for GBG glass is
equal to 0.25 cm ™}, which is comparable to the value apy = 0.196 cm ™!
obtained for the Er>*/Pr*" co-doped germanate glass without any hy-
droxyl removal process [29]. For TGBG glass with TiO,, the IR absorp-
tion coefficient is extremely low (aog < 0.05 cm’l) and its value is

Fig. 1. DSC curves for glasses without (GBG) and with TiO, (TGBG).
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Fig. 2. Transmittance spectra for glasses without (GBG) and with TiO, (TGBG).

difficult to calculate with good accuracy. It is possible to obtain, because
samples were prepared under rigorous technological conditions in
glove-box, in a protective atmosphere of dried argon of high purity. The
restrictive procedure has been also implemented for some Er®*-doped
glasses [25-28]. The extremely low IR absorption coefficients (o be-
tween 0.03 and 0.07 cm™!) were achieved. This is an efficient way to
fabricate precursor glasses attractive for optical fibers emitting mid-IR
radiation.

Fig. 3 shows near-IR and mid-IR luminescence spectra of Er®* ions
centered at 1533 nm (on left) and 2727 nm (on right), which were
measured for glass samples with the absence and presence of TiOy. The
infrared emission spectra were excited by 976 nm line. Luminescence
bands correspond to the 4113/2 - 4115/2 (near-IR) and *I;; /2 = 4113/2
(mid-IR) laser transitions of Er3+, respectively.

It is well evidenced that both near-IR and mid-IR emission lines are
enhanced in the presence of TiO,. The emission bandwidth referred as
full width at half maximum (FWHM) increases from 48 nm (GBG) to 70
nm (TGBG) for *I13 /2 — s /o near-IR transition at 1533 nm, whereas the
value of FWHM is reduced from 126 nm (GBG) to 118 nm (TGBG) for
Inn /2 = 4113/2 mid-IR transition at 2727 nm, when GeO; is partially
substituted by TiO5 (40 mol%) in glass composition. Furthermore, the
spectral bandwidths (FWHM) and the radiative transition probabilities
Aj calculated using the Judd-Ofelt theory and adopted from Ref. [23]
were applied to determine the peak stimulated emission cross-sections
Gem for the “I3; 2 = 4113/2 transition of Er®*, which characterize the
potential mid-IR laser performance of the glass-host. The values of Gy
were calculated using well-known relation given elsewhere [10]. The
refractive indices n equal to 1.736 (GBG) and 1.998 (TGBG) were used

Fig. 3. Near-IR (a) and mid-IR (b) luminescence spectra of Er®* ions for glasses
without (GBG) and with TiO, (TGBG).

Journal of Luminescence 265 (2024) 120227

for calculation. The values of c.p, are compared to the results for some
inorganic glasses emitting mid-IR radiation [29-36]. They are shown in
Table 1.

For the studied glass GBG without TiO,, the peak stimulated emis-
sion cross-section is close to 0.41 x 10~ 2%cm? and its value is similar to
0.45 x 10 2%cm? obtained for oxyfluoride tellurite glass [36]. The
stimulated emission cross-section for the 4111/2 - 4113/2 transition of
Er" at 2727 nm is increased from 0.41 x 10~ 2°cm? (GBG) to 0.69 x
10~%%cm? (TGBG) in the presence of TiO,. You can see that the emission
cross-section for the 4111 2 = 4113/2 mid-IR transition of Er®* in glass
with TiO5 (0.69 x 10~2°cm?) is comparable with the values cer, ranging
between 0.57 and 0.77 (in 10’206m2) for some inorganic glasses
[29-35]. However, the values of 6., can be much higher (6ey, above 0.7
X 10’20cm2) for fluoride glasses [37] or glass-ceramics [38] emitting
mid-IR radiation at 2.7 pm.

Further spectroscopic analysis for glass TGBG with TiO, indicates
that the integrated emission intensity for the I 2= ns /2 transition at
2727 nm is enhanced more significantly (3.4-fold increase) than for the
4113/2 — 4115/2 transition at 1533 nm (1.6-fold increase) compared to
GBG glass. This situation is really promising for mid-IR emission. It is
generally accepted that the upper state *F;/, (Er®") is well populated
through well-known ground state absorption (ESA) and excited state
absorption (ESA) under 976 nm excitation [29]. The excitation energy
transfers very fast to the 1, ,2 and 4113/2 states of Er**. Two energy
transfer up-conversion processes ETU1 and ETU2 are responsible for
depopulation of 4111 ,2and 411 3,2 states of Er3*. It was schematized on the
energy level diagram (Fig. 4).

In particular, the most important is process ETU2, which depopulates
state *I;3/5 giving important contribution to the enhanced probability of
the radiative transition *I1; /2 — s /2 and stronger mid-IR emission at
2.7 pm [29]. In our case, mid-IR emission originating from the 4111 /2
state of Er>" in glass TGBG with TiO; increases much more rapidly than
near-IR emission at 1.5 pm compared to the results obtained for glass
GBG. Our luminescence investigations clearly indicate that the
lower-lying state *I;3/» (Er>") is more efficiently depopulated than the
higher-lying state “I;1» state. Luminescence decay curve analysis con-
firms this hypothesis.

Luminescence decays from the s /2 and 1 2 states of Er’t ions in
glass samples without (GBG) and with TiO, (TGBG) are presented in
Fig. 5. Based on decay curve measurements luminescence lifetimes for
the 4113/2 and 4111 /2 states of Er3* ions were calculated. The 4113/2 life-
time is slightly reduced from 5.35 ms (GBG) to 5.04 ms (TGBG), whereas
two-fold increase from 69 ps (GBG) to 138 ps (TGBG) is observed for the
111 lifetime of Er®* in glass with TiOy. The *I;1 5 lifetime of Er®* in
glass with TiO, is comparable to the value of T, = 124 ps obtained for
tellurite glass modified by GeO, [39]. Based on emission spectra and
their decays it also suggests that TiOy modifies germanate glass-network
and the local crystal field around the Er®* ions influencing strongly on
their luminescence properties. Similar effects were also observed earlier
for Er®* doped silica films modified by HfO, [40,41] giving important

Table 1

The peak stimulated emission cross-sections for the Iy 2= s /2 transition of
Er®" ions in glass samples without (GBG) and with TiO, (TGBG). The values of
Gem are compared to the results obtained earlier for some inorganic glasses.

Glass host Gem % 10 2'em? Ref.
Germanate 7.00 [29]
Bismuthate germanate 7.73 [30]
Chalcohalide 6.60 [31]
Fluorophosphate 6.57 [32]
ZBLAN 6.10 [33]
Tungsten-tellurite 6.05 [34]
ZBSY 5.67 [35]
Oxyfluoride tellurite 4.50 [36]
GBG 4.10 this work
TGBG 6.90 this work
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Fig. 4. Energy level scheme for Er** ions. All transitions are also indicated.

Fig. 5. Luminescence decays from the s /2 (@) and I ,2 (b) states of Er®* ions
in glasses without (GBG) and with TiO, (TGBG).

contribution to their optical characteristics in relation to optical wave-
guides at 1.5 pm and spherical resonators.

Finally, the emission bandwidth and the peak stimulated emission
cross-section were applied to calculate the gain bandwidth (6em X
FWHM) for the *I;; 2= 4113/2 mid-IR transition of Er®" ions. The gain
bandwidth belongs to important laser parameters, which identify the
lasing in glass-hosts and mid-IR broadband amplification. High values of
cem X FWHM are strongly required to generate laser action in glass. In
our case, the gain bandwidth is changed from 5.17 x 10~20cm?® (GBG) to
8.14 x 10~ %°cm? (TGBG), respectively. Previous investigations for Er’t-
doped germanate glass based on GeOy-GagOs-BaFa-LagOs-LisO give
interesting results. Owing to large peak stimulated emission cross-
section equal to 1.484 x 10 2%cm? and relatively lower emission
bandwidth (55 nm), the GeO2-Gay03-BaF2-Lay03-Liz0O glass exhibited
high gain performance close to 8.16 x 10~2°cm?, which makes it an
excellent candidate for mid-IR luminescence applications at 2.7 pm
[17]. The gain bandwidth for our glass with TiO2 is similar, but the
values of peak stimulated emission cross-section and emission
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bandwidth for the 4111/2 - 4113/2 mid-IR transition of Er®" ions are
completely different. Compared to the results obtained previously by Cai
et al. [17], our glass based on TiO2-GeO2-BaO-Ga03 (TGBG) shows
relatively lower peak stimulated emission cross-section (6em = 0.69 X
10%cm?) and higher emission bandwidth (118 nm) giving superior
gain performance, i.e. the gain bandwidth is close to 8.14 x 10~ 26cm?.
These results imply that Er®'-doped glass based on
TiO2-GeO2-BaO-Gay03 might be a promising candidate for mid-IR
luminescence applications.

4. Conclusions

In summary, the enhanced mid-IR luminescence of Er>* centered at
2727 nm was observed in TiO2-GeO,-BaO-Gay03 glasses under 976 nm
excitation. Mid-IR luminescence corresponds to the 4111 /2 = 4113/2
transition of Er’*. The peak stimulated emission cross-section and
emission bandwidth were determined and their values are close to 0.69
x 1072cm? and 118 nm, respectively. The results suggest that glass
with TiO; exhibiting large gain bandwidth (6em x FWHM = 8.14 x
10~26cm®) could be attractive for mid-IR luminescence at 2.7 pm.
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Holmium-doped titanate-germanate glasses have been investigated for optical applications. Near-infrared
luminescence at 2 pm due to 51, — SIg transition of holmium ions has been examined in function of TiO, con-
centration. Several spectroscopic parameters for holmium ions such as emission linewidth and lifetime, stimu-
lated emission cross-section and quantum efficiency were determined based on absorption and luminescence

experiments and calculated using the Judd-Ofelt theory. Systematic studies demonstrate that holmium-doped
titanate-germanate glasses with higher TiOy concentration show excellent optical properties. Multicomponent
glasses with molar ratios GeO2:TiO2 = 1:2 and 1:3 are recommended for near-infrared luminescence at 2 pm.

1. Introduction

Holmium-doped glasses are attractive optical materials due to
several visible and infrared luminescent transitions [1]. Among others,
trivalent holmium was used successfully as an efficient luminescence
center because it produces two 5F4,%S; — SIg and °Fs — °Ig emissive
transitions giving primary (green and red) colors of light [2]. Lumi-
nescence bands and their intensities and spectral positions can be quite
well modulated in inorganic glasses. These phenomena can be achieved
using selective excitation wavelengths, power of the excitation source,
changes of activator (H03+) concentration, chemical composition of
glass matrices, glass components (network-formers and/or
network-modifiers) and their relative molar ratios. Optical aspects were
presented and discussed for holmium ions in several inorganic glasses
like borate [3], phosphate [4], silicate [5] and tellurite [6-8] based glass
systems. Borate [9] phosphate [10] and heavy metal glasses [11-13]
containing holmium ions have been also proposed for green laser and
luminescent device applications.

On the other hand, glasses belonging to low-phonon glass-family are
excellent candidates for luminescent systems emitting near-infrared
radiation (NIR) at 1.2 um [14] and 2 um [15], which correspond to
5I¢ — °Ig and °I; — °Ig transitions of holmium. They can be applied to
laser medical surgery, atmospheric monitoring, remote chemical
sensing, eye-safe laser radars and other NIR luminescent devices. Optical
properties with a special regard to near-infrared luminescence of Ho>"

* Corresponding author.
E-mail address: joanna.pisarska@us.edu.pl (J. Pisarska).

https://doi.org/10.1016/j.materresbull.2023.112353

ions at 2 um have been examined for phosphate [16] and silicate [17]
glasses containing lead as well as silicate [18],
lanthanum-tungsten-tellurite [19], germanium-tellurite [20,21] and
germanate based glass systems [22,23]. The later system, i.e. germanate
glass is recommended for laser applications in ~2.1 pm spectral region,
which has been well described in review article published the last year
[24]. Further studies demonstrate that the enhanced NIR emission of
Ho®' at 2 um is observed in germanate based glasses sensitized by
transition metals [25-27] or rare earths [28-30]. Special attention has
been paid to germanate double-clad optical fibers co-doped with
Ho®'/Ln", where Ln = Yb [31] and Tm [32].

The recently published work for Ho>":v*"  co-doped
Nay0-Si0,-ZrO2 glasses indicates that the influence of modifier oxide
on their spectroscopic properties is significant [33]. The presence of
higher concentration of V505 in this glass system is resulted in the high
luminescence efficiency of Ho>" ions especially in the red spectral re-
gion. Holmium-doped glasses with relatively high TiOy concentration
have not yet been studied, to our knowledge. Optical and spectroscopic
properties of Ho>" ions have been examined for glass systems based on
H3B037Li2CO37CaF27Pb07Ti02 [34], P205—BaF2—CaF2—TiOZ [35],
TEOZJTiOszazO:; [36] and Te()szbzosfloTiOzfAleg [37], where
amount of TiO; playing the role as glass-modifier did not exceed 10 mol
%, only.

The aim of our work is concerned on the enhanced near-infrared
luminescence of holmium ions in multicomponent germanate based
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glasses varying with TiO, concentration. Experimental studies using
absorption and luminescence spectroscopy and theoretical calculations
using the Judd-Ofelt theory are presented and discussed for glass sam-
ples, where GeO4:TiO, molar ratio was changed from 5:1 (10% TiO5) to
1:5 (50% TiO5). Thermal and structural aspects for titanate-germanate
glasses evidenced by differential scanning calorimetry (DSC), X-ray
diffraction (XRD), electron paramagnetic resonance (EPR), Raman and
FT-IR spectroscopy were described in our previous work [38]. Theo-
retical and experimental results presented here suggest that the presence
of higher concentration of TiO5 in the multicomponent germanate based
glass-host doped with holmium ions seems to be an excellent way to
obtain amorphous systems emitting efficient near-infrared radiation at
2 ym.

2. Experimental
2.1. Glass preparation

Glasses with the following compositions xTiO2-(60-x)GeO2-30BaO-
9.75Gaz03-0.25H0,03 (x = 0, 10, 20, 30, 40, 45 and 50) were synthe-
sized. The concentrations of components are given in mol%. In the first
step, high purity components (99.99% Aldrich Chemical Co.) were
mixed homogenously together. Next, they were melted at T = 1200 °C
for t = 0.45 h. Each glass sample was polished for optical measurements.

2.2. Glass characterization

The refractive index was determined using the Metricon 2010 prism
coupler at a wavelength of 632.8 nm. The absorption spectra of glass
samples were carried out using Cary 5000 UV-VIS-NIR spectrophotom-
eter (Agilent Technology, USA). For measurements of near-infrared
luminescence spectra and their decays, the appropriate laser equip-
ment was used. It consists of PTI QuantaMaster QM40 spectrofluorom-
eter with a xenon lamp (75 W), tunable pulsed optical parametric
oscillator, Nd:YAG laser (OpotekOpolette 355 LD), double 200 mm
monochromators, Hamamatsu H10330B-75 detector and PTI ASOC-10
USB-2500 oscilloscope. Resolution for spectral measurements was
+0.1 nm. Decay curves were recorded with an accuracy of +0.5 ps.

3. Theoretical background

Bonding parameters (f and &) were determined from the absorption
spectra and calculated using the following equation:

s=((1—=p)/p) x 100% €h)

where f = Xy = p*/N and p* = v./v, [39]. In the equation given above,
is the shift of energy level position (Nephelauxetic effect), whereas N
denotes number of levels used for calculation of f-values. In order to
calculate p*, the energies of the corresponding transitions in the inves-
tigated complex v, and free-ion v, are necessary [40]. Positive or
negative sign for the values of & suggests covalent or ionic bonding be-
tween Ho®>" and surrounding ligands.

The standard Judd-Ofelt theory [41,42] was used to calculate radi-
ative transition probabilities for excited states of holmium ions in
titanate-germanate glasses. At this moment it should be pointed out that
the Judd-Ofelt calculations have been used previously not only for rare
earth ions in amorphous systems [43], but they were also applied suc-
cessfully to some inorganic phosphors. In particular, the Judd-Ofelt
parameters for some crystalline compounds NaGd(WO4)2:Er®*, YLiF4:
Nd®* and Y,03:Er®* were determined using the excitation spectrum
[44]. Furthermore, a universal route for calculating the Judd-Ofelt pa-
rameters for powdered phosphors p-NaYF4Er’'/Yb>™ have been
developed by Zhang et al. [45]. Also, Luo et al. [46] have proposed that
the Judd-Ofelt parameters for inorganic phosphors NaYF4:Er®* can also
be derived from the fluorescence decays.

Materials Research Bulletin 166 (2023) 112353

The calculation procedure for holmium-doped titanate-germanate
glasses was carried out using the commercially available software Ori-
ginPro (version 2018b). The Origin C was used in the calculations. Ac-
cording to the standard procedure, the x-axis of absorption spectrum
was converted to wavenumbers given in cm L. Then, the baseline was
fitted individually to the each absorption band of Ho>" and the inte-
grated areas were calculated.

The measured oscillator strengths of transitions were estimated by
measuring the areas under the absorption bands of holmium ions using
the following expressions:

Prcas =418 x 1077 /6(v)dv @)

eW)=A/(cx 1) 3

where: f e(v) represents the area under the absorption line, A and 1 in-
dicates the absorbance and the optical path length, whereas c is the
concentration of Ho®" ions (mol x 171).

The theoretical oscillator strengths for each absorption transition of
Ho>" ions were calculated using the relation, which was defined as
follows:

2 2 2
P = Sl £2) S (g v 4 ) @

3hA(2J + 1)9n Se

In this relation, m, ¢, n, h and A are the mass of the electron, the
velocity of light, the refractive index of the medium, the Planck constant
and the mean wavelength of the each transition, respectively. The values
of || Ut|| used for Ho>" ions were adopted from Ref. [40] and represent
the square of the matrix elements of the unit tensor operator U".

In the next step, the measured and theoretical oscillator strengths for
Ho®* were compared. The three phenomenological intensity parameters
Q; (t = 2, 4, 6) were determined. The fit quality was expressed by the
magnitude of the root-mean-square deviation rms, defined using the
relation [11] given below:

s = (32 (P — Pea)® V)" ®)

where N denotes the total number of transitions involved in the fitting
procedure.

The Judd-Ofelt intensity parameters € are necessary to calculate the
radiative transition probabilities, the luminescence branching ratios, the
peak stimulated emission cross-sections and the radiative lifetimes. The
radiative transition probabilities A; for the excited states of holmium
ions were calculated as follows:

647t n(n? +2)°

A= X X Q. ( < 4fVJI U 14)4fN ) 6
EREVICYEETVE 9 ;6 (<4 U 4)4f ()

The luminescence branching ratio p is due to the relative intensities
of transitions from the excited state to all terminal states of holmium
ions.

A

The radiative transition probability A; and the emission linewidth A
referred as full width at half maximum (FWHM) were applied to
determine the peak stimulated emission cross-section o, using the
following expression [47-49]:

@

B

BA; WI()
v fzppl(z)M ®

Oen = e
where ), is the peak emission wavelength for the electronic transition of
Ho®" and I()) is the emission intensity.

The radiative lifetime T4 is the inverse of the total radiative tran-
sition probability defined as the sum of the Aj terms:



J. Pisarska et al. Materials Research Bulletin 166 (2023) 112353

Fig. 1. Absorption spectra of Ho®" ions in titanate-germanate glasses measured in the UV-VIS and NIR ranges.

1 1 relation:

Td = =5~ = 75— (C)]
ZAJ[ Ar 0= "Tp/Traa X 100% 1o

i

Finally, the radiative lifetime T4 calculated from the relation (9)
and experimental lifetime from the luminescence decay measurements
were used to determine the quantum efficiency n using the following

4. Results and discussion

Fig. 1 shows absorption spectra of holmium ions in multicomponent

Fig. 2. UV cut-off and bonding parameters for glass samples varying with TiO, content.
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Table 1
Glass composition, TiO, concentration, holmium ion concentration, UV cut-off
and bonding parameter.

Glass composition [mol TiOy GeOy: N x uv 5
%] concentration TiO, 10%° cut-
[mol%] [ion/ off
cm®] [nm]

60GeO,-30Ba0- 0 - 1.07 307 —0.182
9.75Ga,03-0.25H0,03

50Ge02-10Ti0-30Ba0- 10 5:1 1.09 344 —0.133
9.75Ga,03-0.25H0,03

40Ge0,-20TiO,-30BaO- 20 2:1 1.11 359 0.060
9.75Gaz03-0.25H0,03

30Ge0,-30Ti0,-30BaO- 30 1:1 1.12 362 0.120
9.75Gaz03-0.25H0,03

20Ge0,-40Ti0,-30BaO- 40 1:2 1.13 365 0.200
9.75Gay03-0.25H0,05

15Ge0,-45TiO,-30BaO- 45 1:3 1.15 367 0.251
9.75Ga,03-0.25H0,03

10Ge0,-50TiO»-30BaO- 50 1:5 1.17 372 0.261

9.75Gay03-0.25H0,05

titanate-germanate glasses. The spectra were measured in the UV-VIS (a)
and NIR (b) ranges for glass without TiO, and glass samples, where the
molar ratio GeO:TiO; is changed from 5:1 to 1:5. Several inhomoge-
neously broadened absorption lines characteristic for 4f1°%-4f10 elec-
tronic transitions of Ho>" ijons are observed. Absorption bands are
assigned to transitions from the Ig ground state to the higher-lying °I,
516, 5F5, (532,5F4), 5F3,(5F2,3K8),5G6, 5G5, 5G4 and 3K7 excited states of
trivalent holmium, respectively.

Detailed analysis for the spectra recorded in the UV-VIS range reveals
that the intensity of absorption band located near 450 nm and assigned
to transition 518 — 5G6 (H03+) is the highest and further increase with
increasing TiOy concentration in glass composition. Moreover, the ab-
sorption band at about 360 nm due to transition 513 — 3K7 (Ho®*h)is quite
well detectable for glass without TiOs. For glass with GeO:TiO3 = 5:1,
the band associated to transition °Ig — 3K, (Ho>") is already lying on
absorption edge, whereas for glasses containing higher TiO; content is
completely invisible. This phenomenon clearly indicates the absorption
edge of titanate-germanate glass is changed drastically with increasing
TiO, concentration. For that reason, the ultraviolet (UV) cut-off wave-
length defined as the intersection between the zero base line and the
extrapolation of absorption edge was determined. The absorption edge
is changed from 307 nm (glass without TiO3) to 372 nm (glass with
Ge02:TiOy = 1:5) with increasing TiOz content. Furthermore, the ab-
sorption spectra of Ho>' ions were also used to calculate bonding
parameter & using the relation (1) given in Part 3. It is interesting to
notice that the value of 8 = —0.182 for glass without TiO; has a negative
sign suggesting ionic bonding between holmium ions and surrounding
ligands. Similar situation was observed earlier for germanate based
glasses doped with neodymium [50] and erbium [51], where the
negative values of & were also obtained and the nature of ionic bonding
has been determined. In our case, an introduction of TiO, to the ger-
manate glass host influence strongly on bonding between Ho®>" and the
nearest environments. The bonding parameter & is changed strongly
from —0.182 (glass without TiO5) to +0.261 (glass with GeO2:TiOy =
1:5). It suggests that the nature of bonding is changed from ionic to more
covalent with increasing TiO2 content. The results from the absorption
spectra measurements clearly indicate that the covalent bonding be-
tween holmium ions and surrounding ligands increases whereas the
absorption edge for the studied glass samples is shifted to longer
wavelengths with increasing TiO2 concentration in glass composition. It
was schematized on Fig. 2.

Details including glass compositions as well as the UV cut-off and the
bonding parameter & varying with TiO5 concentration are also given in
Table 1. The estimated uncertainties for the Ho®>* concentration, the UV
cut-off wavelength and the & value are close to + 0.01 x 10%° jon/cm?,
+ 0.5 nm and + 0.001, respectively.
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Fig. 3. Refractive indices for glass samples varying with TiO, content.

In the next step, several spectroscopic parameters for holmium ions
in titanate-germanate glasses were calculated using the appropriate re-
lations from the Judd-Ofelt theory [41,42] given in Part 3. At this
moment, it should be pointed out that the excited states of holmium ions
are well separated and the energy distances between them are suitable
and favorable for the Judd-Ofelt evaluation [52,53]. The measured
oscillator strengths for electronic transitions originating from the °Ig
ground state to the higher lying excited states of holmium ions were
determined from the absorption spectra (Fig. 1) using relations (2) and
(3). The theoretical oscillator strengths for each absorption transition
within 4f'° electronic configuration of Ho®', were calculated using
relation (4). The refractive indices necessary to calculate the theoretical
oscillator strengths are changed from 1.736 (glass without TiO3) to
1.998 (Ge04:TiOy = 1:5) with increasing TiOy concentration. They are
schematized on Fig. 3.

The measured and theoretical oscillator strengths for holmium ions
in titanate-germanate glasses were compared. They are presented in
Table 2. It is found from Table 2 that measured (Ppeas) and calculated
(Pcalc) oscillator strengths are close to each other, which suggests that
the calculation procedure applied to Ho>" ions in titanate-germanate
glasses is reliable. In most cases, the differences between Ppe,s and
Pcalc for all absorption transitions of Ho®" ions used for the Judd-Ofelt
calculations are relatively small and their values did not exceed 10%.
Furthermore, the absorption spectra were registered under the same
experimental conditions. Thus, the measuring uncertainties of the
spectral data are nearly the same for the studied series of glass samples
and should be ignored. Also, Luo et al. [44] suggest that different
calculation routes, different transitions used in the calculations or
different transition numbers involved in the calculations influence
drastically on the final results in performed Judd-Ofelt analysis. Here,
the calculation procedure was identical for all Ho>* doped glass samples
and the values of Ppeys and Pege seems to be reliable. It was also
confirmed by the root-mean-square (rms) deviation. The quality of the
fit was expressed by the magnitude of rms deviation from relation (5).
For the studied glass samples, relatively small rms values were achieved
suggesting the reliability of our results. The rms deviations are changed
between 0.35 to 0.69 (x 10’6) depending on TiO2 concentration, which
suggests that the error is within the acceptable range compared to
similar holmium-doped glass systems, for example rms = 0.41 x 10~°
for Ho>*-doped lead bismuth gallate glass [54] and rms = 0.553 x 107°
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Table 2
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Measured and calculated oscillator strengths (x 107°) for holmium ions in titanate-germanate glasses. The rms deviations (x 10~°) are also shown. Transitions are

from the °Ig ground state to the levels indicated.

Levels Energy [em™'] 0% TiOy 10% TiO, 20% TiOy 30% TiOy

Preas Peatc Preas Peale Preas Peale Preas Pealc
51, 5150 1.340 1.445 1.240 1.257 1.460 1.484 1.410 1.437
5Te 8580 0.680 1.030 0.670 0.895 0.790 1.053 0.730 1.014
5Fs 15,550 3.040 2.655 3.000 2.832 3.600 3.480 3.760 3.524
555,%F, 18,600 4.020 3.760 3.680 3.334 4.500 4.019 4.410 3.964
5Fs,(°F2,%Ks), Ge 22,100 29.40 29.39 31.40 31.39 36.30 36.29 36.70 36.69
5Gs 23,950 3.040 3.285 2.930 3.278 3.800 4.156 3.900 4.372
rms deviation 0.41 0.35 0.44 0.56
States Energy [em™1] 40% TiO, 45% TiO- 50% TiO,

Preas Peaic Preas Peale Preas Pealc

5L, 5150 1.770 1.790 1.720 1.751 1.800 1.861
516 8580 0.940 1.270 0.930 1.247 1.080 1.318
5Fs 15,550 4.200 4.159 3.970 3.907 4.470 4.360
55,,%F, 18,600 5.440 4.821 5.270 4.623 5.680 5.015
5F3,(°F2,°Ks), Ge 22,100 44.70 44.69 44.90 44.89 49.00 48.99
5Gs 23,950 4.610 4.942 4.130 4.497 4.820 5.237
rms deviation 0.60 0.66 0.69

Table 3
The Judd-Ofelt intensity parameters Q; (t = 2, 4, 6) x 1072 ¢m? for holmium
ions.

for Ho®*-doped aluminum germanate glass [55].

The three phenomenological Judd-Ofelt intensity parameters Q; (t =
2, 4, 6) were evaluated from the least-square fit of measured and
calculated oscillator strengths for holmium ions. They are given in

3]02 concentration [mol g%)zz Q, Q4 Q¢ Table 3.

1 . .

0 2 In all cases, the trend of the Judd-Ofelt intensity parameters Q; was
0 - 6.32 £ 2.55 £ 1.45 = found to be the same, i.e. Q2>Q4>Q6, which is in a good agreement with
10 51 2'22 N g'iz N (1)'1; N the calculation results obtained previously for Ho®*-doped glass systems

’ 0.21 0.31 011 [52-55]. Furthermore, the Judd-Ofelt intensity parameter Q; is con-
20 2:1 7.41 + 2.99 + 1.34 + nected with the asymmetry of the environment and the degree of
0.23 0.35 0.13 covalency between holmium ions and surrounding ligands. The highest
30 11 gég * 3'23 * (l)'fj * values of Q; (above 8 x 10720 cm?) exhibit glasses with relatively higher
40 12 8.50 4 398 4 1.49 + TiOy concentration suggestl.ng that the bonds between h.olmlum ions
0.26 0.39 0.14 and the nearest surroundings are strongly covalent in character
45 1:3 8.43 2.88 1.42 £ compared to series of the studied glass samples. According to previous
0.26 0.39 0.14 works [52-55], the spectroscopic quality factor y referred as Q4/Q¢
50 15 3'22 + g'ig * (1)"1‘2 + deals with lasing efficiencies of transitions of Ho®>" and can be used to
- - - predict the stimulated emission of the laser materials. The higher values
Table 4
The calculated radiative transition probabilities and luminescence branching ratios for holmium ions in titanate-germanate glasses.
Transition Average wavelength [nm] 0% TiO, 10% TiO, 20% TiO4 30% TiO2
Ayls ™1 i Als™ 1 i Ayls 1 i Ayls ™1 i
SF5 — I 2247 10 0.003 10 0.003 12 0.003 13 0.003
5T 1429 125 0.041 118 0.039 150 0.038 156 0.037
51, 952 606 0.196 599 0.199 775 0.198 825 0.199
5Ig 643 2348 0.760 2284 0.759 2974 0.761 3162 0.761
515 — Ol 3922 8 0.044 8 0.049 10 0.049 11 0.053
5L 1653 100 0.553 90 0.549 112 0.549 111 0.536
5l 901 73 0.403 66 0.402 82 0.402 85 0.411
5T — OI, 1857 23 0.102 77 0.296 97 0.298 100 0.301
5l 1170 202 0.898 183 0.704 229 0.702 232 0.699
5T, — Olg 2000 84 1.000 76 1.000 94 1.000 98 1.000
Transition Average wavelength[nm] 40% TiO4 45% TiO, 50% TiO2
Ayls 1] i Ayls ™1 p Ayls 1 i
5F5 — Ol 2247 17 0.003 17 0.003 19 0.003
5l 1429 202 0.038 202 0.040 226 0.039
5L 952 1138 0.215 1018 0.200 1169 0.199
5Ig 643 3945 0.744 3862 0.757 4446 0.759
5l — °lg 3922 14 0.051 14 0.050 16 0.053
51, 1653 150 0.543 152 0.547 165 0.543
5l 901 112 0.406 112 0.403 123 0.404
5T — 51, 1857 131 0.297 132 0.296 146 0.299
5l 1170 310 0.703 314 0.704 342 0.701
5T, — Slg 2000 128 1.000 132 1.000 140 1.000
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Fig. 4. Near-infrared luminescence spectra of Ho>" ions in titanate-
germanate glasses.

of y would benefit the stimulated emission in a laser active media, thus
implying a stronger near-infrared luminescence properties. In our case,
the spectroscopic quality factor is relatively large (x>2) independently
on TiO, concentration, which seems to be favorable for development of
solid-state lasers. The three Judd-Ofelt intensity parameters Q; (t = 2, 4,
6) were applied to calculate radiative transition probabilities and
luminescence branching ratios using relations (6) and (7). The results
are given in Table 4. The estimated uncertainties for the radiative
transition probabilities are close to -1 s~ 1. Unexpectedly, the radiative
transition probabilities calculated for the main 51,—%Ig NIR laser tran-
sition of Ho®* ions at 2 um are quite large (128-140 s~ 1) for glasses with
higher TiO, concentrations (40-50 mol%), when we compare to the
values of 88.19 s™! and 103.38 s~! obtained for low-phonon germana-
te-tellurite [56] and germanate [57] based glasses co-doped with
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Ho®'/yb%t,

Fig. 4 presents near-infrared luminescence spectra registered for
holmium ions in titanate-germanate glasses under excitation of °Gg state
by 450 nm line. The spectra were measured in the 950-1450 nm range.
Luminescence bands at 1.03 um and 1.4 um correspond to transitions
originating from the 58,,5F, states to the lower-lying 51¢ and °I; states,
respectively. The most intense NIR emission band at 1.2 pm is related to
5l — °Ig transition of holmium. Generally, their emission intensities
enhance with increasing TiO, concentration.

Further investigations confirmed the improvement of near-infrared
emission of holmium ions in glass samples varying with TiO, concen-
tration. Near-infrared luminescence spectra at 2 ym were measured for
holmium ions in titanate-germanate glasses under 450 nm excitation.
They are presented in Fig. 5(a). Luminescence bands near 2 ym are
assigned to the main °Ig — °Ig near-infrared laser transition of holmium.
The maximum of emission peak is nearly independent on TiO3 concen-
tration and its value is close to 1969 + 3.5 nm. The intensities of
emission bands became stronger with increasing TiO, concentration.
Inset shows the photo of selected glass sample (GeO2:TiOy = 1:2). The
radiative transition rates (b), the emission linewidths (c) and the stim-
ulated emission cross-sections (d) for the °I; — %I (Ho®") transition
varying with TiO2 content are also illustrated. Interestingly, the radia-
tive transition rates calculated for the main °I; — °Ig NIR laser transition
of Ho®" ions at 2 pm (Table 4) increase significantly with increasing
TiO, concentration, as mentioned above. Similar situation is also
observed for the emission linewidth referred as full width at half
maximum (FWHM), which increase from 160 nm (glass without TiO2) to
nearly 175 nm (GeO2:TiOz = 1:5), respectively.

The emission linewidth and the radiative transition rate for the °I; —
5Ig near-infrared laser transition of Ho®>" at 2 ym were used to calculate
the stimulated emission cross-section using relation (8). The values of
oem are larger (above 0.4 x 1072 em?) for glasses with higher TiOy
content (40-50 mol%) and consistent with the results obtained for Ho3*

Fig. 5. Near-infrared luminescence spectra of Ho>" ions in titanate-germanate glasses at 2000 nm (a). Inset shows the photo of glass with molar ratio GeO5:TiO, =
1:2. The radiative transition rates (b), the emission linewidths (c) and the stimulated emission cross-sections (d) for near-infrared transition °I, — °Ig (Ho>*") varying

with TiO, content are also indicated.
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Table 5
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The emission peak wavelength A, the emission linewidth (FWHM), the stimulated emission cross-section 6.m, the radiative lifetime 7,4, the measured lifetime 7, and
the quantum efficiency 1 for the NIR transition °I, — °Ig (Ho®") varying with TiO, concentration.

TiO, concentration[mol%)] GeOy: TiO, Ap [nm] FWHM [nm] Gem [1072° x cm?] Trad [ms] Ty [ms] n [%]
0 - 1960 160 0.35 12.0 2.88 24
10 5:1 1960 158 0.34 13.2 3.26 25
20 2:1 1962.5 161.5 0.38 10.6 3.16 30
30 1:1 1955.5 168.5 0.37 10.2 4.40 43
40 1:2 1958.5 171 0.45 7.8 3.73 48
45 1:3 1958.5 172 0.44 7.6 3.87 51
50 1:5 1957 175 0.42 7.1 3.28 46

Fig. 6. Luminescence decays from the I, state of Ho®>" ions in titanate-germanate glasses (a). The luminescence lifetimes (b) and the quantum efficiencies (c) for the

excited state 5T, (Ho®>") varying with TiO, content are also schematized.

ions lead bismuth gallate glass with 6em = 0.475 x 1072° cm? [54] and
germanate based glasses with 6er, equal to 0.451 x 1072° cm? [48] and
0.446 x 10~2° ¢cm? [58]. The stimulated emission cross-sections for the
51, — SIg NIR transition of holmium ions in titanate-germanate glasses
are given in Table 5.

Finally, luminescence decay curves for the °I, state of holmium ions
were also measured for glass samples in function of TiOy content.
Luminescence decays from the upper °I; laser state of Ho®" ions in
titanate-germanate glasses are shown in Fig. 6(a). The luminescence
lifetimes (b) and the quantum efficiencies (c) for the excited state 5I7
(H03+) varying with TiO; concentration are also schematized.

Luminescence decay curves are nearly single-exponential because of
the low activator concentration (0.25 mol%) and the lack of energy
transfer processes between holmium ions. For higher activator content
(usually above 0.5 mol% Ho3+), the non-radiative relaxation processes
become dominant and near-infrared luminescence is successfully
quenched due to the increasing interactions between holmium ions.
These phenomena depend significantly on activator concentration [23].
Based on decay curve measurements, luminescence lifetimes for the
upper °I; (Ho®") laser state of holmium ions in glasses varying with TiOy
concentration were determined. Generally, the experimental values of
Tm become longer for glass samples in the presence of TiOy. However,
the changes in luminescence lifetimes 517 (Ho3+) with TiO5 content are
non-linear. Details are given in Table 5.

The radiative lifetimes t;,q obtained from the Judd-Ofelt theory

using Eq. (9) and the measured luminescence lifetimes t,,, were used to
calculate the quantum efficiency 1 for the upper laser state °I; (Ho®")
from relation (10) given in Part 3. The values of n are enhanced rapidly
with increasing TiO; concentration (Fig. 6).

The peak stimulated emission cross-section 6y and the quantum
efficiency 1 for the main °I; — SIg transition of holmium ions are
important spectroscopic parameters to identify the potential of titanate-
germanate glass for NIR emission and laser applications. Spectroscopic
analysis (Table 5) clearly demonstrate that glasses with higher TiO,
content are preferred for potential applications as an efficient sources
emitting near-infrared radiation at 2 um. Glass systems containing
relatively higher TiOy concentration (40 and 45 mol%) exhibit the
highest stimulated emission cross-sections and the quantum efficiencies
equal t0 e = 0.45 x 10720 cm? and 1) = 48% (GeO4:TiO; = 1:2) and
0.44 x 1072° cm? and 1) = 51% (GeO2:TiO, = 1:3) among series of the
studied glasses. They are comparable to the results obtained earlier for
Ho®* ions in multicomponent glass based on GeO3-SiO2-PbO-Ca0-K2,0
[58], where the values of Gep, and 1 for the 51, — 5Ig transition are close
to 0.446 x 1072° cm? and 47.1%, respectively. The relatively large
stimulated emission cross-sections and quantum efficiencies represent
the probability of receiving more laser gain, signifying that
holmium-doped titanate-germanate glasses with higher TiO, concen-
trations (GeO2:TiO2 = 1:2 and 1:3) will be a competitive candidates for
near-infrared luminescence and laser applications at 2 pm. Furthermore,
it should also be mentioned that the optical properties of Ho>" ions in
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titanate-germanate glasses presented here are quite well correlated with
theoretical and experimental results obtained by us for Er®* ions in
glass, where the presence of higher TiO5 concentration (GeO2:TiOy =
1:2) is strongly recommended for NIR emission associated to the *I13/
— *I15,» laser transition of erbium at 1.5 um [59]. Also, we believe that
the optical results for titanate-germanate glasses containing holmium
ions are attractive for near-infrared luminescence applications, giving
an essential contribution to the development of photonic glasses [60].

5. Conclusions

In this work, the optical properties of titanate-germanate glasses
containing holmium ions have been examined. The absorption and
luminescence spectroscopy together with the Judd-Ofelt calculations
were used to study multicomponent glasses, where molar ratio GeOq:
TiO4 are changed from 5:1 to 1:5. Our investigations reveal that titanate-
germanate glasses show strong near-infrared luminescence at 2 pm,
which corresponds to the °I; — 5Ig transition of holmium ions. Several
spectroscopic parameters for Ho®" ions in glasses varying with TiOj
concentration were obtained. The stimulated emission cross-section
(6em) and the quantum efficiency () are the highest for glasses with
higher TiO; concentration (40 and 45 mol%). They are as follows: Gem =
0.45 x 1072° cm? and n = 48% (GeO4:TiO, = 1:2) and 0.44 x 10~2° cm?
and n = 51% (GeO2:TiOy = 1:3).

Based on theoretical and experimental results we conclude that
glasses with higher TiO, content could be potentially useful for optical
applications. In particular, holmium-doped glasses with GeOy:TiO2 =
1:2 and 1:3 are suitable for near-infrared luminescence at 2 pm.
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1 | INTRODUCTION

Karolina Kowalska |

Joanna Pisarska |

Abstract

Near-infrared (NIR) luminescence of Pr** and Tm>* ions in titanate-germanate
glasses has been studied for laser and fiber amplifier applications. The effect of
the molar ratio GeO,:TiO, (from 5:1 to 1:5) on spectroscopic properties of glass
systems was studied by absorption, luminescence measurements, and theoreti-
cal calculations using the Judd-Ofelt theory. It was found that independent of
the TiO, concentration, intense NIR emissions at 1.5 and 1.8 um were observed
for glasses doped with Pr3* and Tm>* ions, respectively. Moreovetr, several spec-
troscopic and NIR laser parameters for Pr>*+ and Tm>* ions, such as emission
bandwidth, stimulated emission cross-section, quantum efficiency, gain band-
width, and figure of merit, were determined. The results were discussed in
detail and compared to the different laser glasses. Systematic investigations indi-
cate that Pr3*-doped system with GeO,:TiO, = 2:1 and Tm>*-doped glass with
Ge0,:Ti0, = 1:2 present profit laser parameters and could be successfully applied
to NIR lasers and broadband optical amplifiers.

KEYWORDS
Judd-Ofelt parameters, lasers, luminescence, rare earths

covering a wide region of the optical telecommunication
window (1.3-1.7 um), the systems doped with Pr3* ions

Optical sources such as glasses and glass ceramics doped
with trivalent rare-earth ions (RE>*) operating in the near-
infrared (NIR) spectral range are interesting systems due to
their wide field of applications in the fabrication of fibers,
waveguides, solid-state lasers, and amplifiers.!”” Moreover,
the significant progress in modern information technol-
ogy and capacity in optoelectronics demands searching for
new optical fiber amplifiers with broad and efficient gain
bandwidth in the telecommunication windows.®"'” There-
fore, inorganic materials doped with RE3* ions, such as
trivalent praseodymium (Pr3*) and thulium (Tm3*) ions,
have been paid attention owing to their unique spectro-
scopic properties. In view of broadband NIR emission

have been widely investigated as potential materials for
optical amplification."™"* On the other hand, glasses con-
taining Tm3* ions can be useful in the production of
fiber optic amplifiers (TDFAs) for S-band* and infrared
lasers due to the NIR luminescence at about 1.8 um
corresponding to *F, — 3H, transition of thulium ions.”
It is well known that the luminescence properties of
RE3* ions are sensitive to the chemical composition of the
glass matrix. The choice of the host material is an essen-
tial factor that needs to be considered when developing
new optical glass materials. For that reason, the spectro-
scopic studies mainly focus on low phonon energy systems
such as tellurite,'® fluoroindate,’® zinc fluoride,'® and
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germanate’>?! glasses. Glass systems with low phonon
energy are more suitable as host materials for the RE>*
because of the less probable non-radiative relaxation pro-
cess. Consequently, those materials are characterized by
higher quantum efficiency of photoluminescence and/or a
longer luminescence lifetime of the excited state of RE>*
ions. Zhou et al.?? studied NIR luminescence properties
of fluorotellurite glass systems doped with Er’* ions in
the relatively unexplored wavelength region (1.2 um). It
was stated that the observed intense emission correspond-
ing to the #S; — #1,;, transition of Er** ions was mainly
contributed by the relatively low phonon energy of the flu-
orotellurite glass host (~776 cm™!). The investigations of
fluoroindate glasses co-doped with Pr3* and Er** ions indi-
cate that those systems with their phonon energies close
to 510 cm™! are promising materials for broadband optical
amplifiers. The NIR luminescence (full width at half max-
imum [FWHM] = 278 nm) associated with the 'G, — *H;
(Pr**), 1D, — G, (Pr3*), and *1;3/, — *Iysp, (Er*T) tran-
sitions of rare-earth ions in glass system are successfully
observed under direct excitation at 483 nm.?* According
to Wen et al.,>* the lower phonon energy (~845 cm™!), as
well as the smaller OH™ absorption coefficient of barium
gallo-germanate glasses, could reduce the probability of
non-radiative relaxation and thus enhance luminescence
at 1.8 um, corresponding to 3F, — 3Hg transition of Tm>*
ions.

Furthermore, previously published results proved that
the presence of modifier oxides has an important influence
on the structural, thermal, and spectroscopic proper-
ties of low phonon glass systems containing rare-earth
ions.”>"?” Among metal oxides that are components of
glasses emitting NIR luminescence, titanium(IV) oxide
(TiO,) deserves particular attention.?’®?° The addition
of TiO, increases the linear and non-linear refractive
indices, increasing the radiative transition probabilities
and improving the non-linear optical properties.>’ Ther-
mal studies indicate that glasses with low TiO, content as
a modifier exhibit high stability against crystallization.*!
Moreover, small quantities of TiO, in the host matrices
enhance the glass-forming ability and chemical durability
of the glass systems.>} On the contrary, oxide modifiers
TiO, added to some glass matrices effectively promotes
crystallization.>* Therefore, it is challenging to synthesize
thermally stable and fully amorphous systems with high
TiO, concentrations. To the best of our knowledge, the NIR
luminescence properties of rare-earth ions in low phonon
energy germanate glass matrices are not frequently exam-
ined in the function of TiO, at high concentration.

For that reason, in our study, titanate-germanate glass
systems singly doped with Pr’* and Tm3* ions were

fabricated, and their properties were investigated. Spec-
troscopic properties of obtained materials were analyzed
as a function of the molar ratio GeO,:TiO, (from 5:1 to 1:5)
in the glass compositions. The NIR emission spectra and
luminescence decay curves for glass systems doped with
Pr3* and Tm3* ions were registered and discussed in detail.
Based on measurements, some spectroscopic parame-
ters for rare-earth ions in glasses depending critically
on the molar ratio GeO,:TiO, were defined. Moreover,
the optical properties of Pr>* and Tm3* ions in studied
glass systems were characterized by standard Judd-Ofelt
theory.

2 | EXPERIMENTAL

Titanate-germanate glasses with the following compo-
sition: (60 - x)GeO,-xTi0,-30Ba0-9.9Ga,0;-0.1Ln,0;
(where x = 0, 10, 20, 30, 40, 45, 50 mol% and Ln = Pr,
Tm) were synthesized using the melt-quenching tech-
nique. Appropriate amounts of metal oxides (99.99%,
Aldrich Chemical Co.) were mixed homogeneously
together in an agate ball mill. Then, the glass baths were
placed in a corundum crucible (Lukasiewicz Research
Network, Institute of Ceramics and Building Materials)
and were melted at 1250°C for 60 min in an electric
furnace (FCF 4/170 M produced by Czylok). In order
to eliminate internal mechanical stresses, each sample
was quenched and annealed below the glass transition
temperature (T). Finally, the samples were slowly cooled
to room temperature and obtained transparent glass
systems were shaped and polished for further optical
measurements.

In the first step, the refractive indices for all titanate-
germanate glasses were determined using the Model
2010/M prism coupler at 632.8 nm. Next, optical mea-
surements were carried out for systems with different
GeO,:TiO, molar ratios at room temperature. The absorp-
tion spectra were recorded using a Cary 5000 UV-vis-
NIR spectrophotometer (Agilent Technology). In contrast,
Photon Technology International (PTI) QuantaMaster 40
(QM40) UV/VIS steady-state spectrofluorometer was used
to perform the luminescence spectra and decay curves. The
laser system was equipped with a tunable pulsed optical
parametric oscillator, Nd:YAG laser, and xenon lamp as
excitation sources and double 200 mm monochromators.
A Hamamatsu H10330B-75 detector was used to record
the NIR emission spectra. The resolution for spectral mea-
surements was +0.5 nm. Decay curves were registered and
stored by a PTI ASOC-10 (USB-2500) oscilloscope with an
accuracy of +1 us.
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FIGURE 1 UV-vis (A) and near-infrared (NIR) (B) absorption
spectra of Pr** ions in titanate-germanate glasses.

FIGURE 2 UV-vis (A) and near-infrared (NIR) (B) absorption
spectra of Tm** ions in titanate-germanate glasses.

3 | RESULTS AND DISCUSSION

3.1 | Absorption spectra and Judd-Ofelt
analysis

The absorption spectra of titanate-germanate glasses
singly doped with Pr3* and Tm3* ions are presented
in Figures 1 and 2, respectively. The spectra consist of

Journal | :

inhomogeneously broadened absorption lines characteris-
tic of the 4f2-4f2 (Pr3*) and 4f2-4f2 (Tm3*) transitions of
RE**. They are located in the visible and as well as NIR
spectral ranges. These absorption lines of Pr3* correspond
to the transitions from the H, ground state to the *Hg, 3F,,
3Fs, 3Fy, 1Gy, 1D, 3Py, 3Py, 1, and 3P, excited states. The
absorption lines of Tm3* are related to transitions originat-
ing from the 3Hy ground state to the 3F,, 3Hs, 3H,, °F3, 3F,,
and 'G, excited states. In both cases, the absorption lines
are shifted to longer wavelengths with increasing TiO, con-
centration. The UV cut-off derived from the absorption
spectra of Pr’* and Tm3* ions and the refractive index of
the glass host as a function of the molar ratio GeO,:TiO,
(from 5:1 to 1:5) are summarized in Table 1.

The experimental oscillator strengths for rare-earth ions
were determined from the optical absorption spectra. In
the next step, the theoretical oscillator strengths for each
transition of Pr* and Tm3* ions were calculated using the
Judd-Ofelt theory.>>*° The theoretical oscillator strength
is defined as follows:

8m2me(n? + 2)2
3hA(2T +1) X 9n

x Y Q(aNT|utahey) @

t=2,46

P calc —

where m is the mass of the electron, c is the velocity
of light, h is the Planck constant, and 4 is the mean
wavelength of each transition. In order to perform the
analysis, the refractive index of the medium (Table 1)
and ||Ut||2 from,*’ representing the square of the matrix
elements of the unit tensor operator U, were used for
calculations. At this moment, it should be pointed out
that |U" ||2 are the doubly reduced matrix elements of the
unit tensor operators of the rank ¢ = 2, 4, 6 evaluated in
the intermediate coupling approximation for each transi-
tion between the initial J and terminal J' states, which
practically do not vary with different glass hosts.*® This
calculation procedure with the host insensitive reduced
matrix elements ||UZ||2 taken from Carnall et al.>” was
applied for several glass systems doped with Pr’* and
Tm3* ions.*** Next, the experimental and theoretical
oscillator strengths were compared. They are given in
Tables 2 and 3.

It should be pointed out that the *H, — 3P, transition
of Pr3* was omitted from the Judd-Ofelt analysis due to
the anomalous behavior of this transition.** Due to too
high a discrepancy between the measured and calculated
oscillator strengths, the 3Hy — 3H; transition of Tm3*
was also excluded from the fitting. This transition is
connected with the contributions of magnetic dipole
line strengths strongly influencing the fitting procedure.
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TABLE 1

KUWIK ET AL.

N x 10" (g/cm?)

UV cut-off (nm)

PI‘3+ ’I\m3+

Pr3+

Tm3+

Glass composition, GeO,:TiO, molar ratio, rare-earth ions concentration, UV cut-off, and refractive index of glass host.

Glass composition (mol%)* Ge0,:TiO, n
60Ge0,-30Ba0-9.9Ga,05-0.1Ln, 04 - 4.94 4.94 283 282 1.736
50Ge0,-10Ti0,-30Ba0-9.9Ga,0;-0.1Ln,0, 51 5.07 5.06 343 341 1.779
40Ge0,-20Ti0,-30Ba0-9.9Ga,0;-0.1Ln,0; 211 5.14 513 353 352 1.830
30Ge0,-30Ti0,-30Ba0-9.9Ga,0;—0.1Ln, 0, 11 5.20 5.19 359 360 1.877
20Ge0,-40Ti0,-30Ba0-9.9Ga,0;-0.1Ln, 0, 1:2 5.29 5.29 364 363 1.928
15Ge0,-45Ti0,-30Ba0-9.9Ga,0;-0.1Ln, 05 1:3 5.41 5.41 368 365 1.969
10Ge0,-50Ti0,-30Ba0-9.9Ga,0;-0.1Ln, 03 15 5.49 5.49 370 369 1.998

Ln = Pror Tm.

TABLE 2 Measured and calculated oscillator strengths (x107°) for Pr** ions in titanate-germanate glasses.

Glass composition
50Ge0,- 40GeO,- 30GeO,- 20Ge0,- 15Ge0,- 10GeO,-
Energy 60GeO, 10TiO, 20TiO, 30TiO, 40TiO, 45TiO, 50Ti0,

States @) Pogs Pee Pagw Pee Poes P Poes P Poen Pov Poos Peie Boee B
3P, 21400 4510 4.867 4380 4.764 5.630 5805 5520 5718 5760 5.932 5210 5.512 6.260 6.570
SBS 20 600 3.820 3.405 3.660 3.213 4190 3.986 4140 3910 4.280 4.079 3910 3.558 4.790 4.430
D, 17 000 0850 0.726 0.850 0.823 0.830 0.986 0.780 0.977 0.980 0.964 0.950 1.161 1.480 1.123
1G4 9900 0.200 0.202 0.250 0.231 0330 0.276 0.260 0.274 0.300 0.269 0.300 0.329 0.330 0.315
3F,;,%F, 6650 6.580 6.580 7.520 7.519 8940 8937 8880 8875 8760 8760 10.650 10.644 10.270 10.275
3H6,3F2 5200 3.650 3.649 5.020 5.019 4920 4919 5100 5.099 5220 5219 7310 7309 7.020 7.019
rms deviation 0.053 0.058 0.017 0.022 0.012 0.043 0.059

Transitions are from the 3H, ground state to the levels indicated. The root-mean-square (rms) deviation (x107°) is also given.

TABLE 3 Measured and calculated oscillator strengths (x10~°) for Tm** ions in titanate-germanate glasses.

Glass composition
50Ge0,- 40GeO,- 30GeO,- 20GeO0,- 15Ge0,- 10GeO,-
Energy 60GeO, 10TiO, 20TiO, 30TiO, 40Ti0, 45Ti0, 50TiO,

States @)  Pogs Pev Pass Peic Peon Peie Pion P Poen Pov Pogs Pen Poesn e
G, 21900 6.500 6.304 5500 5140 5500 5.640 1200 1170 1110 1.087 1100 1.082 0.700 0.687
3F,,’F, 14 650 1.680 1.680 2.230 2230 2.840 2840 3.890 3.890 3390 3390 3.310 3.310 3.630 3.630
’H, 12 650 0.890 0.890 2.060 2.059 1500 1500 1340 1339 2.640 2.640 2420 2.420 3.040 3.040
ey 5900 1900 1900 1750 1751 1780 1.780 3.450 3.451 3.450 3.451 3.400 3.400 2370 2.370
rms deviation 0.010 0.032 0.005 0.002 0.002 0.001 0.001

Note: Transitions are from the 3Hg ground state to the levels indicated. The root-mean-square (rms) deviation (x107°) is also given.

The three Judd-Ofelt intensity parameters Q, (t = 2, 4, J' were calculated using the following relation:

6) for rare-earth ions in titanate-germanate glasses were

evaluated (Tables 4 and 5). The fit quality was expressed by bdrte? n(n? + 2)2

the magnitude of the root-mean-square (rms) deviation, J =

which is defined by rms = Z(Pcas = Pealc)* 3h(2] + A3 ?

In the nex.t step, the intensity pa?ar.neters Q.[ .(t =24, x Z Qt(<4fN] ”Uz” 4fNJ’>)2 @)
6) were applied to calculate the radiative transition rates, =246

luminescence branching ratios, and radiative lifetimes.
The radiative transition rates A; for excited states of Pr3*
and Tm3* ions from an initial level J to a final ground level

The total radiative emission rate At involving all the
intermediate terms is the sum of the A; terms. The
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TABLE 4 The Judd-Ofelt intensity parameters Q, (t =2, 4,
6) X 1072 cm? for Pr3* ions.

TiO, content

(mol%) Ge0,:Ti0, Q, Q, Qq

0 - 160+ 0.27 493+0.30 2.54+0.11
10 51 4.09+0.27 4.49+0.30 2.96 +0.11
20 2:1 2.55+0.16 535+0.17 3.45+0.06
30 11 2.87+0.17 5.05+0.18 3.29+0.07
40 1:2 284+011 505+012 3.01+0.01
45 1:3 6.14 +0.21 4.26 +0.23 3.90+0.10
50 1:5 490+0.25 517+0.27 3.34+0.10

TABLE 5 The Judd-Ofelt intensity parameters Q, (t = 2, 4,

6) X 1072 cm? for Tm>* ions.

TiO, content

(mol%) Ge0,:Ti0, Q, Q, Q4

0 - L11+£0.03 235+0.02 0.10+0.01
10 51 2.87+0.05 0.41+0.04 0.88+0.01
20 21 110 £0.02 1.71+£0.02 0.72+0.01
30 11 0.53 +0.04 4.72+0.03 0.25+0.01
40 12 32940.03 2.29+0.02 0.68:+0.01
45 13 2.84+0.02 2.43+0.02 0.57+0.01
50 1:5 318+0.02 0.43+0.01 123+0.01

radiative lifetime 7,,4 of an excited level is the inverse of
the total radiative emission rate. In contrast, the lumines-
cence branching ratio 8 is due to the relative intensities of
transitions from the excited state to all terminal states. The
expressions for the radiative lifetime and luminescence
branching ratio are given below:

1 1
Trad = Zi A]i = A_T (3)
Ay
= — 4
B S A (€]

The calculated radiative transition rates A; and lumi-
nescence branching ratios 8 for Pr** and Tm3* ions in
titanate-germanate glasses are shown in Tables 6-9. The
calculation results are limited to transitions originating
from the 'D, state of Pr3* as well as the *H, and *F, excited
states of Tm3*, from which the main luminescence lines in
the NIR range occur.

3.2 | Near-infrared luminescence spectra
and decay

Figure 3a presents the NIR luminescence spectra reg-
istered under direct excitation at 450 nm (°P, state)

Journal | -

for titanate-germanate glasses doped with Pr3* ions.
Independent of the GeO,:TiO, molar ratio, two emission
bands were registered for all studied glass systems. The
most intense band at 1040 nm corresponds to 'D, — (3Fs,
3F,) transition, whereas the broad NIR band covers a
wavelength range from 1300 nm to about 1625 nm. For
that reason, it was necessary to use deconvolution of this
band for better understanding (Figure 3b). Based on the
deconvolution procedure, it was stated that the broad-
band emission consists of four luminescent bands, which
are important for optical fiber amplifiers operating at the
telecommunication window and cover E (1360-1460 nm),
S(1460-1530 nm), and C + L (1530-1625 nm) bands. Among
these bands, the most intense NIR luminescence band cen-
tered at about 1490 nm is attributed to the 'D, — !G, tran-
sition of praseodymium ions.*> On the other hand, bands
at about 1358, 1565, and 1600 nm are due to 'G, — 3Hs,
3F, = ’H,, and 3F; — 3H, transitions of Pr’* ions,
respectively (Figure 3c). It was stated that the intensity of
registered emission bands depends on glass composition,
and the system with 40 mol% TiO, exhibits the greatest
NIR Iuminescence. Moreover, the 'D, — G, transition of
Pr3* ions is shifted to shorter wavelengths from 1513 nm
(glass without TiO,) to 1491.5 nm (system with 50 mol%
TiO,). This relation is similar to the results of research in
Pr3*-doped fluorotellurite glasses. Zhou et al.*® reported
that the maximum broadband emission covering the 1.30-
1.67 um spectral region moves to short wavelengths with
increasing rare-earth ions in the glass composition.

Also, the NIR emission spectra for titanate-germanate
glass systems doped with Tm3* ions were recorded under
excitation at 808 nm (*H, state). Figure 4a shows two
broad emission bands at about 1.47 and 1.8 um. It was
observed that the intensity of these bands originating from
3H, — 3F, and F, — 3Hj transitions of Tm3* ions signif-
icantly increased with the change in the GeO,:TiO, molar
ratio. The most intensive NIR luminescence occurs for
glass with 50 mol% TiO,. Furthermore, the emission peak
wavelength 4, for the *°F4 — *Hg transition of Tm** ions
is shifted to shorter and then to longer wavelengths when
Ge0,:TiO, molar ratio changes from 5:1 to 2:1 and from
1:1 to 1:5, respectively. According to Tang et al.,*’ intro-
ducing TiO, to tellurite systems causes a shift to longer
wavelengths in the 1.8 um luminescence band position.
The presence of TiO, in the glass host enhances the opti-
cal alkalinity of the system due to the increasing number
of non-bridged oxygen bonds. Hence, the O~ in the glass
structure has a higher polarizability, giving good covalency
and asymmetry to the system. Additionally, NIR emission
observed when the glass samples were excited by 470 nm
is due to the 3Hs — 3Hj transition of thulium ions.*®

Next, the influence of the GeO,:TiO, molar ratio on the
spectroscopic properties of a glass system doped with rare-
earth ions was examined based on luminescence decay
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TABLE 6

KUWIK ET AL.

The calculated radiative transition probabilities A; and luminescence branching ratios 8 for Pr** ions in germanate glass

without TiO, and titanate-germanate glasses (0, 10, 20, and 30 mol% TiO,).

Transition
1D,  3H,
3H,

3H,

3F,

31:;3

3F,

G,

Arorar, 57

TABLE 7

Average wavelength
(nm)

588

683

805

844

950

995

1480

The calculated radiative transition probabilities A; and luminescence branching ratios 8 for Pr** ions in titanate-germanate

glasses (40, 45, and 50 mol% TiO,).

Transition
D, - 3H,
3H,

3H,

3F,

3R,

3F,

G,

Arorar 57

TABLE 8

Average wavelength
(nm)

588

683

805

844

950

995

1480

Glass composition

60Ge0, 50Ge0,-10Ti0,  40Ge0,-20TiO, 30Ge0,-30TiO,
A;Gs™) B A;s™) B A; ) B A; s B

741 0.274 877 0.205 1116 0.265 1163 0.250
23 0.009 25 0.006 31 0.007 32 0.007
461 0.170 463 0.108 606 0.144 626 0.135

504 0.186 545 0.127 672 0.159 703 0.151

110 0.041 181 0.042 167 0.040 188 0.040
628 0.232 1704 0.397 1193 0.282 1458 0.315

237 0.088 494 0.115 429 0.102 475 0.102

2705 4289 4214 4645

Glass composition

20Ge0,-40TiO,

15Ge0,-45Ti0,

10Ge0,-50TiO,

O B A;(s™)
1211 0.242 1514

35 0.007 34

686 0.137 642

773 0.154 797

206 0.041 335

1587 0.317 3655

512 0.102 940
5008 7917

B
0.191

0.004
0.081
0.101
0.042
0.462
0.119

Ay (™) B
1507 0.199
41 0.005
803 0.106
952 0.125
322 0.042
3080 0.406
884 0.117
7589

The calculated radiative transition probabilities A; and luminescence branching ratios 8 for Tm** ions in germanate glass

without TiO, and titanate-germanate glasses (0, 10, 20, and 30 mol% TiO,).

Transition
3H, - *H,
3E,

3H,
Agorar 579
3F, — *H,

TABLE 9

Glass composition

TS 60GeO, 50Ge0,-10TiO0, 40Ge0,-20TiO, 30Ge0,-30Ti0,

(nm) A; ™) B Ay (s B Ay B Ay (s™h) B

790 422 0.818 1032 0.918 792 0.877 749 0.777

1460 60 0.116 84 0.075 81 0.090 126 0.131

2353 34 0.066 8 0.007 30 0.033 89 0.092
516 1124 903 964

1800 164 1.000 159 1.000 170 1.000 348 1.000

The calculated radiative transition probabilities A; and luminescence branching ratios 8 for Tm*" ions in titanate-germanate

glasses (40, 45, and 50 mol% TiO,).

Transition
3H, — 3H,
’F,

3H,

Atorar 57

3F, - *Hq

Average wavelength (nm)
790

1460

2353

1800

Glass composition

20Ge0,-40TiO0,

15Ge0,-45Ti0,

10Ge0,-50TiO,

Ay (7Y B A;(s7Y)
1550 0.881 1486

160 0.091 159

50 0.028 58

1760 1703

367 1.000 378

B
0.873

0.093
0.034

1.000

A;(s7Y) 8
1920 0.911
152 0.072
35 0.017
2107

271 1.000
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FIGURE 3
titanate-germanate glasses.

Near-infrared luminescence spectra (A), deconvoluted infrared spectra (B), and energy level scheme (C) for Pr** ions in

FIGURE 4 Near-infrared luminescence spectra (A), infrared band (4., = 470 nm) (B), and energy level scheme (C) for Tm** ions in

titanate-germanate glasses.

curve analysis. The luminescence decay curves for excited
states of Pr3* and Tm3* ions in titanate-germanate glasses
were registered and analyzed in detail. All decay curves
were well fitted to a nearly singly exponential function
(Figures 5a, 6a, and 7a). The luminescence lifetimes of
1D, for Pr3* and 3H, and 3F, for Tm3* were evaluated in

function of different content of TiO, in the glass com-
position. Our results indicate that the concentration of
titanium oxide influences luminescence lifetimes, and the
values of the 'D, lifetime of Pr3* ions and 3F, lifetime
of Tm3* ions for investigated glass samples decrease
(Figures 5b and 6b). On the contrary, the experimental
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KUWIK ET AL.

FIGURE 5 Luminescence decay curves (A) and luminescence
lifetime of 'D, state of Pr** ions in titanate-germanate glasses (B).

FIGURE 6 Luminescence decay curves (A) and luminescence
lifetime of *F, state of Tm>* ions in titanate-germanate glasses (B).

FIGURE 7 Luminescence decay curves (A) and luminescence
lifetime of H, state of Tm3* ions in titanate-germanate glasses (B).

TABLE 10 The calculated radiative lifetime 7,,4, the measured
lifetime 7,,, and the quantum efficiency 7 for the 'D, state of Pr3*
ions varying with TiO, concentration.

TiO, content (mol%) GeO0,:TiO, 7,4 (us) 7, (uS) 7 (%)

0 - 370 118 319
10 51 233 98 42.0
20 2:1 237 88 37.1
30 11 215 82 38.1
40 1:2 200 90 45.0
45 13 126 78 61.9
50 1.5 132 76 57.6

luminescence lifetime for the 3H, state of thulium ions
practically does not change with increasing content of
TiO, in germanate glasses (Figure 7b).

3.3 | Influence of GeO,:TiO, ratio on
spectroscopic parameters of Pr’* and Tm3"

From the literature, it is known that the analysis of
spectroscopic parameters is crucial to characterize the rela-
tion between glass composition and properties of systems
doped with RE3* ions. Therefore, the investigation of the
emission bandwidth (FWHM), peak stimulated emission
cross-section (0., ), and quantum efficiency (») is an inter-
esting way to prove the influence of GeO,:TiO, molar
ratio on spectroscopic properties of studied glasses doped
with Pr3* and Tm3* ions. The results are summarized in
Tables 10-13.

It is clearly seen that the emission bandwidth referred
to as FWHM and determined for systems containing
praseodymium and thulium ions is almost unchanged
with increasing TiO, concentration. The FWHM values for
the 'D, = !G4 (Pr**) and 3F, — 3Hg (Tm>*) NIR transi-
tions of RE3* ions are close to 201 + 2.5 nm (Table 11) and
228.5 + 2.5 nm (Table 13), respectively. Based on emission
bandwidths and radiative transition probabilities for the
1D, — G, transition of Pr** ions and 3F, — 3Hg transition
of Tm3* ions, the peak stimulated emission cross-sections
Oem Were evaluated. This important radiative parameter
can be calculated using the following expression:

4
AP

O = ——A
em = gren2al Y

©)

where 1, is the peak emission wavelength, n is the refrac-
tive index, c is the velocity of light, A4 is the emission band-
width (FWHM), and A; is the calculated radiative transi-
tion probability from the Judd-Ofelt theory. It is generally
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TABLE 11

The emission peak wavelength 1, the emission bandwidth full width at half maximum (FWHM) for the D, - 1G,

near-infrared transition, the stimulated emission cross-section o, the gain bandwidth o, x FWHM, and figure of merit ooy, X 7, for Pr’*

ions varying with TiO, concentration.

Cem X FWHM Cem X Tm

TiO, content (mol%) Ge0,:TiO, 4, (nm) FWHM (nm) o, (1072° X cm?) 107% x cm?) (10726 x cm? s)
0 - 1513 199.5 0.98 196 115

10 5:1 1511.5 203.5 1.10 224 108

20 2:1 1508 201 1.16 233 102

30 1:1 1497 199.5 1.15 229 94

40 1:2 1492 201 1.01 203 91

45 1:3 1493.5 198.5 1.10 218 86

50 1:5 1491.5 198.5 1.09 216 83

TABLE 12
Tm?3* ions varying with TiO, concentration.

The calculated radiative lifetime 7,4, the measured lifetime t,,, and the quantum efficiency 7 for the 3H, and 3F, states of

3H4 (’I\In3+) 3F4 (m3+)
TiO, content (mol%) Ge0,:TiO, Trad (1S) T (S) 7 (%) Trad (US) Tm (uS) 7 (%)
0 - 1938 239 12.3 6094 2716 44.6
10 5:1 890 224 25.2 6289 2485 39.5
20 2:1 1107 238 21.5 5882 2350 40.0
30 1:1 1037 214 20.6 2874 2230 77.6
40 1:2 568 216 38.0 2725 1965 72.1
45 1:3 587 225 38.3 2643 1948 73.7
50 1:5 475 238 50.1 3690 1944 52.7

TABLE 13

The emission peak wavelength 4,,, the emission bandwidth full width at half maximum (FWHM) for the *F, — *H;

near-infrared transition, the stimulated emission cross-section o, the gain bandwidth o,,, x FWHM, and figure of merit oy, X 7, for Tm**

ions varying with TiO, concentration.

FWHM
TiO, content (mol%) Ge0,:Ti0, 4, (nm) (nm)
0 - 1806 223
10 5:1 1796.5 228
20 2:1 1792 230.5
30 1:1 1795.5 231
40 1:2 1801.5 229
45 1:3 1802 227.5
50 1:5 1805.5 226

accepted that a relatively large value of o, is required
for an efficient laser transition. Our results for titanate-
germanate glasses containing Pr3* ions indicated that the
value of o (116 X 1072° cm?) is the highest for glass
sample with molar ratio GeO,:TiO, equal to 2:1 (Table 11).
Contrary to Pr*-doped glass systems, the peak stimulated
emission cross-section for the 3F, — 3H (Tm>*) transition
is relatively large (oo = 6.05 x 107! cm?) for glass with 40
mol% TiO, content (GeO,:TiO, equal to 1:2) compared to

Oem X FWHM Oem X Tm

Oem (1072 x cm?) (107 x cm?) (1072 x cm? s)
3.44 76.7 9.3

3.04 69.3 7.6

3.01 69.4 7.1

5.90 136.3 13.2

6.05 138.5 12.0

5.99 136.3 11.7

4.33 97.8 8.4

the values calculated for other studied systems doped with
thulium ions (Table 13).

In the next step, the radiative lifetime 7,4 calculated
from the Judd-Ofelt theory and the measured lumines-
cence lifetime 7,,, were applied to calculate the quantum
efficiency (1) for the 'D, — 'G, transition of Pr** ions
and the *H, — 3F, and 3F, — 3Hj transitions of Tm3*
ions (Tables 10 and 12). It was observed that the value of
this parameter is definitely larger for glasses with higher
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TiO, content. However, it is more evident for Tm3* than
Pr3* ions. In particular, the quantum efficiencies for the
3F, — 3Hg NIR transition of Tm3* ions at 1.8 um are the
highest (n above 70%) for glass samples, where molar ratio
Ge0,:TiO, was changed from 1:1 to 1:3.

The supplementary spectroscopic parameters were veri-
fied for potential applications such as NIR lasers and fiber
amplifiers. The stimulated emission cross-section (Te,),
the measured emission lifetime (z,,), and the emission
bandwidth (FWHM) were applied to calculate the fol-
lowing laser parameters: gain bandwidth (ge,,x FWHM
product) and figure of merit (FOM) (Gcp, X Tp)- The results
for the 'D, — 1G, (Pr3*) and 3F, — 3H, (Tm3") transitions
of rare-earth ions in titanate-germanate glasses are given in
Tables 11 and 13, respectively. Comparing the received data,
it can be stated that the Pr3*-doped system with 20 mol%
TiO, has the highest gain bandwidth and its value is close
to 233 x 107%7 cm?. Also, the parameter oy, X 7, for the
ID, - G, transition of Pr3* ions is relatively high for glass
with molar ratio GeO,:TiO, = 2:1. On the other hand, the
highest values of gain bandwidth (o, X FWHM = 138.5
x 107 cm®) and FOM (o, X T, = 12.0 x 107
cm? s) were determined for the 3F, — 3Hg transition
of Tm3" ions in a glass system with 40 mol% TiO,
(Ge0,:TiO, = 1:2).

It is interesting to see that the identical results were
obtained earlier by us for multicomponent titanate-
germanate glasses containing Nd3**° and Er’** ions.
Based on our previous measurements of NIR emission
spectra and luminescence decays, it can be concluded that
spectroscopic properties of systems with different molar
ratios GeO,:TiO, strongly depend on the ionic radius of
RE3*. It should be noted that the ionic radius of Pr3*
is close to the ionic radius of Nd3* ions. In both cases,
the best laser parameters were evaluated for glasses with
molar ratio GeO,:TiO, = 2:1. For that reason, titanate-
germanate glass (20 mol% TiO,) containing Pr3* ion-like
system doped with Nd3* ions can be successfully used
for NIR laser applications. Furthermore, a similar depen-
dence was observed for glasses doped with Tm3* and Er3*
ions. The highest values of the stimulated emission cross-
section, the gain bandwidth, and the FOM for 3F, — 3H,
(Tm3*) and *I,3,, — *1;5;, (Er**) transitions were calcu-
lated for systems with molar ratio GeO,:TiO, = 1:2 due
to the same ionic radius (89 pm). Therefore, Tm3*-doped
titanate-germanate glass with 40 mol% can be a potential
system for laser and fiber amplifier applications. We also
postulate that multicomponent titanate-germanate glasses
with lower (GeO,:TiO, = 2:1) and higher (GeO,:TiO, =1:2)
titanium dioxide concentrations are favored for NIR lumi-
nescence of RE3* ions located at the beginning (Pr’*,
Nd3*+) and the end (Er**, Tm3*) of lanthanide series,
respectively.

Finally, Tables 14 and 15 present a comparison of spec-
troscopic parameters in various inorganic systems doped
with praseodymium®—* and thulium.>>%' It was found
that the stimulated emission cross-section, gain band-
width, and FOM for the 'D, — !G, transition of Pr3*
ions are comparable to those of other germanate glasses.”!
Additionally, values of og, X FWHM (233 x 10~%’cm?)
and FOM o, X Ty (102 X 10726 cm? s) are greater than
those obtained for tellurite*® and borate®* systems. Previ-
ously published studies for glass systems containing Tm**
ions compared with presented data for titanate-germanate
glasses give interesting results. It can be stated that the
stimulated emission cross-section and the gain bandwidth
for 3F, — 3Hg transition of Tm3* ions in the studied sys-
tem (GeO,:TiO, = 1:2) are similar to values reported by
Gao et al.*® for glass based on GeO,-TeO,-PbO-Ca0. On
the other hand, the values of laser parameters are large
compared with borate®® and phosphate glasses® but are
less than those calculated for another germanate™ and
tellurite glass systems.”” The presented results clearly con-
firm that laser parameters depend significantly on glass
composition.

4 | CONCLUSION

In summary, experimental and theoretical studies on
the NIR luminescence properties of titanate-germanate
glasses singly doped with Pr3* and Tm3* ions were
examined for laser and fiber amplifier applications. The
glass systems with different molar ratios GeO,:TiO, were
prepared, and then, based on absorption, luminescence
spectroscopy, and calculations using the Judd-Ofelt the-
ory, the spectroscopic and laser parameters were evalu-
ated. Independent of the TiO, concentration, intense NIR
emissions at 1.5 and 1.8 um were observed for glasses
doped with Pr3* and Tm>* ions, respectively. Systematic
investigations indicate that the Pr’*-doped system with
Ge0,:TiO, = 2:1 presents profit laser parameters for the
main 'D, — !G, transition of Pr3* ions are as follows:
the measured lifetime 7,,, = 88 us, the stimulated emission
cross-section gy, = 1.16 x 1072° cm?, the gain bandwidth
Oem X FWHM = 233 X 107 ¢cm?, and FOM known as
Oem X T product = 102 X 1072° cm? s. On the contrary,
the excellent laser parameters such as the stimulated emis-
sion cross-section o, = 6.05 X 1072! cm?, the measured
lifetime 7, = 1.96 ms, the quantum efficiency n = 72.1%,
and the gain bandwidth o, x FWHM = 138.5 x 1072° cm?
were determined for 3F, — 3Hj transition of Tm3* ions
in glass with GeO,:TiO, = 1:2 and this system is attrac-
tive compared with some reported laser glasses. Our results
suggest that the systems with molar ratio GeO,:TiO, equal
to 2:1 (Pr3*) and 1:2 (Tm>3*) show good NIR luminescence
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TABLE 14 Comparison of the stimulated emission cross-section (g,,,), gain bandwidth (o, x FWHM), and figure of merit (o, X 7,,,) in

different laser glasses doped with Pr’+.

Glass host Oem (10720 X cm?)
GeO,:TiO, = 2:1 1.16
GeO,-BaO-BaF,-Ga,0, 0.97
LaF;-BaF,-BaCO;-ZnO-TeO, 0.90
Na,0-MgO-Al,0;-P,05 1.14
Li,0-Ca0O-Ba0O-Al,0;-La,05;-P,05 1.29
PbO-P,05-Ga, 0, 1.28
B,05;-Ba0-Ga,0; 0.37

Abbreviation: FWHM, full width at half maximum.

Tem X FWHM Tem X Tm

(1077 x cm?3) (10726 x cm? s) Ref.

233 102 This work
201 107 3l

174.6 83.1 46

128.8 - £

171.6 - 33

165 77 ==

81 6 4

TABLE 15 Comparison of the stimulated emission cross-section (c,,) and figure of merit (., X 7,,,) in different laser glasses doped with

Tm3*.
Glass host Gem (1072 X cm?)
GeO,:TiO, =1:2 6.05
GeO,-BaO-BaF,-Ga,0;-Na,0-La,0; 8.70
GeO,-TeO,-PbO-Ca0 5.18
TeO,-Nb,0s-ZnO-LiF 8.10
Ba0O-Ga,0;-Ge0,-La,0,-Y,0; 492
Bi,0;-B,0;-Al,0;-BaF, 5.29
Li,B,0,-Ba0-CdO 1.90
P,05-PbO-K,0-Al,0,-Na,0 141

properties and we can conclude that these multicompo-
nent titanate-germanate glasses are promising materials
for NIR photonic applications.
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In this paper, we performed a comparative spectroscopic analysis of Tm“-doped glasses based on GeO2-BaO-
Gaz03 (GBG) and TiOy-GeOy-BaO-Gaz03 (TGBG) to achieve broadband luminescence at 1.8 pm. Glasses were
prepared at different doping concentrations (0.05 mol% and 1mol%) in order to investigate the effect of Tm>"
ions as well as host composition (GeO:TiO2 molar ratios) on near-IR luminescence properties. We report on the
hypersensitivity of the transition 3Hg — °F4 of Tm®" in a series of titanate-germanate glasses, which was shifted
to longer wavelengths with increasing TiO, concentration. The relative intensity of the main near-IR emission
band corresponding to the 3F4 — 3Hg (1.8 pm) transition of Tm>* was 4.8-fold enhanced for glass with molar
ratio GeO2:TiO3 = 1:5 compared to GBG glass system. We observed the luminescence quenching phenomena for
samples containing more than 0.5 mol% of Tm>' ions. The calculated spectroscopic parameters, such as
measured luminescence lifetime (t) and the quantum efficiency (1), were discussed and compared to the
different laser glasses. Importantly, luminescence decay curves have been examined using the Inokuti-Hirayama
model. Additionally, the correlation between optical properties and local structure in glasses was well evidenced
by Raman spectroscopy. The proposed strategy, in combination with various chemical composition of glass host

activated by various Tmy0O3 concentration, might be beneficial for modern near-infrared photonics.

1. Introduction

Glasses belong to important classes of engineering materials, which
are useful in numerous industrial and medical applications. Since 1990
the discovery of the GeO2-BaO-GayO3 system, referred as GBG, belongs
to the low-phonon glass family, was characterized using various spec-
troscopic methods, and offers an ideal alternative to silicate-based glass
[1,2]. Different metal oxides have been added to the GBG system in
order to improve their properties, e.g. where GeO, was partially
substituted by titanium dioxide. A new type host of barium
gallo-germanate glass (TiO2-GeO3-BaO-Gap03) [3] has been investi-
gated for near-IR application. Titanate-germanate glasses shows a fully
amorphous character, good thermal stability, and excellent optical
properties for modern photonics and laser technology. The experimental
data clearly demonstrate that the enhanced near-infrared emission was
realized for TGBG systems with predominantly TiO, singly doped with
rare-earth ions (Nd** [4], Er®* [5], Ho®" [6]). Moreover [7], it can be
concluded that higher titanium dioxide concentration is favored for NIR
luminescence of rare-earth ions located at the end of the lanthanide
series. From the wide family of luminescent rare-earth elements, the

* Corresponding author.
** Corresponding author.

thulium ion doped materials cover attention due to their near-IR emis-
sion. Thulium ion is classified as activators, generating radiation in the
1.4-2.0 pm range, respectively [8,9]. The luminescence properties of
Tm>" ions have been examined for numerous crystals [10-13],
glass-ceramics [14-17], and glasses [18-23]. Systematic studies
demonstrated that the type of host matrix and activator concentration
influenced strongly on their spectral characteristics [24-26]. At present,
the reported glass hosts exhibiting 1.8 pm emission are mainly involved
silicate (~1050 cm’l) [271, tellurite (~780 cm’l) [28] lead-phosphate
(~1120 cm’l) [29], borate (~1400 cm’l) [30] systems.

On the other hand, some interesting spectroscopic results for glasses
singly doped with thulium ions were presented and focused on the
optimal activator concentration. A high doping concentration is not
achievable in e.g. silica glass due to its defined local structure. The
multicomponent modifications of oxide glasses which allow higher
Tm3" ions solubility triggered great interest. The optical aspect for
Tm>"-doped multicomponent borosilicate and borotellurite glasses for
S-band optical amplifier applications was studied [31]. It was stated that
the intensity of the band corresponding to the 3F4 — 3Hg transition of
Tm>" jons gradually increased up to 2 mol% content without
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luminescence quenching phenomena. So et al. fabricated thulium-doped
calcium aluminosilicate glasses [32] with dopant concentrations of up to
7 mol%. The material showed the most intensity band for the 3F, - 3Hg
transition doped with 1 mol% of Tm203, Song et al. reported the optical
properties for the Tm®*-doped Biy03-GeO5-Gay03-Nay0. In the case of
this glass system, in the function of TmyO3 concentration the intensity
corresponding to the strongest emission at 1.8 pm increased, while the
intensity of 1.47 pm band fluorescence from >H; — 3F4 transition
decreased [33]. The research showed that the distance between Tm®>*
ions become smaller with the increase of the activator concentration,
and increases the probability of cross-relaxation. Further evaluated
near-IR optical features was realized for the multicomponent germanate
glasses which offers a high rare-earth solubility. According to the pre-
vious researches, the highest TmyO3 doping concentration in GeOa--
Ba0-Gay03 system was 1 mol% [34,35].

In this work, correlation between optical properties and local
structure of Tm>* ions in two types of glass host belonging to low
phonon glass family was well evidenced by luminescence and Raman
spectroscopy. We propose an approach based on Tm>"-doped GeO,-
Ba0-Gay03 (GBG) and TiO2-GeOy-BaO-Gay03 (TGBG) glass systems. It is
established that the insertion of TiO, as an intermediate oxide is suitable
component for rare-earth ions in GBG host because of less probable non-
radiative relaxation process, which may result in a higher lifetime of the
excited state. Taking into account the potential applications of the
developed glasses in laser and broadband amplifiers, the chemical
composition was modified by gradually replacing the GeO by TiO; and
the activator concentration (from extremely low 0.05-1 mol%).
Importantly, the absorbance spectra were applied to analyze the effect of
TiO3 on position the “hypersensitive transition”, which strongly depends
on the local environment of the thulium ions. Special attention has been
paid to achieve broadband near-IR luminescence properties around 1.8
pm corresponding to the 3F,4 — 3He transition of Tm®* ions. In particular,
this work concerns on the enhanced near-IR luminescence °F4 — Hg
(1.8 pm) transition and luminescence decays from upper °F4 excited
state of thulium ions in studied materials. Luminescence decay curves
have been examined using the Inokuti-Hirayama model. Moreover, the
structural changes that have occurred resulting from the change in glass
composition were investigated through the Raman spectra. These results
and the developed strategy show that the optimal molar concentration
of luminescent Tm®* ions and the presence of TiO; in GBG glass system
play important roles in achieving near-IR emission for the modern
photonics.

2. Material and methods

Tm3+-doped Ge0,-Ba0-Gay03 (GBG) and TiO,-GeOy-BaO-Gay03
(TGBG) glass system were synthesized using melt quenching technique.
High purity powder chemicals purchased from Sigma-Aldrich (St. Louis,
MO, USA) GeOz (99.99 %), TiOz (99.995 %, rutile), BaO (99.99 %),
Gaz03 (99.99 %), and Tmy03 (99.99 %) were used as starting constit-
uents for glass preparation. The compositions are 60GeO2-30BaO-(10-
y)-Gaz03 (GBG glass system) and xTiO2-(60-x)GeO2-30BaO-(10-y)
Gay03 (TGBG glass system), where x = 10, 20, 30, 40, 45, 50. Thulium
ions was doped additively as 0.05, 0.1, 0.3, 0.5, 0.7, 1.0 mol% Tm3Os.
Each chemical constituent was weighed with a precision electronic
balance and batches of 5 g were mixed homogenously together in an
agate mortar. Next, the corundum crucible was transferred to the elec-
tric furnace and melted at 1250 °C for 0.45 h. Finally, after cooling
slowly to the room temperature, the prepared glasses were polished to
meet the requirements for optical measurements.

As a part of near-IR luminescence investigations on the Tm>*-doped
GBG and TGBG glass systems were characterized using absorption (Cary
5000 UV-VIS-NIR spectrophotometer, Agilent Technology, USA) and
photoluminescence spectroscopy. For luminescence measurements
(spectra and decays) laser equipment was used, which consists of PTI
QuantaMaster QM40 spectrofluorometer with a xenon lamp (75 W) as
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an excitation source, tunable pulsed optical parametric oscillator (OPO),
Nd:YAG laser (OpotekOpolette 355 LD), double 200 mm mono-
chromators, Hamamatsu H10330B-75 detector and PTI ASOC-10 USB-
2500 oscilloscope. Resolution for spectral measurements was +0.1 nm.
Decay curves were recorded with an accuracy of +0.5 ps. In order to
compare the emission intensity under the same experimental conditions,
measurements of glass systems were carried out at the same slit settings.
The structural properties and vibrations of groups were investigated
using Raman spectroscopy. These spectra were recorded on an Thermo
ScientificTM DXRTM2xi Raman imaging microscope. The appropriate
laser source with an excitation wavelength of 633 nm was used to collect
the data within 1200-400 cm ™! frequency range (120 scans, 0.1 cm ™!
resolution). The laser was directly focused on the sample with an
Olympus long-working-distance microscope objective (50 x ). Analysis
of the registered data was carried out using Origin Pro 9.1 software. All
optical and structural and measurements were carried out at room
temperature.

3. Results and discussion

Fig. la presents near-infrared emission spectra for Tm>* ions in
Ge03-Ba0-Gay03 glasses. The spectra of this glass samples doped with
various thulium ions concentration were recorded under excitation at
808 nm. Luminescence band at about 1.8 pm corresponds to transition
from excited state °F,4 to ground state 3He of Tm>" ions. To explain this
behavior, we used a simplified scheme of Tm>* energy-levels considered
in Fig. 1 b. The near-infrared luminescence at about 1.45 pm due to the
3H4 — °F4 transition of Tm®" can be observed (not presented in this
work). Next, the part of trivalent thulium ions passes directly through
the 3Hs state to the 3F4 lower energy state due to the multi-phonon
relaxation rates. The 3Hs state is characterized by a short lifetime and
its role in the relaxation process can be neglected. The °F, state is long
and it allows for reaching a high population density at this level.
Additionally, by successive cross-relaxation (CR) channel between *Hy
and >Hg states of Tm>" ions contributes greatly to stronger near-infrared
emissions at about 1.8 pm. The cross-relaxation process between pairs of
Tm>*: Hy + 3Hg — °F4 + 3F4 may cause depopulation of the *H, state.
Consequently, the near-infrared emission at 1.45 pm due to the *Hy —
5F, transition of Tm>* is quenched [36,37]. Luminescence properties of
Ge032-Ba0-Gag03 glass singly doped with trivalent thulium ions were
examined in 1600-2100 nm spectral range. Spectroscopic studies indi-
cate that increased Tm>* jons concentration in GBG glass system affects
the rising the intensity of near-infrared luminescence band due to the °F,
— 3He transition of Tm>*. The intensity of luminescence band 1.8 pm of
Tm®* ions increase with increasing TmyO3 concentration up to 0.3 mol
%. According to available data, the higher concentration of Tm>* ions
contributes to increasing the probability of non-radiative transitions
among cross-relaxation channels and the energy transfer process [38].
Indeed, the quenching of fluorescence intensity in fabricated glasses was
observed with high dopant levels. Based on the collected spectra, anal-
ysis of luminescence linewidth referred to as full width at half maximum
(FWHM) was calculated. The values of FWHM for barium
gallo-germanate glasses are about 220 nm (0.05mol1%), 223 nm (0.1 mol
%), 228 nm (0.3 mol%), 226 nm (0.5 mol%), 224 nm (0.7 mol%), 224
nm (224 nm) and depend slightly on Tm®* ions concentration.

In the next step, luminescence decay curves for the upper 5F, laser
state of Tm®" in barium gallo-germanate glasses were measured and
analyzed (Fig. 1c). Luminescence decay curves were quite well fitted to
nearly single-exponential function. Based on decay curve measure-
ments, luminescence lifetimes for the upper °F4 state of thulium ions in
glasses varying with TmyO3 concentration were determined. Lumines-
cence lifetime is an important parameter to estimate the rare-earth ions
behavior of the excited state in various glass systems. Generally, the
experimental values of T, obtained for the barium gallo-germanate glass
samples are reduced with increasing TmyO3 concentration. Addition-
ally, the radiative lifetimes (t;aq) obtained from the Judd-Ofelt theory
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Fig. 1. Near-IR luminescence bands due to °F, — ®Hg laser transition of Tm®* ions (a), simplified energy level diagram for Tm>®* ions (b), luminescence decays from

the upper °F, laser state (c) of Tm®* ions in barium gallo-germanate glasses.

using relation given in Ref. [39], and the measured luminescence life-
times (tr,) were used to calculate the quantum efficiency n for the upper
laser state 3F4 (Tm3"). For rare-earth ions, the quantum efficiency (n) is
another important parameter, which is used to predict the efficiency/-
quality of the laser host material. This can be evaluated by using
following relation given below:

N="Tm/Tra X 100% a

Among the studied samples, the quantum efficiency for the upper
laser state °F4 of Tm®" ions in barium gallo-germanate glasses is the
highest for sample doped with extremely low concentration (0.05 mol%)
of thulium ions and its value is close to ) = 50 %. Details are also given in
Table 1. The luminescence lifetimes () and the quantum efficiency (n)
are compared to several Tm>'- doped glasses published previously
[40-51]. The results are summarized in Table 2.

To verify the effect of TiO, concentration on optical properties of

Table 1
The calculated luminescence lifetimes (t,), quantum efficiency () for Tm3*
ions in fabricated barium gallo-germanate (GBG) glass systems.

Chemical composition of glass-host [mol%] T [ms] n [%]
60Ge0,-30Ba0-9.95Ga»03-0.05Tm,03 3.07 50
60Ge0,-30Ba0-9.9Ga,03-0.1Tm,03 2.70 44
60Ge0,-30Ba0-9.7Ga503-0.3Tm,05 1.27 20
60Ge0,-30Ba0-9.5Ga,03-0.5Tm,03 0.77 13
60Ge0,-30Ba0-9.3Gaz03-0.7Tm,03 0.59
60Ge0,-30Ba0-9.0Ga05-1.0Tm,03 0.27 4

Ge032-Ba0-Gap03 glass system, where the concentration of Tm>" ions
was the same (0.5 mol%) the absorption spectroscopy was used. Fig. 2
presents optical absorption spectra of Tm®* ions in TGBG glass system
with various GeO:TiO, molar ratios. The spectra consist of the inho-
mogeneously broadened absorption lines characteristic for 4f'2-4f'2
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Table 2
Comparison of the luminescence lifetimes (1), quantum efficiency (n) in
different laser glasses doped with Tm>*.

Glass host Tm,O3 content Tm n Ref.
[mol%] [ms] [%]
GeO-Ba0-Ga,03 0.05 3.07 50 this
work
TeO,-Al,03-BaF, 4.0 0.17 - [40]
Gay03-GeOy-BaO 1.0 5.55 - [41]
GeO2-BaO-K20 1.0 0.60 12 [42]
Ge0,-PbO-Nb,05 1.0 0.74 42 [43]
Ge0,-Ba0/Ca0-Nay0/Li,0 1.0 4.29 100 [43]
GeO,-BaO/BaFy- 1.0 3.06 71 [43]
Gay03-Nay0O-LayO3
BaO-GeO, 0.8 5.64 - [43]
Ge0,-TeO,-PbO-CaO 0.3 2.48 78 [441
Ge0,-Gay03-BaO-Nb,Os-PbO 0.5 1.91 55 [45]
Ge0,-Ga,03-BaO-Nb,Os-PbO 1.5 0.60 20 [45]
TeO,-ZnF,-Bi,03-GeO, 0.5 5.25 - [46]
TeO2—ZnO-ZnF, 0.5 1.22 65 [47]
PbO-Biy05-Ga,05 1.5 1.03 69 [48]
TeO,-Ga,O3-BaF, 1.0 0.57 - [49]
Ba0-Gay03-GeOy-Lay03-Y»03 1.8 0.7 - [50]
Bi;03-GeO,-Gaz03-Nay0 1.0 1.63 74 [51]
Biy03-GeO,-Gay03-BaF, 1.0 2.25 91 [51]
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electronic transitions of Tm3" which are located in the visible range,
respectively. Absorption bands correspond to transitions originating
from the °Hg ground state to the higher-lying 1G4 (472 nm), °F,, °F5
(686 nm) and 3H4 (792 nm) excited states of Tm3" ions. It could be
observed that the intensities of individual absorption bands have grown
with increasing GeOs:TiO, molar ratio, confirming that there is no
cluster formation in the glass medium. From the absorption spectra, the
glass parameter i.e. UV cut-off wavelength defined as the intersection
between the zero base line and the extrapolation of absorption edge was
determined. In Fig. 2b the UV cut-off of glass host in function of TiOy
content can be seen in more detail. The absorption edge is changed from
290 nm (glass without TiO2) to 380 nm (glass with GeO2:TiOy = 1:5)
with increasing TiOy concentration. The UV absorption edge for the
studied samples is shifted to longer wavelengths (red shift) with
increasing TiO, concentration due to the presence of Ti>", as explained
by Zikmund et al. [52]. It is in a good agreement with the previous re-
sults, which was obtained for modified barium gallo-germanate glass
hosts [53]. The Judd theory propounded in 1966 has been of immense
value in the quantitative interpretation of the intensities of the hyper-
sensitive transitions in rare-earth [54], initiated a study of this aspect in
optical materials. One of the most important concerns in glasses doped
with luminescent rare-earth ions is to determine a dopant environment.
Selected trivalent rare-earth ions have electronic transitions that are

Fig. 2. Absorption properties for Tm®>" ions in titanate-germanate glasses with various molar ratios GeO»:TiO, compared to GeO,-BaO-Ga,0j glass i.e. absorption
spectra (a), UV cut-off (b), hypersensitive transition (c), absorption peak wavelength (d).
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hypersensitive to the field of surrounding ligands. For example, glasses
doped with Er®*, Ho®>" and Nd3* revealed hypersensitive *I;5/5 — 2Hi1 /2
[55], 518 — 5Gg [56], 419/2 — 4G5/2, 2G7/2 [4] transitions, respectively. In
general, the hypersensitive transition is a useful probe because it is
sensitive to small changes of the glass environment around rare-earth
ions. Especially, the absorption band corresponding to the 3Hg — °F,4
transition [57] of Tm3* located in a near-infrared range near 1700 nm
follows well the selection rules: |S| = 0, |AL| < 2 and |AJ| < 2. Fig. 2¢
shows the hypersensitive absorption band of Tm®* varying with GeO,:
TiO2 molar ratios. In order to determine the absorption peak wavelength
in the function of TiO; content, as shown in Fig. 2d-a detailed decon-
volution process procedure for the *Hg — 3F4 transition was performed
using Origin Pro software. Notably, the findings presented in this work
indicated that the spectral profile and position of this transition are
changed during the modification of fabricated barium gallo-germanate
glass-host in the function TiO, content. The absorption band related to
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the hypersensitive transition of Tm>* ions is shifted to longer wave-
lengths (red shift) with increasing TiO concentration. B. So et al. [58]
achieved similar spectroscopic behavior in the intensity and shape of the
hypersensitive 3Hg — °F, transition in CaO-Al,03-SiO5 glass, which
reflects the local environment surrounding Tm>" ions. Interestingly, the
hypersensitive >Hg — °F4 transition, turns out to reflect the modified
chemical environments more significantly than other transitions of
Tm>" ions. According to H. Yang et al. [59] only some coordination
shells surrounding a Tm>* ion, within a few A, are effectively modified
when Ga and CsBr were added into Tm>"-doped Ge-As-S glasses. Their
investigation revealed that the crystal fields would be changed gradually
with increased compositional modification and then become fixed for a
sufficiently large modification. As such, the current experimental results
confirm that the degree of covalency of the Tm>*-0 bond increases with
increasing TiO5 concentration in glass composition. For this reason, the
relationship between optical properties and local structure will be

Fig. 3. Near-IR luminescence bands due to *F4 — °Hg laser transition of Tm>" ions in titanate-germanate glass systems with various GeO,:TiO, molar ratio in

function of Tm>* ions concentration.
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confirmed in the next part of this work.

The luminescence properties of Tm“—doped TiO2-GeO2-Ba0-Gay03
glasses were investigated to determine the influence of TiO2 on the
luminescence intensity of thulium ions. Fig. 3 shows the near-IR lumi-
nescence spectra of Tm>* ions in titanate-germanate glasses. As can be
seen, there were significant differences between the intensity of the
band corresponding to the 3F, — %Hg transition of Tm®", and the
chemical composition of the designed material. In general, the inte-
grated emission intensity for the °F4 — >Hg transition of Tm>" is a 4.8-
fold increase for glass systems with a molar ratio GeO2:TiO2 = 1:5

Journal of Luminescence 272 (2024) 120649

compared to the GBG glass system. However, the titanate-germanate
system with a relatively high concentration of GeO, exhibited strong
luminescence at 1.8 um for samples activated with 0.5 mol% Tm>" ions.
The opposite situation has been observed for Tm-doped samples, where
the GeOy:TiO, ratio was changed from 1:2 to 1:5. In this case, the
enhanced emission band associated to °F4 — ®Hg transition was observed
for samples doped with 0.3 mol% of thulium ions. The quenching phe-
nomenon is also observed for highly doping samples (0.7 and 1.0 mol%
TmyO3) the same as for GBG glass system. The emission linewidth for the
3F, — He transition of Tm3* ions equal to 219 nm (0.05 mol% Tm>")

Fig. 4. Luminescence decays from the upper >F, laser state of Tm®" ions in titanate-germanate glass systems with various GeO,:TiO, molar ratio in function of Tm®*

ions concentration.
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and 248 nm (1.0 mol% Tm®") in system with molar ratio TiO2:GeOy =
5:1, 238 nm (0.05 mol% Tm>") and 246 nm (1.0 mol% Tm>") in system
with molar ratio TiO2:GeOy = 2:1, 223 nm (0.05 mol% Tm>*) and 253
nm (1.0 mol% Tm®>") in system with molar ratio TiO2:GeO9 = 1:1, 224
nm (0.05 mol% Tm>"), 246 nm (1.0 mol% Tm>") in system with molar
ratio TiO5:GeO5 = 1:2, 222 nm (0.05 mol% Tm3+), and 238 nm (1.0 mol
% Tm3") in system with molar ratio TiO2:GeOy = 1:3, 226 nm (0.05 mol
% Tm®"), and 241 nm (1.0 mol% Tm>*) in system with molar ratio TiOs:
GeO2 = 1:5 compared to 220 nm (0.05 mol% Tm3") and 224 nm (1.0
mol% Tm>") in GBG system without TiO,. This situation is really
promising for near-IR applications. To confirm the validity of the
postulated near-infrared emission properties after incorporation of the
TiO; into to barium gallo-germanate network, we measured the lumi-
nescence decay curves for the system with various molar ratios GeOa:
TiOy, excited at Aexe = 808; monitored at Aey, = 1808, which are pre-
sented in Fig. 4. In our previous work [39], Tm>'-doped
titanate-germanate glasses have been examined using the Judd-Ofelt
(J-O) theory. The radiative lifetimes for the 3F4 state of Tm>" ions
calculated from the J-O theory were compared to the experimental
lifetimes, and the quantum efficiencies were determined using the
relation (1). The results for glass samples doped with 0.1 mol% are
summarized in Table 3. The radiative lifetimes (*) for the studied glass
samples were adopted from Ref. [39]. The same procedure was applied
in the present work to all glass samples varying with activator concen-
tration. Luminescence lifetimes and quantum efficiencies with various
molar ratios GeO5:TiO5 and Tm?* ions concentration are schematized in
Fig. 5a and b. Luminescence decay curves analysis suggests that the °F,
lifetimes of thulium ions depends on the activator (Tm3+) concentration
and chemical composition of the glass host. Their values are shorter
compared to glass samples without TiOy. Among the studied samples,
the quantum efficiencies for the 3F,4 state of Tm>" ions are the highest for
glass systems with molar ratios GeO2:TiO = 1:1, 1:2, 1:3, and their
values are above 70 %, respectively. The highest quantum efficiency for
the 3F, state of Tm®* ions was obtained for the glass system with GeOy:
TiOz = 1:1 M ratio. Details are given in Table 4. Independence on
activator concentration, the quantum efficiencies are higher for multi-
component titanate-germanate (TGBG) systems than for barium
gallo-germanate (GBG) systems without TiO (Table 1).

At this moment, it should be pointed out that luminescence decay
curves are changed in character from nearly single-exponential to non-
exponential, and the measured lifetimes for the 3F, state decrease with
increasing activator (Tm®") concentration. For higher-concentrated
thulium-doped glass samples, the interactions between rare-earth ions
become prominent that the energy transfer process takes place from an
excited Tm®* ion playing the role as donor to a non-excited Tm>" ion
(acceptor), leading to a non-exponential shape of the luminescence

Table 3

The radiative (t,,4) and measured (t,,) luminescence lifetimes and the quantum
efficiencies (1)) for the °F, state of Tm>®* ions in titanate-germanate glasses. The
activator concentration was 0.1 mol% Tm,Os3.

Glass composition [mol%] GeO,:TiOy Trad Tm n
ratio [ms]* [ms] [%]

50Ge0,-10TiO,-30Ba0-9.9Ga,05- 5:1 6.289 2.485 39.5
0.1Tm,03

40Ge0,-20Ti02-30Ba0-9.9Ga,03- 2:1 5.882 2.350 40.0
0.1Tm,03

30Ge0,-30Ti0,-30Ba0-9.9Ga,03- 1:1 2.874 2.230 77.6
0.1Tm,03

20Ge0,-40Ti02-30Ba0-9.9Gay03- 1:2 2.725 1.965 72.1
0.1Tm,03

15Ge02-45Ti02-30Ba0-9.9Ga,03- 1:3 2.643 1.948 73.7
0.1Tm,03

10Ge0,-50Ti02-30Ba0-9.9Ga,03- 1:5 3.690 1.944 52.7
0.1Tm,05

# Radiative lifetimes calculated from the Judd-Ofelt theory and their values
adopted from [39].
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decay curves [60]. Thus, the luminescence of Tm3" is successfully
quenched due to the increasing ion-ion interaction and the presence of
the energy transfer processes. One of them is the cross-relaxation be-
tween pairs of rare-earths. This process can be observed for Tm>*-doped
glasses due to the favorable distribution of energy states of thulium ions.
The transfer of excitation energy to the F, state is followed by an effi-
cient pumping of the higher-lying 3Hy state and cross-relaxation process
between two neighboring Tm®* ions: °Hs + °He — °F4 + °F4 [61].
Considering a non-exponential character of decays from the °F4 (Tm®")
state, the ion-ion interactions in thulium-doped titanate-germanate
glasses have been estimated using the Inokuti-Hirayama (I-H) model
[62]. The time evolution of the emission intensity was fitted using by the
following relation:

I(t)=Aexp { - <t/10) —a (t/'ro) 3/\} (@3]

where ‘A’ is a constant, I(t) is emission intensity after pulse excitation,
79 is the lifetime of donor in the absence of acceptor, s = 6 for a dipole-
dipole type interaction between the ions, and the @ parameter is given as
follows:

a=4/3aT(1 - 3 /s)N.Ro’ 3)

where I is the Euler function, N, is the concentration of acceptor ions
and Ry is the critical transfer distance. The values of critical transfer
distance Rp and measured lifetime 1, were applied to determine the
donor-acceptor interaction parameter Cq, and the energy transfer
probability Wp_a. They are given by the following equations:

Caa=R{Ty! (€3]

Wp_a =CaRg® 5)

The results for the studied thulium-doped glass systems using the
Inokuti-Hirayama model are summarized in Tables 5-11.

For all studied glass samples, the critical transfer distance Ry defined
as donor-acceptor separation is reduced with increasing Tm>* concen-
tration. It suggests the ion-ion interaction increasing and the energy
transfer processes between thulium ions become dominant. Conse-
quently, the energy transfer probabilities Wp.4 for the °F, excited state
increase with increasing activator (Tm3+) concentration. It was sche-
matically illustrated on Fig. 6a. However, it is interesting to see that the
trend of Wp_a values is completely different for low and high activator
concentrations. For low Tm>* concentration, the values of Wp_4 increase
in direction from glass without TiO3 to titanate-germanate glass with the
highest molar ratio GeO2:TiO2 = 1:5 (50 mol% TiO3). Opposite situation
is observed for titanate-germanate glass with higher activator concen-
tration, especially visible for 1 mol% Tm>". In this case, the values of
Wp.a are reduced in direction from glass without TiO, to titanate-
germanate glass with the highest molar ratio GeO2:TiO3 = 1:5 (50 mol
% TiO2). For better clarity, these effects are presented on the graph with
the energy transfer probabilities Wp.5 plotted as a function of TiO;
concentration (Fig. 6b). It worth to notice that the energy transfer
probabilities Wp.4 increase with increasing TiO; concentration in glass
samples containing low Tm®" content. These effects are especially
visible for glass samples with 0.05 and 0.1 mol% Tm>". The values of
Wp.a are the smallest for glass samples containing 0.1 mol% Tm>",
except sample without TiO; and titanate-germanate glass with GeOj:
TiO3 = 5:1 (10 mol% TiOy). For highly concentrated Tm>*-doped glass
samples, the energy transfer probabilities Wp.s are reduced with
increasing TiO2 concentration. This phenomenon is important for the
glass systems varying with TiO, content, because the smaller Wp,_ pa-
rameters suggest low self-quenching luminescence from the excited
states of rare-earth ions.

Based on the analysis using the Inokuti-Hirayama model we conclude
that concentration-dependent luminescence self-quenching of Tm3* is
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Fig. 5. The measured luminescence lifetime (a) and quantum efficiency (b) of titanate-germanate glass systems with various GeO2:TiO5 molar ratio in function of

Tm>* ions concentration.

Table 4

The calculated luminescence lifetimes (t,), quantum efficiency (n) for Tm3
ions in fabricated multicomponent titanate-germanate (TGBG) glass systems.
The molar ratio was GeO,:TiO5 = 1:1.

Chemical composition of glass-host [mol%] T [ms] n [%]
30Ge0,-30Ti0,-30Ba0-9.95Ga03-0.05Tm,03 2.032 70.8
30Ge0,-30Ti0,-30Ba0-9.9Ga03-0.1Tm,03 2.230 77.6
30Ge0,-30Ti0,-30Ba0-9.7Ga03-0.3Tm,03 1.457 51.4
30Ge0,-30Ti0,-30Ba0-9.5Ga03-0.5Tm,03 1.284 45.2
30Ge0,-30Ti0,-30Ba0-9.3Ga03-0.7Tm,03 0.646 221
30Ge0,-30Ti0,-30Ba0-9.0Ga03-1.0Tm,03 0.278 10.3

Table 5

Molar ion concentration (N, 10%° ion/cm®), a value, critical transfer distance
(Ro, A), donor-acceptor interaction (Cga, 10752 m®') and the energy transfer
probability (Wp_a, s~ 1) for various molar content of Tm>* in germanate glass
without TiOs.

Tm>* N, o Ro Caa Wp.a
0.05 0.212 0.20 10.84 4.51 278
0.10 0.423 0.20 8.61 1.27 312
0.30 1.265 0.23 8.06 1.99 626
0.50 2.103 0.75 7.84 2.06 887
0.70 2.933 0.45 6.68 0.60 1375
1.00 4.174 0.50 5.45 0.74 2857
Table 6

Molar ion concentration (N,, 10%° ion/cm®), a value, critical transfer distance
(Ro, /q\), donor-acceptor interaction (Cga, 10752 m%™1) and the energy transfer
probability (Wp_a, s~1) for various molar content of Tm>* in titanate-germanate
glass with GeO2:TiOz = 5:1 (10 % TiO2).

Tm®" N, o Ro Caa Wp.a
0.05 0.216 0.10 8.55 1.32 339
0.10 0.431 0.15 7.77 0.77 351
0.30 1.289 0.18 5.73 0.22 606
0.50 2.144 0.20 5.61 0.26 854
0.70 2.990 0.20 4.49 0.11 1370
1.00 4.255 0.25 4.30 0.16 2500

Table 7

Molar ion concentration (N,, 1 ion/cm3), o value, critical transfer distance
(Ro, A), donor-acceptor interaction (Cqa, 10752 m%™1) and the energy transfer
probability (Wp._a, s 1) for various molar content of Tm®* in titanate-germanate
glass with GeO2:TiO5 = 2:1 (20 % TiOo).

020

Tm3* N, o Ro Cda Wp.a
0.05 0.220 0.15 9.72 3.18 377
0.10 0.440 0.20 8.50 1.37 364
0.30 1.315 0.20 5.90 0.25 599
0.50 2.186 0.20 5.05 0.14 813
0.70 3.048 0.25 4.85 0.16 1266
1.00 4.337 0.25 4.27 0.15 2439
Table 8

Molar ion concentration (N,, 10%° ion/cm®), o value, critical transfer distance
(Ro, ;\), donor-acceptor interaction (Cqa, 10752 m% 1) and the energy transfer
probability (Wp_a, s~1) for various molar content of Tm®* in titanate-germanate
glass with GeO2:TiO5 = 1:1 (30 % TiOy).

Tm3* N, o Ro Caa Wp.a
0.05 0.225 0.25 11.44 9.34 417
0.10 0.449 0.25 9.09 2.15 381
0.30 1.341 0.35 7.06 0.72 585
0.50 2.247 0.23 5.17 0.17 833
0.70 3.108 0.25 4.77 0.16 1389
1.00 4.422 0.25 4.24 0.13 2220
Table 9

Molar ion concentration (N, 10%° ion/cm®), a value, critical transfer distance

(Ro, A), donor-acceptor interaction (Cda, 1072 m® 1) and the energy transfer
probability (Wp.a, s 1) for various molar content of Tm®* in titanate-germanate
glass with GeO,:TiOy = 1:2 (40 % TiO5).

Tm>* N, o Ro Cda Wp.a
0.05 0.229 0.32 12.35 15.77 444
0.10 0.458 0.28 9.38 2.87 433
0.30 1.368 0.30 6.66 0.55 633
0.50 2.275 0.30 5.62 0.29 909
0.70 3.172 0.25 5.03 0.22 1351

1.00 4.513 0.23 4.48 0.18 2174
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Table 10

Molar ion concentration (N, 10%° ion/cm®), a value, critical transfer distance
(Ro, f\), donor-acceptor interaction (Cga, 10752 m®~') and the energy transfer
probability (Wp._a, s~1) for various molar content of Tm>* in titanate-germanate
glass with GeO2:TiO3 = 1:3 (45 % TiO2).

Tm** N. o Ro Caa Wpa
0.05 0.232 0.32 12.30 15.53 448
0.10 0.463 0.28 9.34 2.87 434
0.30 1.382 0.25 6.25 0.37 621
0.50 2.299 0.30 5.60 0.27 877
0.70 3.205 0.20 4.38 0.10 1299
1.00 4.559 0.23 4.15 0.11 2083
Table 11

Molar ion concentration (N, 10%° ion/cm®), a value, critical transfer distance
(Ro, /O\), donor-acceptor interaction (Cqa, 10752 m% 1) and the energy transfer
probability (Wp.a, s~1) for various molar content of Tm>* in titanate-germanate
glass with GeO2:TiOy = 1:5 (50 % TiO2).

Tm>* N, o Ro Caa Wpoa
0.05 0.234 0.35 12.64 18.54 455
0.10 0.468 0.35 10.03 4.43 435
0.30 1.397 0.35 6.97 0.72 625
0.50 2.322 0.35 5.88 0.34 833
0.70 3.237 0.30 5.00 0.20 1250
1.00 4.605 0.30 4.45 0.15 1961

relatively smaller in titanate-germanate glasses with higher TiO5 con-
centration. In another words, self-quenching of near-infrared lumines-
cence is decreased with increasing TiO, concentration in glass samples
containing higher Tm>" content. It is quite well correlated with the
luminescence spectra measurements. The relative intensities of lumi-
nescence bands of Tm> ions are increased with increasing TiO, con-
centration in glass composition. Near-IR emission corresponding to the
3F4 — Hg transition of Tm>" ions at 1.8 pm was 4.8-fold enhanced for
titanate-germanate glass with GeO2:TiOy = 1:5 compared to glass
sample without TiOs.

The amorphous barium gallo-germanate glasses [63,64] possesses
interesting  physicochemical properties e.g. relatively large
glass-forming region, quite strong chemical and mechanical stability,
relatively high thermal stability, comparatively low phonon energy
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promoting enhanced optical properties and superior IR transparency
and it seems to be a host extensively applied in numerous fields of ap-
plications. Therefore, barium gallo-germanate glass doped with
rare-earth ions playing the role of optically active ions it seems to be an
excellent material for optical component testing, solid-state lasers, am-
plifiers, drawing the optical fibers, medical applications including laser
surgery, and atmosphere pollution monitoring [65-67]. In our case,
spectroscopic characterization for all these titanate-germanate glass
systems doped with Tm>" ions suggests the possibility of using these
materials in the near-infrared region. As with other glasses, having a full
understanding of the optical properties requires an in-depth spectro-
scopic characterization. Titanium dioxide (TiO2) [68,69], playing the
dual role of network-modifier or network-former, is a promising
component for rare-earth ions to achieve excellent luminescence
behavior. The evaluation of absorption and luminescence spectra, and
decay curve measurements, several spectroscopic and laser parameters
of Tm®" ions in the presence of TiO, confirms the hypothesis given
above and suggests that TiO, modifies GBG glass-network and the local
crystal field around the Tm®" ions influencing strongly on their lumi-
nescence properties. Firstly, in our experiment, the increase of titanium
dioxide content in GBG glass leads to the red shift of the peak position of
“hypersensitive transition” of thulium ions. This evidenced that the with
TiOy incorporation in the glass host enhances the numbers of
non-bridged oxygen bond, thereby enhancing the optical alkalinity of
the glass. The increased glass optical alkalinity means that 0%~ in the
glass structure has a higher polarizability, giving good covalency and
asymmetry for the glass. The correlation between the symmetry in the
surroundings of the thulium ions, as well the degree of covalence of
bonds of these ions in the function of TiO2, was perfectly demonstrated
based on Judd-Ofelt parameters. The Judd-Ofelt intensity parameters Q;
for glasses changes from 1.11 + 0.03 (0%mol TiO3) to 3.18 £ 0.02 (50%
mol TiO3) [39], suggesting that the bonds between Tm>" ions and the
nearest surroundings are strongly covalent in character in glass with
relatively high TiO5 content. Based on luminescence spectra measure-
ments and calculated data, we suggest that higher concentrations of
TiOy in GBG glass is strongly recommended. The integrated emission
intensity for the main laser transition associated to the 3F, — 3Hg of
Tm>" ions located in the optical telecommunication window is signifi-
cant enhanced in systems containing 50 mol% TiO2. Moreover, obtained
high values of luminescence bandwidth (FWHM = 253 nm) is strongly

Fig. 6. The energy transfer probabilities as a function of Tm** (a) and TiO, (b) concentration.



K. Kowalska et al.

required to generate laser action in glass. Previous studies have indi-
cated that the increase in luminescence properties is on account of the
influence of low phonon energy of glass primarily [70,71]. Glass host
with low phonon energy is suitable material for the rare-earth doping
because causes decrease the risk of non-radiative relaxation process.
Consequently, this material can be characterized by a longer lumines-
cence lifetime or/and higher quantum efficiency of the excited state of
rare-earth ions and verifies its potential near-IR applications. It should
be noted that the phonon energy of the fabricated glass host was reduced
from 790 cm ™! (without TiO3) to 765 cm ! (with the presence of TiO3)
[3]. It was found that the quantum efficiencies for the 3F, — 3Hg NIR
transition of Tm>" ions are the highest (1 above 70 %) for samples,
where the molar ratio GeO,:TiO, was changed from 1:1 to 1:3. The
addition of TiO; increases the radiative transition, which is required to
achieve lasing condition for the enhanced near-IR channel of Tm>* ions.
Previously published studies for modified germanate-based glasses
containing Tm>* ions [39] compared with presented experimental data
in this work for a series of titanate-germanate glass systems give an
important contribution. For example, the radiative transition probabil-
ity A; calculated for the main near-IR laser transition *F4 — Hg of Tm>"
ions in titanate-germanate increases from 164 s~ (without TiOy) to 378
s71 for highly TiOy concentrated glass sample. Besides, the emission
properties of Tm>* ions in the presence of TiO, were limited only to
TeO5-ZnO-NayCO3 (5mol%TiO5) [72], GeOs-K20 (20mol% TiOs) [73]
glasses.

Finally, it should also be pointed out that the relationship between
optical and local structure is one of the essential aspects for rare earth-
doped glasses to judge their suitability for device fabrication, e.g., laser
applications or broadband optical amplifiers. In the paper published by
Satyanarayana et al. [74], when TiO, was incorporated into glass alloys,
the empty d orbital of this heavy metal oxide can imparted high oxygen
hyperpolarizability of Ti-O pairs and large oxide ion electronic polar-
izabilities, which is beneficial to the improvement of optical properties.
Indeed, for Tm3*-doped titanate-germanate glasses described in this
work, the substitution of TiO, at the expense of GeOy favors the
near-infrared luminescence corresponding to °F4 — >Hg (1.8 pm) tran-
sition. Therefore, to study the performance of the TGBT system in depth,
their structures are analyzed from the Raman spectra in detail. Fig. 7
indicates the Raman spectra of titanate-germanate glasses (TGBG),
where the GeO,/TiO ratio is changed from 5:1 to 1:5 were performed.
The Raman spectra for the glass series change significantly as TiOy
content increases. The observed three Raman signal peaks in the range
of 400-1000 cm™! are indicative of different types of vibrations. As
reported in the literature, the low-frequency band located from 400
em! to 600 cm ! is due to GeO4 structural units, which share their
corners, where the germanium atom bending is covalently bonded to
four biding oxygens. The next high-frequency band between 700 cm '
and 900 cm ! is attributed to the GeOg structural units, where the
central atom germanium is surrounded by six oxygen atoms. This is
similar to the related research in the previous system of
germanate-based glasses [75-78]. As shown in Fig. 7, with the addition
of TiO,, a new band at around 650 cm ™! develops. This peak was very
well observed for the glass systems containing 45mol% and 50mol%
TiOy, respectively. In earlier studies, TiO, was present in the form of
tetrahedral TiO4 or as the network modifier in the form of octahedral
TiOe and rarely with a tetragonal pyramid structure of TiOs [79,80].
According to a paper by Limbach et al. [81] that studied the structure of
Nay0-CaO-TiO2-SiO, glasses, increasing TiO, concentrations up to
12mol% strongly affects the titanosilicate network connectivity. The
authors suggested that the band at 720 cm™! most likely arises from
Ti-O bridging oxygen vibrations of fully polymerized TiO4 tetrahedra
units. They also suggested that the particular behavior of TiO; on glass
network is still not fully understood. Indeed, Reynard and Webb [82]
attributed the band at 900 cm ™! to the presence of titanyl bonds Ti=0 in
TiOs polyhedra, while Mysen et al. [83] discussed this band in terms of
Ti-O bridging oxygen vibrations associated with Ti atoms in tetrahedral
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Fig. 7. Normalized Raman spectra of titanate-germanate glass host in function
of TiO, content.

coordination. In our experiment, where the molar ratio GeO,:TiO, was
changed, we may speculate that indicated differences in intensity of the
band at 650 cm™! located in between the low- and high-frequency re-
gion of the Raman spectra are strictly associated with the dual role of
TiO7 in glass network depending on its concentration. This compara-
tively inconspicuous band seems to be increasing with gradual titanium
dioxide addition. When TiO, acts as a network former, it promotes a
more polymerized structure and increases the glass stability with respect
to devitrification. Further, Kamitsos et al. [84] verified similar effects for
rubidium germanate glasses, where the additional band located near
650 cm ™! was quite well observed. While the precise structural role of
TiOy in inorganic glasses is still under debate, the herein-advocated
structural role of the TiOg unit supports the suggestions of [85] of the
dominance of stretching vibration of Ti-O in the TiO¢ unit. Similar ef-
fects were observed for early investigations of Na;O-TiO2-P205 [86],
TiO2-P205-CaO [87], and TiO2-P305 [88] glasses. Therefore, based on
the performed Raman measurements, we could suppose that in samples
containing TiOz > 30 M%, where TiO2 is a network former, the TiOg unit
is present, and hence, these systems exhibited enhanced near-infrared
luminescence properties.

Additionally, thulium-doped glasses, due to several near-infrared
emission transitions, are interesting from the spectroscopic and appli-
cation points of view. Our systematic investigations confirmed that
Tm>"-doped barium gallo-germanate glasses modified by TiOy can be
successfully used for near-IR laser applications at 1.8 pm (this work) and
1.45 pm [39]. However, laser sources emitting at mid-infrared (>2.1
pum) range have gained interest in recent years due to their applications
in atmosphere gas sensing, combustion studies, pollutant detection, and
non-invasive glucose blood measurement. In this field, most published
papers are related to the mid-infrared luminescence corresponding to
the 3H4 — 3H5 (at 2.3 pm) transition of Tm3* in crystals [89-96].
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Another strategy proposed in the literature to observe the luminescence
of Tm>" ions at 2.3 pm consists of using glasses characterized by low
phonon energies, wide transmission window, and high solubility for rare
earth ions. In 1988, L. Esterowitz et al. [97] reported for the first time
laser emission for Tm®*-doped ZrF,—BaF,-LaF3—AlF5-NaF system which
to this day is used commercially available Tm: ZBLAN fiber. Interest-
ingly, the spectroscopic behavior of Tm®* ions as 2.3 yum laser source in
amorphous materials characterized and described in the current litera-
ture is limited to fluoride glasses [98-100]. Moreover, our preliminary
study confirmed that titanate-germanate glasses modified by BaF, [101]
with extremely low IR absorption coefficients represent a good starting
point for further investigations focused on the mid-infrared band of
thulium ions. We assume that the improved spectroscopic and laser
parameters for Tm>* ions for multicomponent titanate-germanate
glasses with relatively higher TiO, content may be promising for
mid-infrared emission associated with *H4 — 3Hs transition of thulium
ions at 2.3 pm. These aspects will be examined in the future.

4. Conclusions

In this paper, Tm>*- doped glasses based on GeO2-BaO-Gay03 (GBG)
and TiO2-GeO2-BaO-GazO3 (TGBG) have been synthesized. We have
experimentally confirmed that the optical (absorption and near-IR
luminescence) and structural properties of trivalent thulium ions in
barium gallo-germanate glass, one of the representative low phonon
glasses, are modified dramatically upon the introduction of titanium
dioxide. We assumed that titanium dioxide in fabricated materials plays
the role of glass-modifier (TiO; < 30 mol%) or glass-former (TiO > 30
mol%). Some of the key findings are:

With increasing TiO, concentration in barium gallo-germanate
glasses, the degree of covalency of the Tm®*-O bond increases, which
was confirmed by the position of hypersensitive 3Hg — F4 transition.
Then, systematic investigations using near-infrared luminescence spec-
troscopy indicate that emission intensity for the main laser transition of
Tm>" ions was completely different for the barium gallo-germanate
glasses containing relatively high concentrations of TiO,. Importantly,
the integrated emission intensity assigned to °F4 — ®Hg transition at 1.8
pm was enhanced significantly (4.8-fold increase) compared to GBG
glass without TiOy. Moreover, high values of luminescence bandwidth
FWHM = 253 nm required to generate laser action was obtained for
TiOy-rich GBG systems. Introducing TiO increases the radiative tran-
sition, which is required to achieve the lasing condition for the enhanced
near-IR channel of Tm>" ions. The quantum efficiencies for the 3F4 state
of Tm®* ions were the highest ( above 70 %) for glass systems with
molar ratios GeO2:TiO = 1:1, 1:2, and 1:3, respectively. For all studied
glass samples, the critical transfer distance Ry was reduced with
increasing Tm>* ions concentration. Based on the analysis using the
Inokuti-Hirayama model, we observed that the self-quenching of near-
infrared luminescence is reduced with increasing TiO, concentration
in glass samples containing higher Tm>* content. Further analysis of the
Raman spectra confirmed that for higher TiO; contents (TiOz > 30mol
%), where TiO3 plays a network-former role, a significant fraction of the
Ti speciation involves TiOg unit.

Experimentally proven that when concentration of TiO2 added to the
glass a great change in the glass network occurs which induces
measurable effects in the optical properties of the glasses. The study’s
findings are important in glass technology, materials engineering, and
modern photonics. We suggest that Tm>"-doped titanate-germanate
(TGBG) glasses containing 30mol% TiO (GeO2:TiOz = 1:1), 40mol%
TiOy (GeO4:TiOy = 1:2), and 45 mol% TiOy (GeO2:TiO, = 1:3) are
suitable for luminescence at 1.8 ym. Based on these considerations, we
believe that this study might provide useful information for the further
development of oxide glassy systems based on TiO2-GeO2-BaO-Gay03 in
both rare-earth optimization and composition modifications, giving an
essential contribution to the development of modern near-infrared
photonics applications. Thus, future research will be devoted to Tm>*-
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doped titanate-germanate glasses operating at mid-infrared range at 2.3
pm (®H,4 — %Hs) due to their broad range of potential applications such
as optical metrology or non-invasive glucose blood measurement.
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Abstract: Inorganic glasses co-doped with rare-earth ions have a key potential application value
in the field of optical communications. In this paper, we have fabricated and then characterized
multicomponent TiO,-modified germanate glasses co-doped with Yb3*/Ln3* (Ln = Pr, Er, Tm,
Ho) with excellent spectroscopic properties. Glass systems were directly excited at 980 nm (the
2F, /2 = 2F; /2 transition of Yb3*). We demonstrated that the introduction of TiO; is a promising
option to significantly enhance the main near-infrared luminescence bands located at the optical
telecommunication window at 1.3 pm (Pr3*: 1G4 — 3Hs), 1.5 um (Er**: 4133/, — *115/5), 1.8 pm (Tm3*:
3F, — 3Hy) and 2.0 um (Ho®*: ®I; — 7Ig). Based on the lifetime values, the energy transfer efficiencies
(ngT) were estimated. The values of ngt are changed from 31% for Yb3+ /Ho%* glass to nearly 53% for
Yb3t /Pr3t glass. The investigations show that obtained titanate-germanate glass is an interesting
type of special glasses integrating luminescence properties and spectroscopic parameters, which may
be a promising candidate for application in laser sources emitting radiation and broadband tunable
amplifiers operating in the near-infrared range.

Keywords: germanate glasses; ytterbium ions; energy transfer; luminescence property relationship

1. Introduction

Numerous inorganic glass materials are fabricated and widely applied industrially.
Novel glass host matrices are still developed and must fulfill the rising demand for good-
quality optical components and devices such as active optical fibers, solid-state laser
sources, broadband near-IR fiber amplifiers, photonic integrated devices, and so on [1-4].
Systematic studies clearly demonstrate that positions and spectral linewidths for charac-
teristic luminescence bands of lanthanides ions can be tuned according to the chemical
compositions of glass and glass-ceramic matrices and dopant ions [5-9]. One of the most
perspective options to remedy the drawbacks and improve the photoluminescence prop-
erties of lanthanide ions is a modification of the glassy network with suitable additives.
In this context, TiO,-modified glasses [10,11] have gained much importance due to their
interesting properties that make them promising candidates for luminescent sources and
optical devices. The beneficial effect of these additives is the improvement of the thermal
and chemical stability of glasses [12-14]. It is also assumed that presence of titanium
dioxide in matrices with low phonon energy may significantly broaden and enhance the
luminescence bands of lanthanides ions.

From the accumulated experience and literature data [15,16], it is known that the triva-
lent ytterbium ions have been extensively studied for use as efficient emitters of radiation
in the infrared range. It should be noted that Yb%* ions with a broad absorption band in the
wavelength region of 860-1060 nm and a relatively long fluorescence lifetime (1-2 ms) can
be excellent sensitizers to activate other lanthanide ions for luminescence [17,18]. For this
reason, co-doping of materials with Yb** ions allows for the efficient pumping of around
980 nm using a commercially available diode [19,20]. From the experimental approach, it
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can be concluded the near-IR radiative transitions of lanthanide ions are greatly dependent
on the reduction of matrix phonons to achieve high luminescence efficiency. Indeed, in the
past few years, subsequent research on germanate glass remains a perspective option as an
oxide glass host matrix for lanthanide ions thanks to its favorable properties, such as smaller
multiphonon relaxation probabilities due to relatively low phonon energy (~800 cm™1),
high transparency from the visible to the infrared region and presence of non-linear optical
effects [21,22]. One should remember that the following lanthanides Ln3* ions such as Pr3*,
Er3*, Tm3*, and Ho®* are proposed as co-activators for photoluminescence in Yb3* /Ln3*-
doubly doped glasses owing to their favorable location of energy levels and the possibility
of radiative transitions at the infrared [23]. Among them, Tm3* [24] has gained increasing
attention because the near-IR emission associated with the °F4 — 3Hj transition at 1800 nm
is useful as a medical light source. The Er3* ions [25] are widely used in materials for
optical applications. Main #Iy3 5 — #I;5,, near-IR transition of Er®* at 1500 nm corresponds
to the C + L telecommunication window. Next, Ho®>" ions [26] are one of the interesting
dopants appropriate for laser sources operated at 2000 nm owing to the °I; — ”Ig transition.
Although such interesting observations, insufficient attention has been paid to the effects
of TiO, on near-IR emission properties of low-phonon germanate glasses co-doped with
lanthanides. From this point of view, it is interesting to find out how emission bands of
selected lanthanide ions located in the near-IR range are changed with different GeO,:TiO,
molar ratios in chemical composition under Yb®* ions excitation.

This paper concerns novel multicomponent titanate—germanate glasses belonging to
the low-phonon oxide glass family. Glass samples were successfully synthesized using the
conventional high-temperature melting technique. The optical properties of glass series
containing two network-formers, TiO, and GeO,, were characterized using luminescence
spectroscopy. In our studies, Yb>* plays an important role, such as a sensitizer to activate
selected lanthanide ions. Our attention has been paid to titanate-germanate glass systems
co-doped with Yb3* /Er3, Yb3* /Ho3*, Yb3* /Tm3*, Yb3* /Pr?*, and their energy transfer
process. Near-infrared luminescence spectra and decay curves were examined for samples
where GeO, was substituted by TiO;. In the studied glass systems, molar ratios are
changed from GeO;:TiO, = 5:1 up to GeO,:TiO; = 1:5. Based on the measured values of
luminescence lifetimes, the energy transfer efficiencies Yb3* — Ln3* (Ln = Pr Er, Tm, and
Ho) were determined for glass samples differing in TiO, content. The influence of TiO,
on structural properties has already been carried out on the previous titanate-germanate
glasses published recently [27].

2. Materials and Methods

The investigated TiO,-modified germanate glasses co-doped with lanthanides ions
with chemical composition (given in mol%): xTiO»-(60—x)GeO,-30Ba0-9.5Gay03-0.5Yb,O3
and xTiO,-(60—x)GeO,-30Ba0-9.4Gay03-0.5Yb,03-0.1Lny O3, (where Ln = Er, Tm, Pr, Ho,
and x = 10, 20, 30, 40, 45, 50) were obtained by traditional melt quenching technique. In
present research, glasses containing various molar ratios GeO,:TiO; are equal to 5:1, 2:1, 1:1,
1:2, 1:3, and 1:5 and glass codes are as follows: 5Ge-1Ti, 2Ge-1Ti, 1Ge-1Ti, 1Ge-2Ti, 1Ge-3Ti,
and 1Ge-5Ti. All of the glass components used during synthesis were of high purity (99.99%)
from Aldrich Chemical Co. (St. Louis, MO, USA). Appropriate precursor metal oxides
were mixed in an agate mortar. After homogenization of the components, 5 g glass bathes
were placed in a platinum crucible (Lukasiewicz Research Network, Institute of Ceramics
and Building Materials, Cracow, Poland). In the present procedure, the melting conditions
were T = 1250 °C for 60 min in an electric furnace. Finally, each glass sample was cooled
to room temperature and polished to meet the requirements for optical measurements. A
series of transparent glass samples with the dimensions 12 mm x 12 mm and thickness
+3 mm was successfully prepared to determine their optical properties. The luminescence
measurements of glasses were performed on a Photon Technology International (PTI)
Quanta-Master 40 (QM40) UV /VIS Steady State Spectrofluorometer (Photon Technology
International, Birmingham, NJ, USA) supplied with a tunable pulsed optical parametric
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oscillator (OPO) pumped by the third harmonic of an Nd:YAG laser (Opotek Opolette 355
LD, OPOTEK, Carlsbad, CA, USA). The laser system was coupled with a 75 W xenon lamp,
a double 200 mm monochromator, and a Hamamatsu H10330B-75 detector (Hamamatsu,
Bridgewater, NJ, USA). The emission spectra were recorded with a spectral resolution of
0.5 nm. Decay curves were recorded by a PTT ASOC-10 (USB-2500) oscilloscope with an
accuracy of +2 um and have been measured under excitation wavelengths 980 nm and
monitoring emission wavelength 1030 nm. In order to compare the emission intensity
under the same experimental conditions, measurements of glass systems were carried out
at the same slit settings. Measurements were performed at room temperature.

3. Results and Discussion
3.1. Optical Absorption Properties

In this study, measurements of the absorption spectra of glass systems 1Ge:1Ti co-
doped with Yb**/Ln3* (Ln = Er, Pr, Tm, Ho) were carried out and presented in Figure 1.

Figure 1. Typical absorption spectra of titanate-germanate glasses co-doped with Yb3* /Pr3* (a),
Yb3* /Er** (b), Yb¥* /Tm?* (c) and Yb>*/Ho®* (d). Inset shows a photographic image of the
glass sample.

Absorption spectra measured for representative titanate-germanate glasses consist of
the characteristic bands corresponding to transitions originating from the ground state to
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higher-lying excited states of selected lanthanide ions. The glass sample co-doped with
Yb3* /Pr®* ions (Figure 1a) shows four weakly intense absorption bands in the 350-800 nm
range. The two most intense absorption bands due to 3H, — 3F; and ®H, — 3F, transitions
are well observed in the infrared spectral range. Interestingly, literature data indicate that
on the band edge, due to 3Hy — 3F3, a weakly separated absorption band at about 1400 nm
associated with the 3Hy — 3F, transition is detected [28]. Next, it is evidently seen for
titanium germanium glass co-doped with Yb®*/Er®* that the absorption bands (Figure 1b)
due to the transition from the I;5/, state of Er3* are well observed at 380 nm (*Gyy2),
407 nm (*Hy 2), 489 nm (*F; ), 522 nm (*Hyy ), 652 nm (“Fg ) and band centered in the
near-infrared range at 1530 nm due to *I;5 /2 — 45 /2 transition [29]. Figure 1c shows the
absorption spectrum of the Yb?" /Tm3* co-doped titanate-germanate sample. The five
absorption bands at 471 nm, 685 nm, 790 nm, 1210 nm, and 1690 nm correspond to the
transitions from the ground state 3H; to excited stated Gy, 3F, + 3F3, 3Hy, Hs, and 3F,,
respectively [30]. In turn, the absorption spectrum measured for Yb®*/Ho3* co-doped
glass is shown in Figure 1d. The results show that the obtained glass characterizes seven
absorption bands in the spectral region of 350-2200 nm. The spectrum exhibits the bands
due to the following absorption transitions: 5y — 5G4,5, 5y — 3G, oIy — 5F2,3, g —
28,+5F,, °Ig — °Fs in the visible range and °Ig — °I¢, °Is — I, in the NIR region [31]. For
all glass samples, note that the main peak in the absorption spectra was concentrated at
980 nm, defining the lowest Yb3*: 2Fs, Stark splitting energy level is the most intense;
therefore, in the following section, the excitation line at 980 nm had been selected to
investigate the near-infrared luminescence properties of the fabricated glasses co-doped
with Yb** /Pr3*, Yb3* /Er®*, Yb3* /Tm3*, Yb** /Ho%*, where Yb%* plays an important role
of emission sensitizer for lanthanides ions.

3.2. Near-Infrared Luminescence Properties

Trivalent ytterbium (Yb%*) has a simple energy-level structure, i.e., the 2F;/, ground
level and the %Fs,, excited level, with an energy separation between them of about
10,000 cm ! [32]. The Yb3* ion has been demonstrated to be an excellent emission sen-
sitizer for other lanthanides due to its effective absorption cross-section at 980 nm [33].
In the presented work, four titanate-germanate glass systems co-doped with Yb3* /Prt,
Yb3*+ /Erd*, Yb3* /Tm3*, and Yb3* /Ho%* varying with TiO, referred to as 5Ge-1Ti, 2Ge-1Tij,
1Ge-1Ti, 1Ge-2Ti, 1Ge-3Ti, and 1Ge-5Ti were selected and their near-IR emission proper-
ties under direct excitation of Yb3* at wavelength 980 nm were compared. In addition,
the interactions between Yb?* and the second lanthanide ion and their mechanisms are
discussed and presented schematically for each glass system on diagrams of the energy
levels in order to understand the energy transfer processes. One of the interesting aspects
of the ongoing research focusing on the properties of co-doped glasses is the observation
of the sensitization of near-IR emission of Pr®* at 1.35 um under excitation Yb%*. Figure 2
presents near-IR luminescence spectra for Yb3* /Pr3* co-doped titanate-germanate glasses
varying with TiO,.

The observed near-IR emission bands at about 1.35 pm correspond to 1G4 — 3H;
transition of Pr3*. It should be particularly pointed out that the emission intensities of Pr*
ions increased significantly with increasing TiO, concentration from 5Ge-1Ti to 1Ge-5Ti.
Hence, it could be suggested that the introduction of titanium dioxide to germanate glass
favor near-infrared luminescence attributed to the 'G, — 3Hj transition of Pr3* under direct
excitation of Yb3*. The observed 1G4 — 3Hj transition of Pr* ions in titanate—germanate
glass under excitation of Yb3* is presented on the energy level diagram in Figure 2. Tt
is clearly seen that both excited levels 2Fs, (Yb3") and !G4 (Pr’*) lie close to each other
and the energy gap between them is very small. Moreover, the absorption cross-section
at around 980 nm is larger for Yb%* than Pr®* ions, which is crucial for the pumping
efficiency of praseodymium-doped fiber amplifiers PDFA [34,35]. Due to this fact, the
energy transfer process Yb3* — Pr3* is nearly resonant and supposed to be much more
efficient in titanate-germanate glass. Thus, we observe near-IR emission at 1.35 pm due
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to !G4 — 3Hjs transition of Pr3*, which enhanced rapidly with increasing in TiO, content.
Based on the above experiment analysis, it can be concluded that Yb3* /Pr®* co-doped
germanate glass in the presence of TiO; is promising for near-IR emission and sample 1Ge-
5Ti seems to be a potential precursor active glass material to realize a fiber laser operating
at 1.35 um [36,37].

Figure 2. Near-infrared emission spectra and energy level diagram for titanate—germanate glasses
co-doped with Yb3* /Pr3+.

From the literature [38—40], it is well known that broadband near-infrared emission
bands of Er®* ions in inorganic glasses depend strongly on their chemical compositions. The
rapid development of optical telecommunications requires the broadening of the near-IR
range for erbium-doped fiber amplifiers (EDFA), in which signal transmission occurs at
about 1500 nm. In fact, the EDFA systems based on silicate glasses [41,42] exhibit relatively
narrow bandwidth, which contributes to the limited near-infrared broadband transmission.
For that reason, many precursor glass systems singly doped with Er** and co-doped with
Yb3* /Er3* are still tested and selected in order to obtain enhanced near-IR luminescence in
the so-called third telecommunication window. Figure 3 presents near-IR emission spectra
measured in the wavelength range from 1400 nm to 1700 nm for Yb3+ /Erd* co-doped
titanate-germanate glasses under excitation by a 980 nm line. Near-IR emission bands
centered at about 1.53 um correspond to the 445 /2~ 5 /2 transition of Erd+.

The intensity of the near-IR emission band at 1.5 um is reduced from 5Ge-1Ti to
1Ge-2Ti and then increased with further increasing TiO;, concentration up to glass sample
1Ge-5Ti. The emission linewidth for the *I;3,, — *I;5/, transition of Er** ions, referred to
as the full width at half maximum, is larger for sample 1Ge-5Ti (FWHM = 55 nm) than
5Ge-1Ti (FWHM = 38 nm). Schematic representation of energy levels, possible energy
transfer between Yb%* and Er®* ions and the main near-IR laser transition of Er3* ions at
1.5 um are presented in Figure 3. Similar to the Yb3* /Pr3+ system, the excitation energy
transfers resonantly very fast from the 2F5,, (Yb®*) to the *I;;,, (Er®*) due to a small
energy mismatch between the interacting excited levels [43]. The absorption cross-section
of Yb3* ions at around 980 nm is higher by a factor of ten roughly than that of Er®* [44],
favoring an efficient Yb3+t — Erd* energy transfer process. Next, the excitation energy
relaxes nonradiatively to the #I;3/, state by multiphonon process and consequently, we
observe 4133/, — *I;5/, near-IR transition of Er*.
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Figure 3. Near-infrared emission spectra and energy level diagram for titanate—germanate glasses
co-doped with Yb3* /Er®+.

Our previous studies [27] indicate that the introduction of TiO, to germanate glass
resulted in higher asymmetry and better covalent bonds between rare earth and oxygens. In
addition, these structural changes led to the site-to-site variation of the crystal field strength
in the local environment of rare earths. It resulted in the inhomogeneous broadening of
spectral lines corresponding to the presence of various sites for the optically active ions. As
a consequence, the profiles of emission spectra and their values of FWHM are dependent
on the symmetry, the ligand field strength, and the site-to-site variation of the Ln3* local
environment. This is the main reason that the spectral profiles of Er**, i.e., the mission peak
position, emission linewidth (FWHM), and the relative intensities of shoulders existing at
about 1600 nm, are changed during the modification of glass matrices. In some cases, the
glass modifiers have a minor influence on absorption properties but a strong impact on
the emission cross-sections attributed to the *I;5 /2 — 45 /2 hear-infrared transition of Er3*
ions. Recently, it was well demonstrated for Er®* ions in silicate glass with various Al,O3
content [45] and Er®* /Yb3* co-doped phosphate glass modified by Y,O3 [46].

Thulium is another well-known lanthanide dopant, which is introduced to various
glass systems in order to generate near-IR luminescence at about 1.8 um [47]. In particular,
co-doping with Tm3®* and Yb>* ions is an excellent way to achieve enhanced near-infrared
emission by using a 980 nm wavelength as an excitation source [48]. Figure 4 shows near-IR
emission spectra of series titanate—germanate glass samples co-doped with Yb3* /Tm53*.
Near-IR emission bands centered at 1.8 um are associated with 3F; — 3Hy transition of
Tm3*. The intensities of near-IR emission bands increase and then decrease with increasing
TiO; concentration in the glass composition. The highest intensity of emission band related
to the 3F4 — 3Hj transition of Tm>* was observed for sample 1Ge-1Ti, where the molar
ratio GeO, to TiO; is close 1:1. The energy level diagram for Yb3* /Tm3* co-doped titanate-
germanate glasses is shown in Figure 4.

In contrast to the Yb** /Er®* system, the energy mismatch between interacting Fs
(Yb3*) and ®Hs (Tm3*) excited levels is much higher [49] and thus, non-resonant Yb3* —
Tm3* energy transfer process in titanate-germanate glasses occurs. The excitation energy is
transferred nonradiatively by multiphonon relaxation from the 3Hs level to the lower-lying
3H; level generating near-IR emission at 1.8 um due to 3F; — 3Hg transition of Tm3*.
Nearly the same mechanism was proposed for Yb** /Ho3* co-doped glass systems, which
are also interesting from the optical point of view [50].
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Figure 4. Near-infrared emission spectra and energy level diagram for titanate—germanate glasses
co-doped with Yb3* /Tm3*.

These glass systems present near-IR emission at 2 um due to the 5I; — 5Ig transition
of Ho®* [51,52]. The energy transfer mechanism has been mentioned in the literature by
Wang et al. [53]. Upon excitation wavelength at 980 nm, the excited level of Yb®* is well
populated and then the excitation energy is transferred from the ?Fs, state of Yb*" to
the °I4 state of Ho®*. The energy transfer process Yb3* — Ho®" is non-resonant. In the
next step, very fast multiphoton relaxation to the lower-lying °I; level of Ho®* is observed
and consequently, we can observe near-IR emission at about 2000 nm associated with
the °T, — °Ig transition of Ho®* [54,55]. Figure 5 presents near-IR luminescence spectra
measured for titanate-germanate glasses co-doped with Yb** /Ho®*. The emission bands
are more intense for glass samples containing higher concentrations of TiO,. All transitions
are also indicated in the energy level diagram, which is shown in Figure 5.

In order to achieve intense IR emission of rare-earth ions, the heavy doping of the
activators such as Pr3*, Er?*, Ho®*, and Tm3* is usually required. Remarkably interest-
ing results were presented in work by Tu et al. [56], where they successfully developed
heavily Tm**-doped germanate glasses, promising for glass fibers. On the other hand,
the concentrations of activators should be optimal and relatively low in order to reduce
luminescence quenching. In our case, luminescence quenching in the studied glass samples
is negligibly small because of the low concentrations of acceptors (Pr3*, Er¥*, Ho3*, Tm3*)
and the lack of energy transfer processes between pairs of Pr3*-Pr3*, Er¥*-Er’t, Tm3*-Tmd3*,
and Ho%**-Ho®* ions, respectively. The non-radiative transfer processes become dominant
for glass samples with higher Ln®* concentrations. These effects are especially stronger
for glass systems with diagrams of excited states favoring the presence of cross-relaxation
processes. Thus, the probabilities of these non-radiative relaxation processes increase and
the luminescence is quenched due to the increasing interaction among the Ln®* ions at
higher concentrations. Our spectroscopic investigations indicate that the relative inten-
sities of emission bands of rare-earth ions in germanate glasses are changed drastically
with the presence of TiO,. Figure 6 shows the integrated intensities of emission bands
related to the main 'G — 3Hs (Pr3*),4113,5 — 4I35/2 (Er**),’F4 — 3Hg (Tm3*) and °I; — lg
(Ho®*) near-IR transitions of rare-earth ions in the studied glass samples varying with TiO,
content. For pairs Yb3* /Pr3+ and Yb3* /Ho3*, the integrated intensities of near-infrared
emission bands located at 1.35 and 2 um increase with increasing TiO, concentration. A
completely different situation is observed for pairs of Yb*>* /Er®* and Yb®*" /Tm3* ions in
titanate-germanate glasses. The integrated intensities of near-infrared emission bands
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due to the #I;3 /2~ 45 /2 transition of Er* ions are reduced from 5Ge-1Ti to 1Ge-2Ti and
then increase with further increasing TiO, content. Contrary to Yb3+ /Er3*, the emission
intensities of near-infrared bands related to the 3F; — 3Hg transition of Tm3* ions are
enhanced to the 1Ge-1Ti system and then start to decrease with increasing TiO, content in
the glass composition; however, the changes in emission intensities with TIO; content are
non-linear for pair Yb®*/Tm3*.

Figure 5. Near-infrared emission spectra and energy level diagram for titanate—germanate glasses
co-doped with Yb3* /Ho3*.

Figure 6. The integrated intensities of emission bands of rare-earth ions Yb>* /Pr3* (a), Yb>* /Er3* (b),
Yb3* /Tm3* (c) and Yb3* /Ho?" (d) vary with TiO;.
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To summarize this part of the research, the authors declare that near-IR emission
studies will be devoted in the future to further optimization of the TiO, content of individual

systems containing Yb3* /Ln3* (Ln = Pr, Er, Tm, Ho). Obtained results for near-IR emission
presented here will contribute to the fabrication of titanate-germanate optical fibers.

3.3. Luminescence Decays and Energy Transfer Efficiencies

The systematic studies indicate that luminescence lifetimes for excited states of Yb3*
in several low-phonon glass systems are completely different and depend significantly on

the glass network-former and network-modifier added to the base composition [57,58].

To determine the efficiency of the energy transfer process between Yb** and Ln3* ions

(Ln = Pr, Er, Tm, Ho), the luminescence decays for titanate—germanate glasses were mea-

sured and analyzed. Figure 7 shows decay curves measured for co-doped samples under
980 nm excitation. Based on decays, luminescence lifetimes were determined and compared
to Yb3* singly doped glass samples. The results are given in Table 1.

Figure 7. Luminescence decay curves for co-doped titanate—germanate glasses (Aexc = 980 nm).

Table 1. Measured lifetimes for °F; state of Yb%* in single and co-doped titanate-germanate glasses.

Tm (ms)
TiO; (mol%) Ge0,:TiO, Yb3* Yb3*/Pr3* Yb3*/Er3* Yb3/Tm3* Yb**/Ho®*
10 5:1 1.21 0.63 0.65 0.70 0.83
20 2:1 1.10 0.55 0.59 0.59 0.75
30 1:1 1.00 0.48 0.52 0.51 0.61
40 1:2 191 0.44 0.51 0.51 0.56
45 1:3 0.86 0.42 0.50 0.49 0.54
55 1:5 0.84 0.40 0.49 0.48 0.52




Materials 2022, 15, 3660

10 0f 13

In general, measured lifetimes are reduced from 5Ge-1Ti to 1Ge-5Ti with increasing
TiO, concentration in the glass composition. The experimental values of emission lifetimes
decrease from 0.63 ms (5Ge-1Ti) to 0.40 ms (1Ge-5Ti) for Yb3* /Pr3* co-doped glass systems,
0.65 ms (5Ge-1Ti) to 0.49 ms (1Ge-5Ti) for Yb** /Er®* systems, 0.70 ms (5Ge-1Ti) to 0.48 ms
for Yb** /Tm3* systems, and 0.83 ms (5Ge-1Ti) to 0.52 ms (1Ge-5Ti) for Yb>* /Ho®* systems,
respectively. Luminescence lifetimes measured for Yb>* singly doped glasses and samples
co-doped with Yb** /Ln®" were applied to calculate the energy transfer efficiencies [59].
The energy transfer efficiency ngr between Yb3* and lanthanides ions in fabricated glasses
was evaluated by calculations with the formula given below:

TYb(Ln)
= 1 _—
NET Tvb
where Ty, 1) and Typ, are the measured lifetimes for the 2Fs5, level of Yb** ions in the
presence and absence of acceptor Ln (where Ln = Pr, Er, Tm, Ho), respectively. The results
are presented schematically in Figure 8.

Figure 8. The measured luminescence lifetime and the energy transfer efficiency Yb%* — Ln3* (where
Ln =Pr (a), Er (b), Tm (c), Ho (d) in the function of TiO, content.

Our studies indicate that measured lifetimes decrease with increasing TiO, content,
while changes in the energy transfer efficiency seems to be completely different. For all
pairs of Yb3* /Ln3* (Ln = Pr, Er, Tm, Ho), the energy transfer efficiency is the highest for
the 1Ge-1Ti system, but the trend of ngt values varying with TiO, content is not the same.
For the pair of Yb3+ /Pr3*, the values of ngr increase to 1Ge-1Ti, whereas they are nearly
independent for glasses with higher TiO, content. For pairs Yb3* /Er3* and Yb3* /Tm3", the
energy transfer efficiency increases from 5Ge-1Ti to 1Ge-1Ti and then decreases to 1Ge-5Ti
with further increasing TiO, concentration. For the pair of Yb3* /Ho®*, the values of ngr
are the highest for 1Ge-1Ti to 1Ge-2Ti glass systems, respectively; however, the changes of
ner with TiO, content are non-linear. Our calculations indicate that the energy transfer effi-
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ciencies are changed from 31% for Yb>* /Ho®* glass (5Ge-1Ti) to nearly 53% for Yb%*/Pr3*
glass (1Ge-5Ti). At this moment, it should also be mentioned that the up-conversion lumi-
nescence pathways [60] make an important contribution to the energy transfer processes
and their efficiencies in Yb®*/Ln3* (Ln = Pr, Er, Ho, Tm) co-doped glasses.

4. Conclusions

Multicomponent titanate-germanate glasses co-doped with Yb3*/Ln®* (Ln = Pr3*,
Er¥*, Tm3*, Ho") were synthesized and then studied their near-IR luminescence prop-
erties. The spectroscopic properties of glasses have been examined under the excitation
of Yb%" ions by 980 nm. Obtained results were discussed based on the energy level
diagrams for sensitizer (Yb3") and acceptors (Pr>*, Er’*, Tm>*, Ho%*) and interactions
between them. The near-IR luminescence bands corresponding to the 'G, — 3Hs (Pr3*),
1372 — 5/ (Er*), 3Fy — 3Hg (Tm3*) and °T; — 513 transitions of lanthanide ions have
been examined with TiO, concentration. Our investigations indicate that the intensities
of emissions are dependent on titanium dioxide content. The resonant Yb** — Pr** and
Yb3* — Er®* and non-resonant Yb** — Tm3* and Yb** — Ho®* energy transfer process in
co-doped titanate-germanate is observed. The analysis of decay profiles allowed for the
deeper optical characterization of the energy transfer processes between Yb3* and Ln3*
ions (Ln = Pr, Er, Tm, Ho) and for establishing the relation between luminescence lifetimes
and the role of titanium dioxide in germanate glasses. Based on decay measurements and
values of luminescence lifetimes, the efficiencies of energy transfer were estimated. The
values of ngr are changed from 31% for Yb%* /Ho%* to nearly 53% for Yb%* /Pr®*. For all
studied pairs Yb3*/Ln3*, the maximal values of ngr are 53% (Yb3*/Pr3*), 48% (Yb3* /Er®*),
49%, (Yb3* /Tm3*), and 40% (Yb3* /Ho?*). Further studies revealed that the luminescence
lifetimes are reduced with increasing TiO; content, whereas the energy transfer efficiencies
are changed completely different, depending on pair Yb3*/Ln3* (Ln = Pr3*, Er¥*, Tm3*,
Ho%*) in titanate-germanate glass.
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ABSTRACT
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This work combines photoluminescence methods, Raman spectroscopy, and X-ray diffraction (XRD) to expand
the knowledge of the effects of pair rare earth ions doping on the physicochemical and near-IR properties of
glasses. For this purpose, glass systems based on GeO3-BaO-Gaz03 (GBG) and TiO2-GeO2-BaO-Gaz03 (TGBG)
doped with Er’* ions (0.1, 0.25, 0.5 mol%) and Yb>* ions (0.5, 1.25, 2.5 mol%) were synthesized and analyzed.
The near-IR luminescence band corresponding to Er®*:*I;5,5 — “I;5/5 is narrowed for germanate-based glasses
(FWHM = 31 nm), whereas in the presence of TiO is more intense and broadened (FWHM = 65 nm). The energy
transfer efficiencies between Yb®* and Er®* ions in glass samples have been calculated. Notably, the absorption
spectra showed the Stark splitting for the band due to the 4115/2 - %Hy, ,2 hypersensitive transition. Finally, we
find the formation of EryTipO7 and Yb,TipO7 crystalline phases in highly doping titanate-germanate samples. The
results provide valuable ideas to evaluate the effect of the rare earths doping procedure on properties of designed

glasses for near-IR luminescence applications.

1. Introduction

Glasses activated with luminescent rare earth ions are important
classes of engineering materials, which are useful in numerous industrial
applications in photonic devices. The first realization of erbium-doped
optical fiber amplifier (EDFA system) was developed in 1987 by Mears
et al. at Optical Fibre Group [1]. From that time, the spectroscopy of
trivalent Er®* and Yb®' ions have been intensively investigated for
various kinds of glass-host matrix. Especially, the spectral profile of
luminescence band corresponding to the 4113/2 - 4115/2 transition of
Er®" and their relative intensity ratio is especially interesting from the
spectroscopic and applications points of view [2,3].

Among inorganic glasses, a lot of work has been done on the spec-
troscopic properties of Er’" and Er®*/Yb3' co-doped silica glasses.
Many advantages of silica glass host matrix, such as the lowest propa-
gation losses (0.2 dB/km), can withstand high temperatures and shows
exceptional mechanical strength and chemical durability, making them
important active centers. However, due to strong Si-O-Si covalent bonds,
a major drawback of silica glass permits only a relatively small con-
centration of rare earth ions [4,5]. Systematic studies demonstrate that a

* Corresponding authors.

lower concentration of trivalent Er®" ions result in a narrow 4113/2 -
s /2 line width, which limits broadband near-infrared transmission. On
the other hand, the high rare earth ions concentration often leads to the
formation of clusters, which results in luminescence quenching [6]. This
causes deleterious effects on the spectroscopic properties of silica-based
glasses. Since then, many excellent papers [7-10] have been published
on glasses activated with Er®* and Yb®* ions concerning on crucial as-
pects: from synthesis procedure, physicochemical and near-infrared
optical properties to their potential applications. These phenomena
are necessary for knowledge about optical glasses. The optimal way to
fabricate the titanate-germanate glasses for near-infrared applications
such as optical fiber is still the appropriate compromise between
chemical composition of glass-network modifier/former, rare earth ions
content and structural, luminescence properties.

Since the fabricated of amorphous and thermal stable material based
on GeOy-TiO3-BaO-GagO3 system by Pisarski and his group [11],
titanate-germanate as a novel glass host is ideally suitable to photonic
application. According to our previous results, the incorporation of ti-
tanium dioxide (TiO2) into barium gallo-germanate network signifi-
cantly enhanced and broadened the main NIR luminescence band of rare
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earth ions. Further, the authors reported the recommended molar ratio
Ge02:TiO, for Nd®* [12], Er¥" [13] and Ho®" [14] doped titanate-
germanate glasses. Nevertheless, an introduction various concentra-
tion rare earth ions to inorganic glass host matrices influenced strongly
on the local structure and their optical properties. Indeed, a clear cor-
relation was observed for Yb®*/Er®* co-doped phosphate [15], tellur-
oborate [16], and phosphosilicate [17] glasses. A study by Z. Zhao et al.
[15] showed that the high-concentration Er’*/Yb®* co-doped phos-
phate glasses with the optimized Er>*/Yb%* ratio of 0.5/12, gives the
highest luminescence intensity at 1535 nm under 980 nm excitation. By
analyzing the results of the study by Annapoorani et al. [16], it can be
seen that in the case of Er>*/Yb3" co-doped lithium telluroborate glasses
luminescence quenching was observed beyond 0.5 wt% of Yb,O3 and
Ery0s3. Further, Melkumov et al. [17] stated that the excitation transfer
efficiency is determined by the ytterbium concentration and is essen-
tially independent of erbium concentration. Hence, based on spectro-
scopic results for heavy metal systems [18] the authors assumed that the
optimized rare earth doping ratio of Er>" and Yb®" will be equal 1:5 to
necessary enhance pumping efficiency. These observations became the
motivation for investigating the impact of Er>*/Yb%" ions content on
germanate-based glasses modified by TiO, presented in this article.

In this work, we focus on the synthesis and characterization of Er>*
and Yb3* co-doped glass system based on GeO,-BaO-Gay03 (GBG) and
Ti0,-GeO2-BaO-Gay03 (TGBG). The molar ratio Ert/Yb3™ was 1:5,
when concentration of Er** and Yb®* used during synthesis was changed
from 0.1/0.5 mol% to 0.5/2.5 mol% in the glass composition. The
impact of pair rare earths, as well as the influence of glass-host matrix on
near-infrared luminescence and physicochemical properties was dis-
cussed. Based on emission spectra and their decays, the 4113/2 — 4115/2
line widths, luminescence lifetimes, energy transfer efficiencies were
determined. The absorption band related to hypersensitive transition of
Er®" ions have been examined. Thus, prepared optical materials were
characterized by Raman spectroscopy and X-ray diffraction.

2. Material and methods

The subject of this study is Er>*/Yb%" co-doped glass synthesized by
the high-temperature melt quenching-technique of the multicomponent
systems 60GeO2-30Ba0-(10-x-y)Gaz03-xYboO3-yEr,03 and 30TiO»-
30Ge02-30Ba0-(10-x-y)Gaz03-xYb203-yEraOs, where x and y denote
concentrations of ytterbium oxide and erbium oxide, respectively. The
concentration of YboO3 was 0.5, 1.25, and 2.5 mol%, and Er,O3 was 0.1,
0.25, and 0.5 mol%. The Yb®* singly doped glasses were also prepared to
determine the energy transfer efficiencies. In our synthesis procedure,
the metal oxides GeO5 (99.99 %), TiO- (99.995 %, rutile), BaO (99.99
%), Gaz03 (99.99 %), and optical active dopants YbyO3 (99.99 %), EryO3
(99.99 %) were used from Sigma-Aldrich Chemical Company. Each
batch composition of 5 g was weighed and mixed homogeneously
together in an agate mortar. Then, the samples were placed in a
corundum crucible (Lukasiewicz Research Network, Institute of Ce-
ramics and Building Materials, Krakéw, Poland) and were melted at
1250°C for 0.45 h in an electric furnace (FCF 4/170 M produced by
Czylok, Jastrzebie Zdrdj, Poland). Glass samples were polished for
measurements.

The physicochemical and near-infrared properties characterization
of synthesized materials was performed using optical spectroscopy,
Raman spectroscopy and X-ray diffraction. Luminescence measurements
(spectra and decay curves) were carried out by the laser equipment,
which consists of PTI QuantaMaster QM40 spectrofluorometer, tunable
pulsed optical parametric oscillator (OPO), Nd:YAG laser (Opotek
Opolette 355 LD), double 200 nm monochromators, Hamamatsu
H10330B-75 detector and PTI ASOC-10 USB-2500 oscilloscope. The
resolution for spectral measurements was + 0.1 nm. Decay curves were
recorded and stored by a PTI ASOC-10 [USB-2500] oscilloscope with an
accuracy of + 0.5 ps. Glass samples were characterized using absorption
measurements (Varian Cary 5000 UV-Vis-NIR Spectrophotometer,
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Fig.1. Near-infrared luminescence spectra for Yb®' ions in barium gallo-
germanate glasses without (a) and with (b) titanium dioxide under 980 nm

laser excitation.

Agilent Technology, Santa Clara, CA, USA). To examine the structural
changes, the Raman spectra were registered using Thermo ScientificTM
DXRTM2xi spectrometer (Waltham, MA, USA) in the frequency region
400 cm ™! —1400 cm ™! with the resolution of 4 cm ™! and 128 scans. The
appropriate laser source with an excitation wavelength of 633 nm was
used to obtain the Raman spectra. To get more information about the
nature of fabricated highly doping glass samples, the X-ray diffraction
(XRD) analysis was carried out using an X'Pert Pro diffractometer sup-
plied by PANalytical (Almelo, The Netherlands) with CuKa radiation
(line 2 = 1.54056 A). All optical and structural measurements were
performed at room temperature.

3. Results and discussion

To analyze the effect of pair rare earth ions on the optical properties
of fabricated glass samples, luminescence measurements were per-
formed. Fig. 1 presents the near-IR luminescence spectra of Yb>* ions in
Ge02-Ba0-Gay03 (GBG) and TiO2-GeOy-BaO-Gay0O3 (TGBG) glass sys-
tems. Ytterbium ion is one of the important glass components due to its
simple energy level scheme, with the 2F;/, being the ground state and
the 2Fs being the excited state. It is also important in terms of doubly
doped glass systems, as will be demonstrated in the next part of this
paper. The recorded spectra consist of an emission band assigned to the



K. Kowalska et al.

Fig. 2. A simplified energy level diagram of Yb**/Er®* ions in modified ger-
manate glass.

Fig. 3. Near-infrared luminescence spectra for Er>*/Yb%" ions in barium gallo-
germanate glasses without (a) and with (b) titanium dioxide under 980 nm
laser excitation.
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transition 2F5/2 - 2F7/2 of Yb* ions. Since the luminescence profile of
the Yb®* emission band is strictly dependent on the chemical composi-
tion of the host matrix, the near-IR emission spectra gave valuable in-
formation about the optical behavior of Yb®* ions. It was observed that
for the GeO,-TiO2-BaO-Gay03 system, a luminescence band assigned to
the %Fs/5 — 2F7/2 transition was more intense compared to the GeO-
BaO-GayOs3 system. It is noticed that increasing of Yb,O3 content above
0.5 mol% leads to strong decreasing of luminescence (Fig. 1a), which
confirms the concentration quenching phenomenon [19,20]. A
completely different situation is observed for germanate-based glasses in
the presence of titanium dioxide (TiO3). According to the resulting
luminescence spectra shown in Fig. 1(b), the integrated emission in-
tensity for the 2Fg /2 — g, 2 transition is enhanced more significantly in
the function of Yb®" ions compared to glasses without TiO,. This situ-
ation was also observed silicate glasses in the function of Yb3+ ions [21].
Based on this observation, we could conclude that the suitable Yb®* ions
concentration, which the strongest and broadened near-IR luminescence
requires, can be satisfied in the titanate-germanate glasses. The obtained
results were interpreted based on the emission spectra measurements
because Yb>" plays an important role as an excellent sensitizer for other
rare earth ions [22-24]. Further analysis will be devoted to optical and
structural aspects of co-doped two various glass systems in the function
of Yb®* ions (from 0.5 mol% to 2.5 mol%) and Er®* ions (0.1, 0.25, 0.5
mol%). To explain the mechanism of the energy transfer from Yb>* to
Er®* and the sensitization of near-IR emission of Er®* ions at 1.5 pm for
germanate-based samples with the absence and presence of TiO, the
simplified energy level diagram is illustrated in Fig. 2. When co-doped
material is excited by 980 nm, the ytterbium ions initially absorb the
energy because the absorption cross-section is much higher for 2Fs/,
(Yb®") than 4111 /2 (Er3h). Thus, the energy relaxes from the ground state
2F7/2 to the excited state 2Fs /2, respectively. Then, the excitation energy
is quickly transferred to the Er>". The energy transfer process is usually
very efficient due to the small energy gap between Fs 5 (Yb>") and *I;1,
Py (Er3+) excited states. In the next step, the excitation energy relaxes
nonradiatively to the upper *I;3, state of erbium ions by multiphonon
process [25-27].

Fig. 3 presents the NIR luminescence spectra registered under direct
excitation at 980 line for GeO,-BaO-Gay03 (GBG), and TiO5-GeO»-BaO-
Gap03 (TGBG) glass systems doped with Yb3t/Er** jons. Independent of
the rare earth ions content, emission band were registered for all studied
samples. The emission spectra were measured under the same experi-
mental conditions to compare the intensities of the band. The charac-
teristic emission band corresponding to the main 4113/2 - 4115/2 laser
transition of Er’t is located in the eye-safe spectral region [28,29].
Spectroscopic studies indicate that the profile of emission bands of Er®*
ions depend strongly on chemical composition. It was stated that the
integrated emission intensity for the *I;3/5 — *I;5/o transition of Er®*
ions in TiO2-GeO3-BaO-GayOs is significantly enhanced (2.0-fold in-
crease) compared to GeO-BaO-GayOs3 glass. Spectroscopic parameter
such as the emission bandwidth for the *I;3 /2 — “Iis /2 transition of Er*t
ions were determined and illustrated in Fig. 4. The emission bandwidth
of Er®* ions at 1.5 pm is an important parameter for EDFA, which is used
in the WDM network system of optical communication. The commercial
Er®*/Yb*-doped fiber amplifiers (EDFA) based on silica glass exhibit a
relatively narrow linewidth that limits broadband NIR transmission. In
order to meet the requirements, i.e. higher information transmission
capacity and to improve the performance of the WDM network, a me-
dium with a wide and flat gain at 1.5 pm, which is related to the width of
the I3 /2 — “Iis /2 emission band, is required for the EDFA [30-33]. Our
studies clearly indicate that the spectral width defined as the full width
at half maximum (FWHM) is about two times broader for 30TiO»-
30Ge0,-30Ba0-7Gay03-0.5Er;03-2.5Yby03 sample (AL = 65 nm =+ 1)
than 60Ge0,-30Ba0-7Gay03-0.5Er203-2.5Yby03 (AA = 31 + 1 nm)
sample. These values are larger than that in other glass hosts used for
optical fiber amplifiers, such as 26 nm in silicate glasses [34], 43 nm in
phosphate glasses [35], 46 nm in niobium germanate glasses [36], and



K. Kowalska et al.

Materials Science & Engineering B 301 (2024) 117117

Fig. 4. FWHM values vs. Er,O3/Yb,03 content in barium gallo-germanate glasses without/with titanium dioxide.

54 nm in tellurite glasses [37]. The understanding of optical properties
and their relation to composition has been extensively reviewed by
ElBatal [38]. It has been shown that many of the properties of glass
relate to valence states of titanium ions as the trivalent (Ti>") and the
tetravalent (Ti‘”). The ratio of each oxidation state in glass depends on
the glass host matrix, chemical composition, and condition during the
melting process. Notable work has been performed on the optical
properties of titanium dioxide in silicate, borate, and phosphate glasses,
culminating in the pioneering work by Moringa et al. [39]. Importantly,
titanium ions were identified in a trivalent oxidation state for titanate-
germanate glass, where the molar ratio was GeO2:TiO2 = 1:1 [40]. Ac-
cording to previous works [41,42], enhancement luminescence prop-
erties were observed after the introduction of TiO; to the germanate
glass host because this component slightly reduces the phonon energy
and strongly influences bonding between rare earth ions and the nearest
environments. The large emission bandwidth of the 4113/2 — 4115/
2 transition of Er®* can be explained by the local structure and bonding
of trivalent erbium ions in titanate-germanate glasses confirmed by
theoretical calculations using the Judd-Ofelt framework in our previous
work [13]. Among Judd-Ofelt parameters, Q, indicates the degree of
covalency between Er’* ions and surrounding ligands. The parameter
Q, increased from 4.77 + 0.23 (BGG without TiO3) to 5.94 + 0.23
(GeO2:TiO2 = 1:1). It suggests that the bonds between Er’" ions and
surrounding ligands existing in the glass sample in the presence of TiO;
are highly covalent. This study confirmed that the profiles of lumines-
cence bands and their values of emission linewidth (FWHM) are
dependent on the symmetry and the site-to-site variation of the rare
earth local environment changes during the modification of the glass
host. Moreover, the radiative transition probabilities calculated using
Judd-Ofelt theory for the main infrared transition of rare earth ions
increased significantly in the presence of TiO, which is required for an
efficient laser transition. For example, the radiative transition proba-
bility Aj calculated for the main NIR laser transition 4F3/2 - 14 /2
(Nd®") at 1060 nm increases from 1317 s~! for glass sample without
TiO to 2105 s~ for glass sample with 50 mol% TiOs. The highest value
(Ay=2787 s~ 1) was obtained for Nd*" ions in a titanate-germanate glass
containing 20 mol% TiO, [12]. A similar situation was also observed for
titanate-germanate glasses singly doped with Ho®* [14] and Tm3* [42].
The radiative transition probabilities for the main 3F, — 3Hg NIR laser
transition of Tm>* at 1800 nm increase from 164 s~ (0 % TiO») to 348
™1 (30 % TiO2), 367 s~ ' (40 % TiOz) and 378 s~* (45 % TiOz), whereas
the values of A; for the main NIR laser transition °I; — °Ig (Ho>") at
2000 nm increase from 84 s~ (0 % TiO5) to 98 s71 (30 % TiO3), 128 st
(40 % TiOy) and 132 sl (45 % TiOy) in the presence of TiO;. In
particular, we observe a nearly two-fold increase in radiative transition
probabilities calculated for the 4113/2 - 4115/2 (near-IR) and “I;; /2 =

Table 1
Glass composition, measured lifetimes for the 2F5/2 (Yb®") state, and the energy
transfer efficiencies for Er®*/Yb** co-doped glass samples without/with TiO,.

Chemical composition of glass samples (%mol) Tm (mMs) Ner (%)
60Ge0,-30Ba0-9.4Ga»03-0.1Er,03-0.5Yb,05 0.99 22
60Ge0,-30Ba0-8.5Ga,03-0.25Er,03-1.25Yb,03 0.30 64
60Ge0,-30Ba0-7.0Ga»03-0.5Er;05-2.5Yb,03 0.19 73
30Ge0,-30Ti0,-30Ba0-9.4Gay05-0.1Er,05-0.5Yb,0; 0.59 24
30Ge0,-30TiO,-30Ba0-8.5Ga,05-0.25Er,05-1.25Yb,05 0.40 39
30Ge0,-30TiO,-30Ba0-7.0Ga03-0.5Er,03-2.5Yb,05 0.42 36

Fig. 5. Luminescence decay curves of Yb3"-doped germanate glasses without
(a) and with (b) titanium dioxide (Aexc = 980 nm).

4113/2 (mid-IR) laser transitions of Er®" ions in titanate-germanate
glasses. For the near-IR transition 4113/2 — 4115/2 (Er®") at 1500 nm
the value of A; increase from 110 s (0% TiO,) to 215 s (50 % TiO»),
whereas for the mid-IR transition 4111 /2= 4113/2 (Er*") at 2700 nm the
value of Aj is changed from 21 s 0% TiO,) to 40 s (50 % TiO»),
respectively [13]. At a consequence, near-IR [13] and mid-IR [43]
emission of Er’* ions is enhanced greatly in the presence of TiO,.

The lifetime is an important parameter since it reflects the mecha-
nisms of depopulation of energy levels. The luminescence decay curves
for the %Fs, state of ytterbium in fabricated glasses singly doped with
Yb3* ions and doubly doped with Yb®*/Er®" ions were analyzed. The
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Fig. 6. Luminescence decay curves of Er’"/Yb*>'-doped germanate glasses
without (a) and with (b) titanium dioxide (Aexc = 980 nm).
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2F5/2 luminescence lifetime of Yb®* was determined. Its value is reduced
from © = 1.28 ms to T = 0.72 ms (GeO2-BaO-Gay03) with increasing
Yb3* jons. For TiO2-GeOy-BaO-GayOs, the lifetimes decrease from t =
0.78 ms to T = 0.65 ms and then slightly increase to T = 0.66 ms with
further increasing Yb,O3 concentration. Based on these data (Table 1),
the energy transfer efficiency (ngr) was calculated using the following
relation:

7(Yb — Er)

ET = 1 —
1 (Yb)

@

where: T(yp-gr) and T(yp) are luminescence lifetimes for the 2pg /2 state of
Yb3* jons in the presence and absence of Er®* ions. In addition, the
decay curves follow by single-exponential behavior (Figs. 5, 6). The
luminescence lifetimes calculated for Yb%" singly doped samples are
longer than glass samples co-doped with Er®*/Yb*, confirming the
presence of the energy transfer process from ytterbium to erbium ions.
The energy transfer efficiency ngr is close to 22 % for germanate-based
glass sample doped with 0.1 mol% Er,O3 and 0.5 mol% Yb,O3, and its
value drastically increases up to 73 % with increasing rare earth content,
indicating efficient sensitization of the erbium ions by ytterbium. It is in
good agreement with the results obtained for the GeO2-NaO-NbO glass
system [44]. In contrast, our calculations indicate that the energy
transfer efficiencies for Er®*/Yb3" co-doped titanate-germanate glasses
are significantly lower. The energy transfer efficiency increases from 24
% to 39 % and then decreases to 36 % with further increasing Er>* and

Fig. 7. Near-infrared emission spectra of Yb>* singly (straight line) and Er®*/Yb>* co-doped (dashed line) barium gallo-germanate glasses with/without TiO (hexe =

980 nm).
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Fig. 8. Hypersensitive transition of erbium ions in Er**/Yb®* co-doped ger-
manate samples without/with titanium dioxide.

Yb3* ions concentration. Trends in luminescence lifetimes and energy
transfer efficiency varying with Yb®>" and Er®' ions concentration in
fabricated glasses are significant from the spectroscopic point of view.
Fig. 7 presents near-infrared luminescence spectra of barium gallo-
germanate glasses with/without TiO; doped with Yb%* ions and co-
doped with Yb%*/Er®* ions under 980 nm excitation wavelength in
the wide spectral range from 990 nm to 1700 nm. This experiment
motivated us to demonstrate the changes in profiles of emission bands
corresponding to the main laser transition of rare earth ions in fabricated
two various matrices. Optical changes in their relative intensity
confirmed resonant Yb3* — Er®' energy transfer are quite well
observed. The energy transfer efficiency in this paper has a positive
correlation with the trend observed in rare earth-doped germanate-
based glasses modified by TiO5 [45].

In the next, the absorption spectra for Er®*/Yb®* co-doped samples
were measured in the 500-540 nm range, where the band centered at
about 520 nm corresponds to the 4115/2 — 2H11 /2 transition, so-called
‘hypersensitive transition’ of Er>* ions [46]. This transition confirms
the section rule AJ < 2, AL < 2, and AS = 0. It is generally accepted that
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the Stark splitting is quite well observed for the hypersensitive transition
of Er®", when the sample is not fully amorphous. The absorption result
obtained for titanate-germanate sample containing higher concentra-
tions of Yb®* and Er®* ions confirms this hypothesis. For 0.5Er-2.5Yb
system with TiO,, the absorption band due to the 4115/2 - 2Hy; s2 hy-
persensitive transition of Er®' is unusually intense and broadened as
well as the stark splitting is well evidenced (Fig. 8). To summarize this
part of the research, the Authors declare that this phenomenon is
attributed to semi-crystalline nature of highly-concentrated Er>*/yb%*
co-doped sample with titanium dioxide. Based on this conception,
Raman spectroscopy was used to study the local structure of the fabri-
cated materials. Fig. 9 shows experimental Raman spectra of titanate-
germanate glasses doped with trivalent rare earth ions over the fre-
quency range from 400 cm ! to 1400 cm '. The photos of obtained
Yb3*+-doped and Er®t/Yb%*—co-doped titanate-germanate samples are
presented in Fig. 9a and b. Fig. 9c illustrates the structural evolutions of
Yb3*-doped titanate-germanate glasses. The data analysis showed that
all samples exhibited two domains at the (1) 400 em 1600 em™! range
and (2) 650 cm ™ '-950 cm ™! range, respectively. Band in the lower fre-
quency region is characteristic of GeO4 structural units sharing their
corners, where the germanium atom bending is covalently bonded to
four biding oxygens [47-49]. The high-frequency band could be
assigned to a GeOg structural unit, where the central atom is germanium
surrounded by six oxygen atoms [50-52]. Moreover, in the low-
frequency region, the sharp band at 460 cm™! is quite well observed
for material doped with 2.5 mol% Yb3* ions. Elkhoshkhany et al. [53]
observed similar effects for tellurite glasses in the function of YbyOs.
This band is due to the stretching vibrations mode of Yb>*. In general,
every material system presents a unique Raman spectrum. Indeed,
Fig. 9d very well demonstrates the evolution of structure. Titanium di-
oxide acts as a network modifier or network former. Due to the small
ionic radius of Ti™ ion, it can easily penetrate into the glass network and
thus lead to drastic changes in the local structure of the host glass [54].
Structural changes are evidently stronger for Er>*/Yb®* co-doped tita-
nate-germanate samples than for Yb>*-doped titanate-germanate. In the
analyzed case, the Raman spectra for co-doped titanate-germanate
samples containing 0.1Er/0.5Yb and 0.25Er/1.25Yb show a band in the
600-800 cm ! range. Based on previous studies, titanium dioxide in the
germanate-based glass host generated the destruction of germanate
tetrahedra and octahedra units [40]. The broad band at 650 cm™! is
attributed to the stretching vibration of Ti-O in the TiOg unit. However,
more interesting is the fact that further increasing the Er,O3 and Yb,03
content causes a significant structural evolution of the obtained mate-
rial. Interestingly, the Raman spectrum for the sample containing 0.5
mol% Er®" ions and 2.5 mol% Yb3" jons is typical of glass-ceramics.
Tiwari et al. [55] observed similar phenomena for alkaline earth
based silicate systems. At this moment it should be pointed out that high
doping activator concentration (0.5 %Er®*/2.5 %Yb®") lead to signifi-
cant changes in the Raman spectra, which are due to modification of
glass-network by the presence of TiO, and its local structure symmetry
breaking. These phenomena are not observed for glass samples without
TiO,. In our opinion, it could be a disruption role of the TiO3 on the
glass-network with modification of the local crystal field around the rare
earth ions playing the role as the optical dopants. It was also well
confirmed by the absorption spectra measurements (hypersensitive
transitions) presented and discussed here. Similar effects were observed
and demonstrated earlier in the case of HfO, by Raman and lumines-
cence measurements [56,57]. To further verify the proposed approach
to the determination of the partial crystallization phenomena of the
synthesized highly-concentrated titanate-germanate samples, an X-ray
diffraction analysis has been undertaken.

The literature data shows that ionic size plays a dominant role in
determining the chemical durability of lanthanide titanates. A strong
correlation is established among chemical composition/structural vari-
ation [58]. Fig. 10 shows the X-ray diffraction patterns of GeOy-BaO-
Gap03 and TiO2-GeO2-BaO-Gay0s3 singly doped with Yb** and co-doped
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Fig. 9. Room temperature measured Raman spectra of Yb>* and Er®*/Yb®" co-doped titanate-germanate samples. Excitation: 633-nm laser line.

Fig. 10. X-ray diffraction patterns of Yb>*doped (a) and Yb**/Er** co-doped samples with and without TiO, with high content of luminescent rare earths (2.5 mol%

Yb,03 and 2.5 mol% Yb,03/0.5 mol% Er;03).

with Yb®*/Er®*, where the activator concentrations are the highest. X-
ray diffraction patterns for barium gallo-germanate glasses without TiOo
doped with 2.5 mol% Yb,03 and co-doped with 2.5 mol% Yb03/0.5
mol% Er,03 confirmed the absence of the crystalline phase because only
two broad humps are observed, which corroborates the amorphous
character of the fabricated glasses. Moreover, significant structural
changes in the XRD patterns have been observed for samples after
introduction 30 mol% TiO5 to germanate-based glass host. The X-ray
diffraction patterns of the titanate-germanate samples doped with 2.5
mol% Yb,03 and co-doped with 2.5 mol% Yb303/0.5 mol% Er,;Os, in
addition to the two maxima characteristics for an amorphous state,
presents narrow diffraction lines with half-widths characteristic of the
crystalline material. For Yb®>* doped sample, the narrow diffraction lines
correspond to Yb,TisO7 crystalline phase (PDF-2, card no 00-017-
0454). For Er®*/Yb®" co-doped sample, diffraction lines are related to
the YbsTisO7 (PDF-2, card no 00-017-0454) and Er,TizO; (PDF-2, card
no 01-073-1647) crystalline phases, respectively. Similar effects were
observed previously for highly-concentrated lead borate glasses co-

doped with rare earth ions [59]. In this work, adding 0.5 mol% Er;03
and 2.5 mol% Yb,y03 in the GeO,-TiO3-BaO-Gap0O3 glass shows that
designed material is more prone to crystallization, which is unfavorable
from the point of view of drawing optical fibers. Experimental results for
fabricated glasses suggest that the proper choice of glass host is a critical
factor in the success of Er’*/Yb®" co-doped glass systems for near-
infrared applications. Nevertheless, our results indicated that rare
earth ions have a strong impact on the structural properties of titanate-
germanate glasses. Considering all the above arguments, further in-
vestigations are needed to determine if glass based on GeO2-TiO2-BaO-
Gaz03 (Ge02:TiOy = 1:1) activated with 0.25 mol% Er;Os and 1.25 mol
% Yby03 might be qualified as an attractive candidate for near-infrared
photonics applications such as optical amplifier operated in the C
(1530-1565 nm) band region in the optical communication window.

4. Conclusions

This paper presents novel results for luminescent Er®t/Yb%" co-
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doped GeOy-BaO-Gay03 (GBG) and TiO2-GeO2-BaO-Gay03 (TGBG) glass
systems synthesized by melt quenching technique, which offer impor-
tant contributions in the field of materials sciences, glass technology,
and near-infrared photonic. Particular attention was focused on the in-
fluence of pair Er>*/Yb%* on physicochemical and near-infrared lumi-
nescence properties of fabricated materials evidenced using different
experimental techniques. The obtained results which are necessary for
knowledge about optical glasses, can be concluded as follows:

1. The optical investigations for fabricated materials indicate that
luminescence properties strongly depend on the rare-earth concentra-
tion and kind of glass matrix. The integrated emission intensity for Yb>*:
2F5/2 - 2F7 /2 transition was reduced in the GBG system, whereas it in-
creases in the presence of TiO,. For Er**/Yb®t co-doped TGBG glasses,
the intensity for Erdt: 4113 /2 — 4115 /2 transition is about 2-fold enhanced
compared to GBG glasses. The emission bandwidth was determined, and
their value is close to 31 nm (GBG) and 65 nm (TGBG), co-doped with
2.5 mol% Yby03 and 0.5 mol% EryO3 respectively. The energy transfer
mechanisms between Yb®* to Er>* ions were discussed in detail, and the
energy transfer efficiency was calculated to be 64 % for GBG glass and
39 % for TGBG glass. It is clearly seen that intensity of Er’":*I;5/5 —
2H,; ;5 hypersensitive transition of Er>" ions increased with increasing
rare earth ions concentration. The Stark splitting was observed for
titanate-germanate sample co-doped with 0.5 mol% Er,O3 and 2.5 mol%
Yb,03 indicated on structural changes.

2. The second part was concerned on the impact of pair Er>*/yb3*
ions on the local structure of synthesized luminescent glasses. The
registered Raman spectrum for the highly doped sample was typical for
glass—ceramic. Furthermore, the structural characterization showed that
the increasing concentration of the rare-earth ions (above 1.25 mol%
Yby03 and 0.25 mol% EryOs3) leads to the partial crystallization of
titanate-germanate systems. It is consistent with X-ray diffraction anal-
ysis, where the formation of Yb,Ti2O7 and EryTizO7 crystalline phases
was confirmed.

In consequence, based on theoretical and experimental results we
indicated that titanate-germanate glasses (TiO2:GeOy = 1:1) co-doped
with 0.25 mol% Er,03 and 1.25 mol% Yb,03 with better near-IR opti-
cal properties could be potentially useful in constructing broadband
optical fiber amplifiers and tunable fiber lasers in the optical telecom-
munication window operating at 1.5 pm.
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8. Podsumowanie

Wyniki przedstawione w rozprawie doktorskiej wskazuja, ze odpowiedni dobor
sktadu chemicznego matrycy szklistej oraz aktywnych domieszek jondw ziem rzadkich,
optymalizacja procesu syntezy pozwala na uzyskanie nowego materialu optycznego
o specyficznych parametrach luminescencyjnych w zakresie podczerwieni. Dzigki
szczegblowym 1 wnikliwym pracom eksperymentalnym udato si¢ znacznie poszerzy¢
1 uzupeli¢ wiedz¢ na temat szkietl nieorganicznych, zawierajacych w skladzie TiO..
Wiedza ta pozwolita na przezwyci¢zenie silnej tendencji do krystalizacji szkiet
tytanowych 1 otrzymanie szkiet w pelni amorficznych.

Celem rozprawy bylo otrzymanie i zbadanie wilasciwosci fizykochemicznych
szkiel tytanowo-germanianowych, ze szczegdlnym uwzglednieniem wilasciwosci
luminescencyjnych w podczerwieni. Celem byto w szczegdlnosci wykazanie wplywu
stezenia TiO> na budowg oraz wlasciwosci szkiet zawierajacych jony ziem rzadkich
i emitujgcych promieniowanie podczerwone. W opracowanych wielosktadnikowych
szktach tlenkowych, dwutlenek tytanu TiO, w zaleznosci od stgzenia nie tylko petni role
sktadnika szklotworczego, ale réwniez modyfikuje wilasciwosci fizykochemiczne
matrycy. Realizacja zatozen i celdéw rozprawy obejmowata wiele etapéw: opracowanie
sktadu chemicznego, dobor aktywnych optycznie domieszek i synteze nowych szkiet,
potwierdzenie amorficznej budowy wewnetrznej, zbadanie wlasciwosci termicznych,
strukturalnych 1 optycznych. Wyboru aktywnych optycznie domieszek dokonano
z uwzglednieniem ich schematéw energetycznych, sprzyjajacych emisji w zakresie
podczerwieni.

Na podstawie analizy zgromadzonych danych eksperymentalnych
1 opracowanego na ich podstawie cyklu publikacji naukowych P1-P12 wchodzacych w
sktad rozprawy doktorskiej do najwazniejszych osiggnie¢ mozna zaliczy¢:

e Otrzymanie serii nowych w pelni amorficznych, wielosktadnikowych szkiet
tytanowo-germanianowych TiO>-Ga>03-BaO-GaxO3 pojedynczo/podwojnie
aktywowanych jonami ziem rzadkich i/lub jonami metali przejsciowych
(synteza catkowicie amorficznych materialdw zawierajacych znaczne st¢zenie
TiO2 jest niezwykle waznym osiggnigciem z punktu widzenia
technologicznego, poniewaz takie uklady cechuje duza sktonnos$¢ do

krystalizacji),
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Przeprowadzenie pelnej charakterystyki strukturalnej, termicznej i optycznej
szkiet tytanowo-germanianowych. Okre$lono migdzy innymi, nieznany
dotychczas w literaturze, wplyw stezenia TiO2 na otrzymywanie, budowe,
stabilno$¢ termiczng oraz wiasciwosci szkiel przy uzyciu réznorodnych
technik eksperymentalnych: DSC, XRD, EPR, IR, Ramana i spektroskopii
optycznej,

Wykazanie zmian lokalnego otoczenia woko6t domieszki optycznie aktywnej
oraz wzrostu charakteru kowalencyjnego wigzania w funkcji zawartosci TiO2
w szktach z wykorzystaniem jonow petnigcych rolg sond spektroskopowych,
Uzyskanie znacznego poszerzenia i wzmocnienia pasm emisyjnych jonéw
ziem rzadkich w zakresie bliskiej 1 §redniej podczerwieni w badanych szktach
w wyniku obecnosci TiO2, ktory moze petni¢ role sktadnika szklotworczego
lub modyfikujacego w zaleznosci od jego stgzenia,

Poznanie procesow relaksacji promienistej 1 niepromienistej zachodzacych
w szklach tytanowo-germanianowych,

Okreslenie parametrow spektroskopowych i laserowych jonéw ziem rzadkich
w funkc;ji stezenia TiO,, zwigzanych z nastepujacymi przejsciami: “Fz; — *lop
(Nd*") przy 1,06 pm, *liz2 — *lisp (Er*") przy 1,5 pm, 'D2 — G4 (Pr*") przy
1,5 um i °F4 — 3He (Tm?*") przy 1,8 pm oraz I — °Is (Ho*") przy 2 um, na
podstawie badan eksperymentalnych wykorzystujac pomiary widm absorpcji,
luminescencji i kinetyki ich zaniku oraz obliczen z teorii Judda-Ofelta
1 modelu Inokuti-Hirayama,

Uzyskanie wzmocnionej szerokopasmowej luminescencji w zakresie bliskiej
i §redniej podczerwieni przy 1,5 um, 1,8 um, 2 pum 12,7 pm w uktadach szkiet
tytanowo-germanianowych z duza zawarto$cia TiO2, zwigzanej z przejsciami
jonow ziem rzadkich: *I132 — *lisp2 (Er*"), 3F4 — 3He (Tm*"), °I7 — °Is (Ho*")
oraz *Iip — *Tiz2 (Er'),

Wyjasnienie mechanizmu procesu transferu energii wzbudzenia oraz
okreslenie jego wydajnosci w funkcji st¢zenia TiO2 w uktadach tytanowo-
germanianowych domieszkowanych podwojnie jonami ziem rzadkich:
Yb**/Pr¥t, Yb¥/Tm?*, Yb**/Er**, Yb**/Ho", okreSlenie wplywu stezenia
jonow donora (Yb**) oraz akceptora (Er’") na budowe i wlasciwosci

luminescencyjne szkiel,

196



Dokonanie wyboru szkiet tytanowo-germanianowych z jonami ziem rzadkich
o najlepszych parametrach spektroskopowych i laserowych oraz wskazanie
ich potencjalnego zastosowania w fotonice (realizacja badan w ramach
rozprawy doktorskiej pozwolita na wskazanie ukladow szkiet, z ktorych
mozliwe bedzie wycigganie wiokien szklanych do zastosowan

swiattowodowych).
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9.2. Oswiadczenia

Katowice, 4.07.2024
mgr inz. Karolina Kowalska
Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
Instytut Chemii

W przedstawionym cyklu publikacji P1-P12 wchodzacych w sktad rozprawy doktorskiej
modj udzial polegat na: syntezie wielosktadnikowych uktadow szkiet tytanowo-
germanianowych, wykonaniu pomiaréow spektroskopowych (widm absorpcji, emisji,
Ramana i w podczerwieni), ich analizie oraz identyfikacji przej$¢ jondw lantanowcow.
Mo¢j udzial polegal tez na analizie poréwnawczej wlasciwosci strukturalnych,
termicznych i optycznych w funkcji st¢zenia TiOo.

W pracach P2-P4 oraz P10-P12 m¢j udziat polegat ponadto na: opracowaniu wynikow
badan, a takze na wspottworzeniu manuskryptu (przeprowadzenie przegladu
literaturowego, przygotowanie przygotowaniu tekstu manuskryptu i rysunkow, dyskusji
wynikow, formutowaniu odpowiedzi na uwagi recenzentow oraz korekcie manuskryptu

po otrzymanych recenzjach).
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Katowice, 4.07.2024

Prof. dr hab. Wojciech Pisarski
Uniwersytet Slaski w Katowicach
Wydziat Nauk Scistych i Technicznych
Instytut Chemii

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w nizej wymienionych 12 pracach naukowych wchodzacych w sktad
rozprawy doktorskiej Pani mgr inz. Karoliny Kowalskiej moj udziat polegatl na opracowaniu
koncepcji 1 zalozen badan, konsultacji 1 interpretacji otrzymanych wynikéw oraz kierowaniu
projektem naukowym obejmujacym badania opisane czg¢éciowo w wymienionych pracach.
Moj udzial w pracach P1 i P5-P7 polegat rowniez na napisaniu manuskryptu.
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Stwierdzam jednocze$nie jako promotor, ze udziat Pani mgr inz. Karoliny Kowalskiej
w wyzej wymienionych publikacjach jest bardzo istotny dla realizacji tematyki badawcze;j
zawartej w niniejszej rozprawie doktorskie;.
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moj udzial polegal na analizie dynamiki zaniku luminescencji z pozioméw wzbudzonych
jonéw lantanowcoéw w szklach. Moj udziat w publikacji P8 polegat rowniez na napisaniu
manuskryptu. W pracach P5-P10 moéj udziat polegal ponadto na obliczeniu wybranych
parametrow radiacyjnych z wykorzystaniem teorii Judda-Ofelta i modelu Inokuti-Hirayama.
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moj udzial polegal na konsultacjach wynikéw badan szkiet tytanowo-germanianowych
emitujagcych promieniowanie podczerwone pod katem mozliwosci wyciggania wiokien

optycznych.
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spectroscopy of barium-gallo germanate glasses containing B2O3/Ti02, Materials 16 (2023)
1516.

moj udziat polegal na analizie i dyskusji wynikéw badan uzyskanych przy uzyciu spektroskopii

Ramana i w podczerwieni.
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moj udzial polegal na dyskusji wynikéw badan, szczegdlnie parametrow spektroskopowych

uzyskanych dla jonow lantanowcow w zakresie bliskiej 1 Sredniej podczerwieni.
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moj udziat polegal na przeprowadzeniu pomiaréw i analizy wspotczynnika zalamania $wiatta

wytworzonych szkiet emitujacych promieniowanie podczerwone w funkcji stezenia TiO».
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moj udzial polegal na wykonaniu pomiarow krzywych zaniku luminescencji z poziomow
wzbudzonych jondéw lantanowcow w szktach. Ponadto moj udziat w publikacji P9 polegat na
opracowaniu wynikow badan 1 napisaniu manuskryptu.
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