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Streszczenie

Przedtozona rozprawa doktorska stanowi cykl pieciu artykutéw dotyczacych badan
wiasciwosci strukturalnych, oscylacyjnych oraz luminescencyjnych materiatéw krystalicznych
BisTeBOs domieszkowanych wybranymi jonami ziem rzadkich: Nd3*, Yb3* i/lub Er3*. W szczegdlnosci,
badania te miaty na celu okreslenie wptywu aktywnych jonéw domieszek na dynamike sieci, transfer
energii oraz mechanizm luminescencji w materiatach krystalicznych BisTeBOg domieszkowanych
wyzej wymienionymi jonami.

W ramach rozprawy doktorskiej zsyntetyzowano mikrokrystaliczne proszki BisTeBOg:Nd3*,
BisTeBOs:Yb3*, BisTeBOs:Er®* oraz BisTeBOq:Yb3*/Er3* zmodyfikowang metoda Pechiniego oraz
wykonano ceramiki BisTeBO9:Yb3*/Er3* metodg wysokocisnieniowego, niskotemperaturowego
spiekania. Charakterystyka strukturalna badanych materiatéw obejmowata analize wynikéw
wykonanych metodga dyfrakcji rentgenowskiej pozwalajacg na ocene jednorodnosci fazowej oraz
okreslenie struktury krystalograficznej ww. materiatéw. Morfologia i sktad atomowy badanych
materiatow zostat okreslony przy wykorzystaniu elektronowego mikroskopu skaningowego oraz
metody spektroskopii rentgenowskiej z dyspersjg energii. Badania dynamiki sieci wykonano metoda
spektroskopii Ramana i spektroskopii w podczerwieni. Analiza spektralna widm Ramana i widm
w podczerwieni dotyczyta aktywnosci drgarn zwigzanych z grupami BOs, TeOg oraz jonami Bi3* (Nd3*,
Yb3*i/lub Er3*) i Te®*. Wykazano, ze niska energia fonondéw matrycy BisTeBOs sprzyja efektywnemu
transferowi energii miedzy jonami domieszek, minimalizujgc straty wynikajace z relaksacji
wielofononowe;.

Witasciwosci luminescencyjne materiatéw BisTeBOg domieszkowanych wybranymi jonami
ziem rzadkich (Nd3*, Yb3* i/lub Er3*) badano metodami spektroskopii absorpcyjnej, emisyjnej oraz
przez pomiar i analize czasdw zaniku luminescencji aktywnych jonéw Bi3*, Nd3*, Yb3* i/lub Er3*.
W mikrokrystalicznych  proszkach  BisTeBOo:Nd3* zarejestrowano emisje promieniowania
z maksimum intensywnosci okoto 1064 nm zwigzang z konwersjg energii z zakresu widzialnego do
bliskiej podczerwieni. W przypadku materiatéw BisTeBOs:Yb3*, BisTeBOq:Er3* oraz BisTeBOg:Yb3*/Er3*
zarejestrowano intensywng emisje w zakresie bliskiej podczerwieni okoto 975 oraz 1531 nm, ktéra
jest skutkiem efektywnego transferu energii pomiedzy jonami Bi**, Yb3* i/lub Er3*. Ponadto,
w przypadku BisTeBOq:Yb3*/Er3* zaobserwowano efekt konwersji energii w gére, prowadzacy do
emisji w zakresie widzialnym z maksimum intensywnosci okoto 523, 540 oraz 653 nm.

Dodatkowo, przeanalizowano wptyw parametrow spiekania wysokocisnieniowego na
strukture i wtasciwosci luminescencyjne ceramik  BisTeBOq:Yb3*/Er3*. W tym celu
z mikrokrystalicznego proszku BisTeBOg:Yb3*/Er3* przygotowano prébki w postaci ceramik przy
zastosowaniu cisnienia 2, 4, 6 lub 8 GPa. Stwierdzono, ze wzrost cisnienia spiekania prowadzi do
poprawy krystalicznosci, zmniejszenia defektéw strukturalnych oraz zwiekszenia intensywnosci
emisji luminescencji jonéw Er3*,

Wykonane badania majg charakter podstawowy, poszerzajac wiedze na temat mechanizméw
luminescencji i transferu energii w mikrokrystalicznych materiatach boranowych BizTeBOq
domieszkowanych wybranymi jonami ziem rzadkich Nd3*, Yb3* i/lub Er3*, a takze aplikacyjny —
badane materiaty mogg znalez¢ zastosowania jako optyczne konwertery promieniowania
z konwersjg energii w gére lub dét do zastosowan w fotowoltaice, optoelektronice lub fotonice.



Abstract

The presented doctoral dissertation comprises a series of five articles on the study of the
structural, phonon and optical properties of BisTeBOg crystalline materials doped with selected rare
earth ions: Nd3*, Yb3* and/or Er*. The research aimed to determine the influence of active dopant
ions on the lattice dynamics, energy transfer and luminescence mechanisms of BisTeBQOg crystalline
materials doped with the above mentioned ions.

Microcrystalline powders BisTeBOs:Nd3*, BisTeBOq:Yb3*/Er*, BisTeBOs:Yb3*, BisTeBOg:Er3*
were synthesized by a modified Pechini method and BisTeBOq:Yb3*/Er3* ceramics were prepared by
high-pressure low-temperature sintering. The structural characterization of the investigated
materials included measurements and analysis of the results obtained by X-ray diffraction and
scanning electron microscopy to verify phase homogeneity, crystallite size and the effect of sintering
pressure on material morphology.

Lattice dynamics were studied using Raman and Fourier transform infrared spectroscopy.
Spectral analysis of Raman and infrared spectra focused on the vibrational activity of BO3 and TeOe
groups, as well as Bi3* (Nd3*, Yb3* and/or Er3*) and Te®* ions. The results confirmed that the low
phonon energy of BisTeBOg enables efficient energy transfer between dopant ions while minimizing
losses due to multiphonon relaxation.

The luminescence properties of BisTeBOg materials doped with selected rare earth ions (Nd3*,
Yb3* and/or Er3*) were investigated using absorption, emission spectroscopy, as well as by
measuring and analysing the luminescence decay times of the active ions Bi*, Nd3*, Yb3* i/lub Er3*.
In microcrystalline BisTeBOg:Nd>** powders, the emission was recorded with a maximum intensity
around 1064 nm, due to energy transfer from the visible to near-infrared range. In the case of
BisTeBOg:Yb3*/Er3*, BisTeBOs:Yb3* and BisTeBOs:Er3* materials, intense near-infrared emission
around 975 nm for powders doped with Yb3* ions and 1531 nm for those doped with Er3* ions was
recorded, which is due to efficient energy transfer between Bi3*, Yb3* and/or Er3* ions. Furthermore,
an up-conversion effect was observed for BisTeBOq:Yb3*/Er3*, resulting in emission in the visible
range with intensity maxima around 523, 540 and 653 nm.

Furthermore, the influence of high pressure sintering parameters on the structure and
luminescence properties of BisTeBOq:Yb3*/Er3* ceramics were analyzed. For this purpose, samples
were prepared from BisTeBOs:Yb3*/Er3* powder as ceramics using pressures of 2, 4, 6 or 8 GPa.
It was found that an increase in sintering pressure leads to an improvement in crystallinity,
a reduction in structural defects and an increase in luminescence emission intensity of active ions.

The research carried out is fundamental, extending knowledge of the luminescence and
energy transfer mechanisms of microcrystalline borate BisTeBOg materials doped with selected rare
earth ions Nd3*, Yb3* and/or Er®*, as well as applied indicating the potential to be used as
a luminescent materials for photovoltaic, optoelectronics and photonics applications.



1. Wstep

Obecnie jednym z najwazniejszych wyzwan ekologicznych jest opracowanie nowych strategii
i technologii produkcji energii bezpiecznej dla srodowiska. W tym celu konieczne jest zbadanie
potencjalnych naturalnych Zrédet energii przyjaznej srodowisku naturalnemu. Oprécz wielu
naturalnych Zrédet energii, takich jak ptywy morskie, wiatr czy biomasa, storice zapewnia najczystsza
do pozyskania energie, ktérg mozna stosunkowo tatwo przeksztatca¢ w energie elektryczng [1-3].
Storice dostarcza duze ilosci energii w postaci promieniowania elektromagnetycznego,
generowanego podczas fuzji jgder wodoru [3—5]. Chociaz energia stoneczna jest dostepna na catym
Swiecie, jej wykorzystanie jest ograniczone wieloma czynnikami, w szczegdlnosci potozeniem
geograficznym, ktdre determinuje czas potencjalnego wykorzystania energii sfonecznej. Energia
promieniowania storica w poblizu powierzchni Ziemi obejmuje szeroki zakres spektralny od 300 do
2500 nm i sktada sie z promieniowania ultrafioletowego (ang. ultraviolet — UV) okoto 7%,
widzialnego (ang. visible — VIS) okoto 47% i podczerwonego (ang. infrared — IR) okoto 46% [6-8].
Energia stoneczna moze byé przeksztatcona w energie elektryczng za pomocy fotowoltaicznych
ogniw stonecznych [9,10]. Wydajnos$¢ konwersji energii stonecznej na energie elektryczng zalezy
w duzej mierze od rodzaju ogniw stonecznych [11,12]. W ostatnich latach zaobserwowano wysoka
dynamike modyfikacji ogniw stonecznych w celu poprawy wydajnosci konwersji naturalnej energii
stonecznej na energie elektryczng poprzez efekt fotowoltaiczny [9—14]. Ogniwa stoneczne pierwszej
generacji byty wykonane z krzemu monokrystalicznego (c-Si) lub krzemu polikrystalicznego (mc-Si)
[4,15-19]. Ogniwa stoneczne drugiej generacji to cienkowarstwowe ogniwa stoneczne wykonane
z nastepujgcych materiatow: c-Si, krzem amorficzny (a-Si), a takze wielosktadnikowych materiatéw
potprzewodnikowych np. diselenek miedziowo-indowo-galowy Cu(In,Ga)(Se)a, tellurek kadmu CdTe,
siarczek miedziowo-cynkowo-cynowy Cu(Zn,Sn)(S)2 lub zwigzki z grup 1ll-V (np. GaAs, InP lub GalnP).
Materiaty te umoizliwiajg tworzenie ogniw stonecznych sktadajgcych sie z wielu warstw
potprzewodnikdw o réznej wartosci przerwy energetycznej (Eg) w celu wykorzystania mozliwie
szerokiego zakresu widma promieniowania stonecznego i osiggniecia wyzszej wydajnosci ogniw
stonecznych [4,15-18]. Technologia ogniw stonecznych trzeciej generacji zwigzana jest
z wytwarzaniem nastepujgcych typow wielowarstwowych ogniw stonecznych: ogniwa stoneczne
Cu2ZnSnS4, ogniwa stoneczne organiczne i polimerowe, ogniwa stoneczne z kropkami kwantowymi
lub perowskitowe ogniwa stoneczne [4,15-18,20]. Fotowoltaiczne ogniwa stoneczne czwartej
generacji sg kombinacjg ogniw wytworzonych z materiatéw poprzednich generacji z zastosowaniem

dodatkowo grafenu jako sktadnika zwiekszajgcego wydajnos¢ ogniw stonecznych [18, 21-22].
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Gtéwnym czynnikiem ograniczajgcym wydajnos¢ konwersji energii stonecznej w ogniwach
stonecznych jest niedopasowanie pomiedzy energig padajgcego promieniowania stonecznego
a energig Eg materiatow poétprzewodnikowych stosowanych w ogniwach stonecznych [15,23,24].
Konwencjonalne pétprzewodnikowe jednowarstwowe ogniwa stoneczne skutecznie absorbujg tylko
fotony o energiach zblizonych do energii Eg materiatu potprzewodnikowego [15,23,24]. Aktualnie
rynek ogniw stonecznych na catym Swiecie gtdwnie wykorzystuje ogniwa stoneczne c-Si (okoto 80%)
[13,25], co jest zwigzane z ich niskim kosztem wytwarzania, niska toksycznoscia, dobrze znanym
procesem produkcyjnym i dtugg zywotnoscig (ponad 20 lat) [26-28]. Jednak zgodnie z modelem
Shockley-Queissera wydajnos¢ ogniw stonecznych c-Si nie przekracza limitu 32-33% [13,26-29].
Réwniez warto zauwazyé, ze konwencjonalne krzemowe ogniwa stoneczne majg wartos¢ Eg réowng
1,12 lub 1,75 eV odpowiednio dla c-Si lub a-Si, co odpowiada absorpcji promieniowania stonecznego
o dtugosci fali odpowiednio okoto 1107 i 708 nm [15,28]. Fotony o energiach mniejszych niz Eg nie
sg absorbowane, a ich energia nie jest wykorzystywana do generowania elektronéw, podczas gdy
fotony o energiach wyzszych niz Eg sg absorbowane, ale nadmiar energii jest tracony w wyniku
procesow termicznych [23,24,30]. Aby wykorzystaé szeroki zakres promieniowania stonecznego
w ogniwach stonecznych stosowane sg réwniez materiaty potprzewodnikowe z Eg; w zakresie
spekralnym VIS: InN (1,8-1,9 eV) [31], GalnP (1,8-1,9 eV) [32], AlGalnP (1,9-2,2 eV) [33], AlGaAs
(1,42—-2,16 eV dla réznych zawartosci Al) [34], GaP (2,27 eV) [31], AIP (2,45 eV) [31]. Ostatnio, zwigzki
takie jak: CulnSe;, CuGaSe;, Cu(Ga,In)Se, lub (Cu,Ag)(In,Ga)Se, zostaty uznane za najbardziej
obiecujgce absorbery dla polikrystalicznych cienkowarstwowych ogniw stonecznych, poniewaz ich
Eg pokrywajg szeroki zakres spektralny (VIS/NIR) odpowiedni do absorpcji promieniowania
stonecznego w tym zakresie [26,29]. Niestety, sprawnos¢ konwersji tych ogniw stonecznych
o szerokiej Eg jest nizsza niz 20% [26,29].

Jednym z mozliwych sposobdw zwiekszenia wydajnosci ogniw stonecznych c-Si jest
zastosowanie konwerteréw optycznych w technologii ich wytwarzania, ktére bedg koncentrowac
promieniowanie stoneczne do zakresu widmowego odpowiadajacego energii Eg krzemu.
Konwertery optyczne moga koncentrowaé¢ promieniowanie stoneczne w wymaganym zakresie
spektralnym, z ktérego energia stoneczna moze byé fatwo absorbowana, a nastepnie przeksztatcana
w energie elektryczng poprzez efekt fotowoltaiczny [15,18,35]. Efekt koncentracji promieniowania
stonecznego moze byc¢ osiggniety dzieki procesowi ciecia kwantowego (ang. quantum cutting),
w ktorym jeden foton o wysokiej energii jest przeksztatcany na dwa fotony o nizszych energiach
korespondujacych z zakresem energii Eg materiatu potprzewodnikowego, z ktérego wykonane sg

ogniwa stoneczne [15,18,35]. Ponadto, proces konwersji energii w doét (ang. down-conversion)



skutecznie minimalizuje straty energii spowodowane procesami termicznymi par elektron-dziura
w poétprzewodnikach [15,36,37]. Przy zastosowaniu w technologii wytwarzania ogniw stonecznych
c-Si materiatéw z wykorzystaniem procesu konwersji energii w dét maksymalna wydajnos¢ procesu
fotowoltaicznego moze osiggngé 39% [15,38].

Materiaty krystaliczne domieszkowane pierwiastkami ziem rzadkich (ang. rare earth — RE) sg
czesto wykorzystywane jako konwertery spektralne ze wzgledu na unikalng strukture poziomoéw
energetycznych pierwiastkéw RE, ktéra umozliwia absorpcje lub emisje promieniowania w zakresie
UV, VIS lub bliskiej podczerwieni (ang. near infrared — NIR). Ponadto, w materiatach tych zachodza
procesy transferu energii (ang. energy transfer — ET) miedzy aktywnymi jonami RE3* w procesach
konwersji energii w gore (ang. up-conversion) lub w dét [36,39-42]. W celu zwiekszenia wydajnosci
fotowoltaicznej w konwencjonalnych krzemowych ogniwach stonecznych, warstwy materiatéw
domieszkowanych jonami RE3* o wyzej wspomnianych wiasciwosciach konwersji energii, mogg by¢
umieszczane na gérnej powierzchni panelu/ogniwa stonecznego, umozliwiajgc bardziej efektywne
wykorzystanie promieniowania stonecznego [36,43].

Grupa pierwiastkéw RE obejmuje lantanowce (od lantanu do lutetu) oraz pierwiastki itr
i skand. Wtasciwosci luminescencyjne jondw RE3* wynikajg z ich charakterystycznej struktury
elektronowych pozioméw energetycznych [44,45]. Jony RE3* majg cze$ciowo zapetniong powtoke
4f, ktora jest ekranowana od wptywu zewnetrznego pola matrycy przez zewnetrzne powtoki
elektronowe 5s? i 5p®. Cze$ciowo zapetniona powtoka 4f jondw RE3* umozliwia przejscia w zakresie
wewnetrznej powtoki 4f — 4f, a ich aktywnos$¢ optyczna, w zaleznosci od wybranych jonéw, moze
obejmowac szeroki zakres widmowy od obszaru prézniowego ultrafioletu (ang. vacuum ultraviolet
—VUV) poprzez VIS az do zakresu NIR [46].

Wyjatkowe wtasciwosci jondw RE3* sprawiajg, ze sg one wykorzystywane w materiatach
optoelektronicznych, co przyczynia sie do intensywnych badain materiatéw organicznych
i nieorganicznych domieszkowanych pierwiastkami RE. W syntezie tego typu materiatéw najczesciej
stosuje sie zwigzki organiczne skoordynowane z jonami RE** oraz nieorganiczne uktady, takie jak
krysztaty, szkta i ceramiki, zawierajgce domieszki jondw RE3*. Najcze$ciej stosowane matryce do
domieszkowania jonami RE3* s wybierane sposréd materiatéw krystalicznych, takich jak: fluorki,
tlenki, borany lub fosforany dzieki ich transparentnosci w szerokim zakresie spektralnym [47-50].
Wsérdd materiatdw krystalicznych aktywowanych jonami RE3* szczegdlne miejsce zajmujg borany,
ktore wyrdzniajg sie korzystnymi witasciwosciami optycznymi, fizyko-chemicznymi oraz szerokim
zakresem zastosowan w optoelektronice oraz fotonice [51-53]. Ponadto, borany sg dobrze znang

grupy zwigzkdw o niecentrosymetrycznych strukturach [51-53], dzieki czemu posiadajg unikalne



nieliniowe wtasciwosci optyczne (ang. nonlinear optical — NLO) i sg znane jako bardzo efektywne
materiaty do wytwarzania emisji laserowej przez generowanie drugiej harmonicznej (ang. second
harmonic generation — SHG) z zakresu NIR do VIS [54-56].

Wiasciwosci optyczne krysztatéw boranowych sg zwigzane z ich strukturg, w szczegdélnosci
z obecnoscig charakterystycznych grup boranowych BOs, BOs, B3Os lub B3Oz [53,57]. Krysztaty
boranowe, takie jak B-BaB,Os (BBO), LiB3Os (LBO), CsB3Os (CBO), KBe,BOsF, (KBBF), a-BiB3Os,
CslLiBsO10 lub BiZnOB;0s sg czesto uzywane jako materiaty NLO [57-59]. Oprocz
charakterystycznych grup boranowych krysztaty boranowe czesto zawierajg réwniez jony
metaliczne, ktore stabilizujg strukture i nadajg im specyficzne wtasciwosci optyczne
i luminescencyjne [57-60].

Inna efektywna grupa krysztatéw zapewniajgca uzyskanie unikalnych witasciwosci optycznych
to materiaty zawierajgce w swojej strukturze oktaedry MOs zawierajace kationy takie jak M = Ti%,
Nb>*, Ta**, Mo®, W®* lub Te® podatne na dystorsje Jahna-Tellera drugiego rzedu, co skutkuje
lokalnym obnizeniem symetrii w strukturze krysztatu, a w konsekwencji mozliwosciami generacji
sygnatéw SHG o duzej intensywnosci [61]. Efekt ten zaobserwowano na przyktad w krysztatach
BaTeMo0,09 lub BaTeW,0q [62].

Badane w ramach rozprawy doktorskiej materiaty krystaliczne BisTeBOg (BTBO) w literaturze
po raz pierwszy zostaty zaprezentowane w dwdch niezaleznych publikacjach w 2016 roku [61,63].
BTBO to krysztaty boranowe zawierajgce trzy rodzaje optycznie aktywnych jednostek: planarne
grupy boranowe BOs3, znieksztatcone oktaedry TeOsg i stereochemicznie aktywng pare elektronéw
w kationach Bi3* [61]. Dodatkowy wktad tych trzech typdw aktywnych optycznie grup skutkuje
efektem synergicznym, prowadzgacym do generacji sygnatu SHG o duzej intensywnosci (okoto 20
razy wiekszej w poréwnaniu do sygnatu SHG w krysztale KH,PO4), wykazujgc najwiekszy efekt SHG
wsrdd znanych NLO materiatéw boranowych. W wyzej wspomnianym artykule zostata opisana
struktura krystaliczna, struktura elektronowa i wtasciwosci NLO krysztatu BTBO [61]. Wtasciwosci
strukturalne, piezoelektryczne, termalne, optyczne i elastyczne krysztatéw BTBO byty réwniez
badane przez innych autoréw [63—67]. Ponadto, teoretyczne obliczenia ab initio wykonane dla
krysztatu BTBO przy uzyciu funkcjonatéw DFT-LDA i DFT-GGA pozwolity na wyznaczenie
nastepujacych wartosci Eg: 3,23 eV DFT-GGA [61], 3,21 eV DFT-GGA [64], 2,96 eV DFT-LDA [64], ktére
porownano do wartosci Eg otrzymanej eksperymentalnie 2,70 eV [61].

Celem rozprawy doktorskiej bylo wytworzenie oraz charakteryzacja materiatéw
mikrokrystalicznych w postaci proszkéw i ceramik, ktére dzieki transferowi energii pomiedzy

aktywnymi optycznie jonami matrycy krystalicznej oraz domieszkami jondw RE3* skutecznie



konwertujg energie promieniowania z zakresu UV/VIS do NIR dzieki czemu mogg znaleié
zastosowanie w fotowoltaice, optoelektronice lub fotonice.

Materiaty BTBO zawierajgce domieszki wybranych jondw Nd3*, Yb3* i/lub Er3* zostaty po raz
pierwszy wykonane i scharakteryzowane w ramach badan przedstawionych w przedtozonej pracy
doktorskiej. BTBO krystalizuje w strukturze heksagonalnej, w grupie przestrzennej P63 (nr 173),
komdrka elementarna zawiera 2 jednostki strukturalne (Z = 2), a jej parametry wynoszga:
a=8,7510(12) A, ¢ = 5,8981(12) A i V = 391,16(11) A2 [61]. Jony Nd3*, Yb3* i Er3* wbudowuja sie
w pozycje jondw Bi** w matrycy BTBO. Zwigzane jest to z podobieristwem promieni jonowych Nd3*
(0,983 A), Yb3* (0,868 A) oraz Er3* (0,89 A) do wartosci promienia jonéw Bi3* (1,03 A) [68].
W szczegdlnosci, badania przedstawione w rozprawie doktorskiej wykonano dla mikrokrystalicznych
proszkébw BTBO domieszkowanych wybranymi jonami Nd3*, Yb3* lub Er** oraz podwdjnie
domieszkowanych jonami Yb3*i Er3*,

Wybér jonéw Nd3*, Yb3* lub Er3* do domieszkowania matrycy BisTeBOs zostat dokonany ze
wzgledu na ich unikalne wtasciwosci spektroskopowe oraz zdolno$é do efektywnej emisji w zakresie
VIS i/lub NIR, korzystnej do zastosowan w fotowoltaice i optoelektronice na skutek efektywnego
transferu energii.

Jony Nd3* cechuja sie przejSciami f — f (*Fs;2 = *loj2 oraz *Fs3;2 = *l11/2) w zakresie NIR,
obejmujgcym strategiczne dtugosci fal wykorzystywane w komunikacji optycznej i technologiach
laserowych (890, 1064 oraz 1350 nm) [69—71]. Ponadto, w materiatach domieszkowanych jonami
Nd3* moga zachodzi¢ procesy konwersji energii, co moze istotnie zwiekszy¢ zastosowanie tych
materiatdbw w ogniwach fotowoltaicznych nowej generacji lub w uktadach optoelektronicznych
[72-74].

Jony Yb3* charakteryzujg sie dwupoziomowg strukturg energetyczna, ograniczong do przejscia
2Fs/; — 2F7/2 oraz duzym przekrojem absorpcji przy dtugosci fali okoto 975 nm [75,76]. Jony Yb3* sg
takze doskonatymi sensybilizatorami, dzieki efektywnemu transferowi energii z jonéw Yb3* do
innych aktywnych jonéw w uktadach domieszkowanych innymi RE3*[75,76].

Jony Er®* zostaty wybrane do domieszkowania matrycy BTBO ze wzgledu na ich emisje
w zakresie VIS (przejscia 2Hi1/2 = *l1s/2, #S3/2 — 4l1s/2 oraz *Fej2 = *l1s/2) oraz NIR (przejécie 4132 —
415/2). Ponadto, w obecnosci Yb3*, emisja Er3* w obszarze VIS lub NIR moze byé dodatkowo
wzmacniana w wyniku transferu energii z Yb3* do Er3*, prowadzac do znacznego zwiekszenia
intensywnosci luminescencji jondw Er3* [76,77].

W zwigzku z powyzej opisanymi wiasciwosciami, wybdr jondw Nd3*, Yb3* i/lub Er3* do

domieszkowania BTBO wynikat ze strategicznego pofaczenia ich wtasciwosci luminescencyjnych,



zdolnosci do udziatu w procesach transferu energii oraz kompatybilnosci strukturalnej z matrycg
BTBO, umozliwiajgcq optymalizacje wtasciwosci luminescencyjnych domieszkowanych uktadow przy
jednoczesnym zachowaniu uporzagdkowanej struktury krystalicznej.

Proszek krystaliczny BTBO syntetyzowano przy zastosowaniu zmodyfikowanej metody
Pechiniego [78]. Do syntezy wykorzystano nastepujgce materiaty: tlenek bizmutu (Bi,03, 99,9%),
dwutlenek telluru (TeOz, 99,99%), kwas borowy (HsBOs, 99,5%), kwas cytrynowy (CsHsO7:H;O,
99,4%), mannitol (CsHs(OH)s, 99,5%), wode dejonizowang (rezystancja wtasciwa p = 15 MQ-cm) oraz
kwas azotowy (HNOs, 65% wag., cz.d.a.). Ponadto, w przypadku syntezy proszkéow
domieszkowanych jonami RE3*, do wyzej wymienionych w materiatéw dodawany byt réwniez
materiat zawierajacy wtasciwg domieszke (tlenki neodymu, iterbu lub erbu (Nd20s, Yb,0s3 lub Er,03,
99,99%). W celu przygotowania roztwordw poczatkowych, odpowiednie ilosci tlenkow: Bi,Os3 i TeO;
rozpuszczano W minimalnej objetosci HNOs w obecnosci kwasu cytrynowego (czynnik
kompleksujgcy) przy mieszaniu i ogrzewaniu w temperaturze 80°C. W procesie syntezy tellur musi
by¢ dostarczony w odpowiednim nadmiarze (ok. 12% mol.) ze wzgledu na jego znaczng lotnos¢
podczas pirolizy w metodzie Pechiniego. Kwas cytrynowy zostat wybrany jako czynnik
kompleksujacy ze wzgledu na ligandy cytrynianowe tworzace stabilne kompleksy dla Bi3* i Te**
w silnie kwasnych roztworach [79]. Stosunek molowy kwasu cytrynowego do ilosci kationdw metali
wynosit 3:1. W tych warunkach zapewniono catkowite rozpuszczenie tlenkéw metali. Po uzyskaniu
przezroczystego i jednorodnego roztworu zawierajgcego kompleksy metali, do roztworu dodawano
odpowiednig ilos¢ H3BOs3 (z 10% molowym nadmiarem) i kontynuowano mieszanie. Ten nadmiar
boru byt wymagany, aby zapobiec niestechiometrii spowodowanej odparowaniem B0z w wyzszych
temperaturach. Stosunek molowy uzytych substratéw Bi,O3, TeO; i H3BOs wynosit 3,00:2,24:2,20.
Po wtdrnej homogenizacji do roztworu dodawano mannitol. Stosunek molowy kwasu cytrynowego
do mannitolu byt staty i wynosit 3:1. Po rozpuszczeniu wszystkich odczynnikdw mieszanie roztworu
kontynuowano przez okoto 1 godzine w temperaturze 90°C w celu zainicjowania poliestryfikacji.
Przygotowany zol przenoszono nastepnie do tygla z tlenku glinu iumieszczano w piecu
wyposazonym w regulator temperatury. Zawarto$é tygla utrzymywano przez okoto 24 h
w temperaturze 100°C w celu odparowania rozpuszczalnikéw (H,O-HNOs) i przeprowadzenia
poliestryfikacji. Nastepnie temperature zwiekszano do 350°C na 3 h w celu usuniecia resztek wody
i wysuszenia zelu. Aby rozpoczaé proces pirolizy i pozby¢ sie czesci organicznych, temperature
stopniowo zwiekszano do 500°C i utrzymywano na tym poziomie przez 24 h. Nastepnie temperature
zwiekszano do 650°C i kontynuowano proces wygrzewania przez 48 h. Taki czas trwania syntezy

(72 h pirolizy) jest wymagany do zapewnienia catkowitego utlenienia jonéw Te*' do Te®*.



Po zakonczeniu procesu wygrzewania sproszkowany materiat zostat doktadnie zmielony
w mozdzierzu agatowym. Proces syntezy BTBO zgodny z metoda Pechiniego zachodzi zgodnie

z nastepujgcymi reakcjami:

Biy 045, + TeOs5) - BiyTeOys), (1)

BiyTeOss) + TeOs¢) + 2 035 =5 BiyTe; O, (2)

BiyTe;O(s) + 2BizOss) + 2H;BOs3(5) + 2 055) 5 2BisTeBOsy + 3H,0) T, (3)
3Biy0305) + 2T€0s5) + Osg) + 2H3B O35y —3 2BisTeBOgs) + 3H,000 1. (4)

W trakcie syntezy jony telluru moga by¢ utleniane ze stanu +4 do +6 (przez faze posrednia
Bi,Te;0s, zawierajgcg pare telluru przy stopniu utlenienia +4 i +6, dzieki obecnosci atmosfery
tlenu/powietrza w wysokiej temperaturze. Reakcja (1) zachodzi w temperaturze T1 (ponizej 500°C),
reakcje (2) i (3) zachodzg jednoczesnie, ale tylko w odpowiednio wysokiej temperaturze T2 (650°C).
Réwnanie (4) opisuje reakcje sumaryczng zachodzgcg w tym procesie. Po zakoriczeniu syntezy tygiel
byt wyjety z pieca i szybko schtodzony do temperatury pokojowej. Jego zawarto$é pokruszono
i zmielono w mozdzierzu agatowym, uzyskujgc bardzo drobne, prawie bezbarwne proszki BTBO.
Przedstawiona powyzej procedura syntezy umozliwia okreslenie i obliczenie doktadnych ilosci Bi,O3
oraz substancji zawierajgcych jony domieszek, ktére nalezy uzy¢ w syntezie kazdego z uktadow
BTBO:RE3".

Do wykonania ceramik BTBO:Yb3*/Er3* zastosowano mikrokrystaliczny proszek BTBO:Yb3*/Er3*
zsyntetyzowany opisang wyzej metodg Pechiniego. Ceramiki wykonang metodg Sciskania przy
wysokim cisnieniu w niskiej temperaturze (ang. High-Pressure Low-Temperature — HPLT) [80].
W tym celu przygotowano wstepnie prébki proszku pod cisnieniem 0,2 GPa w temperaturze
pokojowej w postaci pastylek o sSrednicy okoto 5 mm i wysokosci okoto 2 mm przy uzyciu
cylindrycznej komadrki. Nastepnie probki umieszczano w specjalnie uksztattowanym ceramicznym
pojemniku wykonanym z CaCOs wyposazonym w grzejnik grafitowy, ktéry umieszczano
w potprzewodnikowej komorze wysokocisnieniowej w celu ich spiekania. Prébki byty poddawane
spiekaniu w temperaturze okoto 500°C przez 1 minute pod ci$nieniem 2, 4, 6 lub 8 GPa w celu
uzyskania ceramicznych probek. Po zakoriczeniu procesu spiekania i chtodzenia, ceramiki byty
polerowane papierem Sciernym o rdznej ziarnistosci w celu uzyskania powierzchni o odpowiedniej
jakosci do badan. W rezultacie uzyskano cztery probki ceramiczne wytworzone pod rdéznymi

ci$nieniami oznaczone jako 2 GPa, 4 GPa, 6 GPa i 8 GPa.
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Badania materiatéw mikrokrystalicznych BTBO:RE3* przedstawione w pracy doktorskiej
dotyczg ich unikalnych wfasciwosciach strukturalnych, oscylacyjnych i luminescencyjnych, ktore
otwierajg mozliwosci ich zastosowania w fotowoltaice, optoelektronice lub fotonice. Celem tych
badan byto kompleksowe okreslenie struktury, dynamiki sieci, mechanizmu transferu energii oraz
wiasciwosci  luminescencyjnych  mikrokrystalicznych materiatbw BTBO domieszkowanych
wybranymi jonami Nd3*, Yb3* i/lub Er3*,

W szczegdlnosci badania te obejmowaty:

1. Badania struktury krystalicznej i dynamiki sieci:

e analiza teorii grup i charakteryzacja ab initio moddw fononowych w centrum strefy Brillouina,

e analiza wilasciwosci oscylacyjnych BTBO na podstawie pomiaréw metody spektroskopii
Ramana i spektroskopii podczerwieni w zakresie bliskiej i Sredniej podczerwieni (ang. Fourier
transform infrared/ medium infrared — FT-IR/MIR),

e rejestracja dyfraktogramow przy zastosowaniu metody XRD,

e analiza morfologii i skladu atomowego metoda SEM i EDX.

2. Badania mechanizmu transferu energii i wtasciwosci luminescencyjnych:

e badanie proceséw absorpcji i emisji promieniowania w BTBO domieszkowanym jonami Nd3*,
Yb3*i/lub Er3*,

e analiza procesu transferu energii pomiedzy jonami Bi3* a RE3*, w tym wyznaczenie wartosci
wspotczynnikow efektywnosci  transferu energii (ang. energy transfer efficiency — ETE)
i wspotczynnikow wydajnosci kwantowej (ang. quantum efficiency — QE),

e optymalizacja koncentracji aktywnych jonéw Nd3*, Yb3* i/lub Er** w matrycy BTBO w celu
maksymalizacji intensywnosci emisji w zakresie NIR oraz VIS.

3. Badania wptywu warunkéw proceséw technologicznych na witasciwosci ceramik
BTBO:Yb3*/Er3*:

e analiza wptywu parametrow procesu wytworzenia ceramik (temperatura oraz cisnienie
spiekania) na krystaliczno$¢, defekty strukturalne oraz intensywnos¢ luminescencji aktywnych
jonéw Yb3*i Er3t,

e okreslenie optymalnych warunkéw spiekania metoda HPLT ceramik BTBO:Yb3*/Er3* w celu

poprawy ich wtasciwosci strukturalnych i luminescencyjnych.
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2. Badane materiaty oraz techniki pomiarowe

Mikrokrystaliczne proszki Koncentracja domieszki (at.%)
BisTeBOg -
BisTeBOg:Nd3* 0,5;1,0; 2,5; 5,0; 7,5; 10,0
BisTeBOg:Yb3* 0,5; 1,0; 2,5; 4,0; 5,0; 7,5
BisTeBOg:Er3* 1,0
BisTeBOo:Yb3*/Er3* 5,0/1,0
Ceramiki Cisnienie stosowane przy wytworzeniu

ceramik, P [GPa]
BisTeBO9:Yb3*/Er3* (5,0/1,0 at.%) 2;4;6;8

Mikrokrystaliczne proszki BTBO domieszkowane jonami RE3* (Nd3*, Yb3* i/lub Er3*) zostaty
zsyntetyzowane przy uzyciu zmodyfikowanej metody Pechiniego na Wydziale Nowych Technologii
i Chemii Wojskowej Akademii Technicznej w Warszawie. Wyzej wymienione mikrokrystaliczne
proszki zostaty scharakteryzowane metodg XRD na Wydziale Nowych Technologii i Chemii
Wojskowej Akademii Technicznej w Warszawie, w Instytucie Fizyki Polskiej Akademii Nauk
w Warszawie oraz na Wydziale Inzynierii Materiatowej i Fizyki Technicznej Politechniki Poznanskiej.

Ceramiki BTBO domieszkowane jonami Yb3* oraz Er3* zostaty wytworzone
z mikrokrystalicznych proszkéw BTBO:Yb3*/Er3* metodg HPLT w Instytucie Niskich Temperatur
i Badan Strukturalnych Polskiej Akademii Nauk we Woroctawiu. Pomiary z wykorzystaniem
elektronowego mikroskopu skaningowego (ang. scanning electron microscope — SEM) proszkéw
BisTeBOg:Nd3*, BisTeBO9:Yb3*, BisTeBOgo:Er3*, BisTeBOg:Yb3*/Er3* i ceramik BisTeBOs:Yb3*/Er3* oraz
badania metodg spektrometrii dyspersji energii promieniowania rentgenowskiego (ang. energy-
dispersive X-ray spectroscopy — EDX) proszkdw BisTeBOq:Nd3*, BisTeBOq:Yb3* i ceramik
BisTeBOq:Yb3*/Er3* zostaty wykonane w Wielkopolskim Centrum Zaawansowanych Technologii
Uniwersytetu im. Adama Mickiewicza oraz na Wydziale Inzynierii Materiatowej i Fizyki Technicznej
Politechniki Poznanskiej. Pomiary mikrokrystalicznych proszkéw BTBO metodg spektroskopii
FT-IR/MIR wykonano w Instytucie Fizyki Molekularnej Polskiej Akademii Nauk w Poznaniu. Badania
metoda spektroskopii Ramana materiatéw BTBO domieszkowanych jonami Nd3*, Yb3* i/lub Er3*
zostaty wykonane na Wydziale Inzynierii Materiatowej i Fizyki Technicznej Politechniki Poznanskiej.

Ponadto, we wspétpracy z Instytutem Fizyki Materii Skondensowanej Narodowej Akademii Nauk
12



Ukrainy we Lwowie wykonano teoretyczne obliczenia dynamiki sieci krystalicznej BTBO obejmujgce
analize teorii grup i charakteryzacje ab initio modéw fononowych przy uzyciu funkcjonatu gestosci
(ang. generalized gradient approximation — GGA) w parametryzacji Perdew-Burke-Ernzerhofa oraz
funkcjonatu korelacji metodg Grimme'a (DFT-D3). Pomiary wiasciwosci luminescencyjnych
badanych materiatow (rejestracja widma odbicia, wzbudzenia, emisji oraz pomiary czaséw zaniku)
wykonano metodami spektroskopii optycznej w Instytucie Niskich Temperatur i Badan
Strukturalnych Polskiej Akademii Nauk we Wroctawiu. Analiza oraz obliczenia dotyczgce pomiaréw
badanych materiatéw wykonanych wyzej wymienionymi metodami w tym: opracowanie widm
Ramana, widm odbicia, widm wzbudzenia, widm emisji, analiza mechanizméw relaksacji energii,
obliczenia czaséw zaniku, obliczenia kinetyki luminescencji metodg Inokuti — Hirayama, obliczenia
wspotczynnikow ETE oraz QE, a takze obliczenia zwigzane z uzyskaniem informacji o liczbie fotondw
uczestniczacych w procesach konwersji energii w gére zostaty wykonane na Wydziale Inzynierii
Materiatowe;j i Fizyki Technicznej Politechniki Poznanskiej.

Szczegbétowe informacje dotyczace technik wytwarzania badanych materiatéw, badawczych
metod i aparatury pomiarowej sg zawarte w artykutach wchodzgcych w sktad rozprawy doktorskiej

[publikacje P1-P5].
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3. Opis prac wchodzacych w skiad rozprawy

Prace doktorska stanowi cykl pieciu oryginalnych artykutéw opublikowanych w czasopismach
z listy filadelfijskiej (ang. journal citation reports — JCR). Ponadto, dla kazdego artykutu podano
wartosci wspoétczynnika wptywu (ang. Impact Factor — IF) oraz liczbe punktéw wedtug kategoryzacji

Ministerstwa Nauki i Szkolnictwa Wyzszego (MNiSW) ze stanem na rok publikacji artykutu.

P1 D. Kasprowicz, T. Zhezhera, A. tapinski, M. Chrunik, A. Majchrowski, A.V. Kityk, Ya. Shchur,
“Lattice dynamics of BisTeBOg microcrystals: p-Raman/IR spectroscopic investigation and
ab initio analysis”, Journal of Alloys and Compounds, 782 (2019) 488-495, (IF: 4,650;
MNISW: 100 pkt).

P2 T. Zhezhera, P. Gluchowski, M. Nowicki, M. Chrunik, A. Majchrowski, K. M. Kosyl and
D. Kasprowicz, “Efficient near-infrared quantum cutting by cooperative energy transfer in
BisTeBOo:Nd3* phosphors”, Journal of Materials Science, 57 (2022) 185-203, (IF: 4,500;
MNISW: 100 pkt).

P3 T. Zhezhera, P. Gluchowski, M. Nowicki, M. Chrunik, A. Majchrowski and D. Kasprowicz,
“Enhanced near-infrared emission of Er®* as a synergistic effect of energy transfers in
BisTeBOo:Yb3*/Er3* phosphors”, Journal of Luminescence, 258 (2023) 119774, (IF: 3,300;
MNISW: 100 pkt).

P4 T. Zhezhera, P. Gluchowski, M. Nowicki, M. Chrunik, A. Miklaszewski and D. Kasprowicz,
Pressure modified upconversion luminescence of Yb3* and Er®*-doped BisTeBOg ceramics,
Journal of Luminescence 268 (2024) 120401, (IF: 3,300; MNISW: 100 pkt).

P5 T. Zhezhera, P. Gluchowski, M. Nowicki, M. Chrunik, B. Szczesniak, D. Kasprowicz, Efficient
Yb3* emission sensitized by Bi3* excitation in BisTeBOq:Yb>* phosphors, The Journal of Physical

Chemistry C, 128(34) (2024) 14357-14367, (IF: 3,300; MNISW: 140 pkt).

W pracy P1 przedstawiono wyniki pomiaréw dynamiki sieci krystalicznej BTBO (w zakresie
drgan oscylacyjnych) metoda spektroskopii u-Ramana oraz FT-IR/MIR w potaczeniu z obliczeniami
ab initio parametréw moddéw fononowych matrycy BTBO. Heksagonalna struktura z grupa
przestrzenng P63 proszkdéw mikrokrystalicznych BTBO zostata potwierdzona na podstawie pomiaréow
XRD. Widma p-Ramana i FT-IR/MIR zarejestrowano w szerokim zakresie spektralnym (100 —
1500 cm™), analizujagc zaréwno drgania wewnetrzne jak i zewnetrzne matrycy BTBO. Wyniki

eksperymentalne poréwnano z przewidywaniami teorii grup i charakteryzacjg ab initio modéw
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fononowych przy uzyciu funkcjonatéw gestosci GGA oraz DFT-D3. W strukturze BTBO wystepuja
dwie jednostki strukturalne: trygonalne grupy BOs oraz zdeformowane oktaedry TeOs.
Z teoretycznej analizy dynamiki sieci wynika, ze komdrka elementarna BTBO sktada sie z 28 atomow,
dajacych 84 drgania fundamentalne. Catkowita nieredukowalna reprezentacja, opisujaca drgania
normalne w mikrokrystalicznych proszkach BTBO ma nastepujaca postac:
=14A + 14B + 14E1 + 14E>. Mody fononowe typu A, E; i E> s aktywne w widmach Ramana podczas
gdy mody A i E; sg aktywne w widmach IR. Mody o symetrii B sg nieaktywne zaréwno w widmach
Ramana jak i IR. Wyniki obliczen ab initio parametréow modéw fononowych sg zgodne z wynikami
eksperymentu. Z analizy widm Ramana i FT-IR/MIR wynika, ze drgania wystepujgce w matrycy BTBO
mozna podzieli¢ na: drgania niskoczestotliwo$ciowe (ponizej 350 cm™) zwigzane z translacjami
i libracjami grup BOs i TeOg oraz jondw Bi** i Te®, drgania w zakresie $rednich czestotliwosci
(350 — 700 cm™) przypisane modom zginajgcym grup BOs i TeOs oraz drgania o wysokiej
czestotliwosci (700 — 1500 cm™), dla ktdérych w widmach dominujg drgania rozciggajgce grup BOs
i TeOg z pasmami o najwyzszej intensywnosci w zakresie 1200 — 1400 cm™.

W publikacji P1 doktorant wspodtuczestniczyt w pomiarach, opracowaniu, analizie
i interpretacji wynikdéw otrzymanych metodg spektroskopii Ramana. Ponadto, na podstawie danych
krystalograficznych uzyskanych z literatury doktorant opracowat graficznie strukture BTBO przy
zastosowaniu oprogramowania Diamond 2.1c i przygotowat graficzng ilustracje struktury krysztatu.

W publikacji P2 przedstawiono wyniki pomiaréw wiasciwosci luminescencyjnych
mikrokrystalicznych proszkéw BTBO:Nd3*. W szczegdlnosci przeanalizowano procesy zwigzane
z emisjg promieniowania w zakresie NIR badanych materiatéw. Gtéwny cel pracy dotyczyt
wyjasnienia mechanizmu transferu energii miedzy jonami Bi3* i Nd3*, okre$lenia optymalne;j
koncentracji domieszki Nd** oraz zbadania wtasciwosci oscylacyjnych i luminescencyjnych
materiatdw BTBO:Nd3*. Badane mikrokrystaliczne proszki BTBO domieszkowane jonami Nd3*
oréznych koncentracjach (0,5; 1,0; 2,5; 5,0; 7,5 i 10,0 at.%) zostaly zsyntetyzowane przy
wykorzystaniu zmodyfikowanej metody Pechiniego. W celu potwierdzenia jednorodnosci fazowej
oraz okreslenia struktury krystalograficznej badanych proszkéw zastosowano metode XRD.
BTBO:Nd>* krystalizuje w uktadzie heksagonalnym (grupa przestrzenna P63). Analize morfologiczna
BTBO:Nd3** wykonano przy uzyciu mikroskopu SEM, natomiast spektroskopia EDX pozwolita na
okreslenie zawartosci poszczegdlnych atoméw w mikrokrystalicznych proszkach BTBO:Nd3*. Na
podstawie widm Ramana mikrokrystalicznych proszkéw BTBO:Nd3* okres$lono energie fonondéw
matrycy BTBO zwigzang z drganiami charakterystycznych grup molekularnych BOs i TeOs oraz

zewnetrznymi drganiami sieci (translacje i libracje grup BOs i TeOg oraz jondw Bi*/Nd3*). Z analizy
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widm wynika, ze domieszkowanie mikrokrystalicznych proszkéw BTBO jonami Nd3** o réznych
koncentracjach nie powoduje zmian w widmach Ramana w poréwnaniu do widma czystego proszku
BTBO. Stosunkowo niska energia fononéw matrycy BTBO umozliwia efektywny, wspomagany
fononami, transfer energii pomiedzy aktywnymi jonami Bi®* i Nd3*. W celu zbadania wtasciwosci
luminescencyjnych proszkéw BTBO:Nd3* w temperaturze pokojowej zmierzono i przeanalizowano
widma odbicia, wzbudzenia, emisji oraz czasy zaniku charakterystycznej emisji jondw Nd3* (przejscie
4F3/2 = %l11/2). Widma odbicia proszkéw BTBO oraz BTBO:Nd>* zostaty zarejestrowane w zakresie
spektralnym 250 — 1000 nm. W widmach odbicia zaobserwowano pasma zwigzane z przejsciami f—f
jondw Nd3*oraz szerokie pasma zarejestrowane w zakresie spektralnym 200 — 370 nm, z maksimum
intensywnosci przy okoto 330 nm, pochodzg od przejscia *So — 3P1 jondw Bi3*. Pasma z maksymalng
intensywno$cig okoto 515 i 530 nm sg zwigzane z przejsciami (*G7/2 + *Goj2) = 4lo/2 oraz 2Kizj2 = *loj2
jondw Nd3*. Piki o najwiekszej intensywnosci zlokalizowane w zakresie 570 — 610 nm zostaty
przypisane przejsciom (*Gs/> + 2G7/2) = *loj> jondw Nd3*. Stabe pasma w zakresie spektralnym 670 —
700 nm odpowiadajg przejsciom *Fg/2 = %lg/2 jondw Nd3*. Pasma w zakresie spektralnym 730 — 775
nm i 780 — 835 nm wynikaja z przejs$¢ (*Fz2 + 4Ss/2) = 4loj2 i (*Fsj2 = 2Hes2) — 4loj2, a piki zlokalizowane
w zakresie widmowym 850 — 890 nm przypisano przejéciom *Fs/2 = %lo/2 jondw Nd3*.

Widma wzbudzenia proszkéw BTBO:Nd3* zostaty zarejestrowane w zakresie spektralnym
250 - 900 nm przez monitorowanie przej$cia *Fz;2 = “l11/2 jondw Nd3*, odpowiadajgce emisji
o dtugosci fali 1064 nm. W widmach wzbudzenia zarejestrowano przejscia (*G7/2 + *Gos2) = “lgj2,
2K1z/2 = Hosz, (*Gsyz2 + 2Gys2) = Hoja, *Fesa = Hlojz, (*F72 + 4S372) = Hoja, (*Fsj2 = 2Hop2) = o2 oraz *Fay
— 4l/2. Ponadto, dodatkowo zostaty zarejestrowane bardzo stabe piki z maksymalng intensywnoscia
okoto 430 nm odpowiadajgce przejsciom P12 = lg/2 jondw Nd3*. Stabe pasma w zakresie od 450 do
490 nm mozna przypisa¢ przejsciom 2Kis;z — “lgj2 jondw Nd3*. Ponadto, pasma w zakresie
spektralnym 620 — 640 nm odpowiadajg przejsciom 2Hi1/2 = *lg/2 jondw Nd>*.

Widma emisji proszkéw BTBO:Nd3* zostaly zarejestrowane przy wzbudzeniu 327 nm
(wzbudzenie jondw Bi3*) i 586 nm (wzbudzenie jonédw Nd3*) w zakresie spektralnym 800 — 1200 nm.
Pasma emisji o najwiekszej intensywnosci w bliskiej podczerwieni zarejestrowano w widmach
BTBO:Nd3** domieszkowanych jonami Nd3* o koncentracjach 0,5 i 5,0 at.% po wzbudzeniu
odpowiednio w zakresie widmowym UV i VIS. Czas zaniku luminescencji monitorowany dla emisji
o dtugosci fali 1064 nm dla proszkéw BTBO:Nd3* wykazuje charakter jedno- lub dwuwyktadniczy
w zaleznoéci od koncentracji jondw Nd3*. W pracy przedyskutowano mechanizmy relaksacji energii
po wzbudzeniu badanych proszkéw BTBO:Nd3* w zakresie UV (wzbudzenie jonéw Bi3*) lub VIS

(wzbudzenie jonéw Nd3*). Praca przedstawia szczegdétowg analize luminescencji mikrokrystalicznych
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proszkéw BTBO:Nd3* uwzgledniajgc procesy konwersji energii w dét wspomagane wzbudzeniami
fononéw matrycy. Badane mikrokrystaliczne proszki BTBO:Nd3* skutecznie konwertujg
promieniowanie z zakresu UV/VIS do zakresu NIR i mogg by¢ potencjalnie stosowane jako efektywne
konwertery spektralne. Na podstawie otrzymanych wynikéw okreslono optymalng koncentracje
Nd3* na poziomie 5,0 at.% w matrycy BTBO, a takze stwierdzono istotng role niskiej energii fononow
w efektywnym transferze energii pomiedzy jonami Bi** oraz Nd3*.

W publikacji P2 doktorant wykonat pomiary metoda spektroskopii Ramana jak réwniez
wspotuczestniczyt w pomiarach witasciwosci luminescencyjnych. W szczegdlnosci, na podstawie
widm Ramana doktorant przeanalizowat wystepujgce w matrycy BTBO drgania charakterystycznych
grup molekularnych BOs i TeOg oraz zewnetrzne drgania sieci krystalicznej zwigzane z translacjami
oraz libracjami grup BOs, TeOs i jondw Bi*/Nd3*. Doktorant przedstawit rowniez analize kinetyki
zaniku luminescencji dla badanych materiatéw rozszerzajgc analize o wyniki otrzymane
z wykorzystaniem teoretycznego modelu zaproponowanego przez Inokuti-Hirayama. Ponadto,
doktorant wspoétuczestniczyt w opracowaniu, analizie i interpretacji wynikdw eksperymentalnych
oraz wspotuczestniczyt w redagowaniu tekstu manuskryptu.

W publikacji P3 przedstawiono wyniki pomiaréw wfasciwosci luminescencyjnych
mikrokrystalicznych proszkéw BTBO domieszkowanych jonami Yb3* i/lub Er3*. W szczegdlnosci
przeanalizowano proces transferu energii oraz emisji w zakresie NIR badanych materiatéw. Celem
badai byto wyjasnienie mechanizméw wzmocnienia emisji jonéw Er®* okoto 1531 nm przez
synergiczne oddziatywania aktywnych jonéw Bi3*, Yb3* i Er3* oraz okreslenie potencjalnych
zastosowann mikrokrystalicznych proszkow BTBO:Yb3*/Er3* w technologii fotowoltaiczne;.
W publikacji zostaty opisane badania mikrokrystalicznych proszkéw BTBO:Yb3*, BTBO:Er3* oraz
BTBO:Yb3*/Er3* syntezowanych zmodyfikowang metodg Pechiniego. Koncentracje domieszek
wynosity odpowiednio: 5,0 at.% dla Yb3* oraz 1,0 at.% dla Er3*. Badania XRD potwierdzity
heksagonalng strukture (grupa przestrzenna P63) mikrokrystalicznych proszkéw BTBO:Er3,
BTBO:Yb3* oraz BTBO:Yb3*/Er3* z niezmieniong symetrig przy wprowadzonych domieszkach. Srednie
rozmiary krystalitéw, obliczone metodg Scherrera, byly w zakresie od 39 do 58 nm. Morfologia
badanych prébek BTBO:Er3*, BTBO:Yb>* oraz BTBO:Yb>*/Er3* zostata okre$lona przy zastosowaniu
techniki SEM. Wyniki badan metodg spektroskopii Ramana wykazaty niskg energie fonondéw matrycy
BTBO, co sprzyja efektywnemu transferowi energii miedzy aktywnymi jonami Bi3*, Yb3* i Er3*,
natomiast pasma zarejestrowane w widmach w zakresie 100 — 1000 cm™ przypisano drganiom
charakterystycznych grup molekularnych BOs i TeOs oraz zewnetrznym drganiom sieci (translacje

i libracje grup BOs i TeOg oraz jondw Bi3*,Yb3* i/lub Er3*).
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W celu zbadania wifasciwosci luminescencyjnych materiatéw BTBO:Yb3*, BTBO:Er3*
i BTBO:Yb3*/Er®* zmierzono widma odbicia, wzbudzenia i emisji. Widma odbicia wyzej
wspomnianych mikrokrystalicznych proszkéw zostaty zarejestrowane w zakresie spektralnym 250 —
2500 nm w temperaturze pokojowej. Wyniki pozwolity na identyfikacje pasm przypisanych do jonéw
Bi3*, Yb3* oraz Er3*. Silne i szerokie pasma zarejestrowane w zakresie 210 — 460 nm z maksymalng
intensywnoscig okoto 260/326 nm, zwigzane sg z przejsciami !So — 3P1 jondw Bi**. W badanych
uktadach jony Bi* petnity role sensybilizatora, ktére po wzbudzeniu efektywnie przekazujg energie
do jondw Yb3* i Er3*. Pasma w zakresie 460 — 560 nm oraz 620 — 690 nm przypisano przejsciom
wzbudzonych jondw Er3*. W zakresie 890 — 1040 nm zidentyfikowano przejécia jondw Yb3* (2Fs/2 —
2F772) oraz Er3* (*Fz72 = *l1sy2, *S372 = Hussa, 2Hi12 = *lisyz, *Fopa = Haspa, *112 = Husp2 i H132 = Hispa).
Charakterystyczne pasma emisji jondw Er3* w zakresie 1420 — 1600 nm z maksymalna
intensywnoscig emisji przy okoto 1531 nm w BTBO:Er3*i BTBO:Yb3*/Er3* przypisano przejsciom *l13/2
— “l15/2 jondw Er3*. Na podstawie widm odbicia, zgodnie z modelem Kubelka-Munk’a i przy uzyciu
metody Tauc’a, wyznaczono energie pasma wzbronionego Eg dla BTBO:Yb3*/Er3*, ktéra wyniosta
2,98 eV. Wartosc ta jest zgodna z wartosciami Eg obliczonymi teoretycznie przy uzyciu funkcjonatéw
DFT-LDA i DFT-GGA (2,96 i 3,21 eV) [64]. Widma wzbudzenia wyzej wspomnianych materiatow
zarejestrowano w zakresie spektralnym 250 — 700 nm monitorujgc emisje zwigzang z przejSciem
2Fs/2 = 2F7/2 jondw Yb3* (okoto 975 nm) oraz emisje zwigzang z przejsciem *l13/2 = *l1s/2 jondw Er3*
(okoto 1531 nm). W widmach zostaty zarejestrowane szerokie i intensywne pasma w zakresie 285 —
374 nm z maksimum intensywnosci okoto 333 nm, ktére odpowiadajg przejsciu 'So « 3P1 jondw Bi*.
Ponadto, w widmach wzbudzenia przy monitorowaniu emisji 1531 nm (%1132 — “l15/2) zostaty
zarejestrowane nastepujgce pasma przypisane przejéciom jondw Er3*: (?Kis/2 + *G7/2) « *l1s/2, *Gi1/2;
9/2 < Y152, 2Hop2 < H1ssa, *Fsy2;372 « Hasya, *Fr72 < Hl1ss2, 2Hi1z2 < *lisyz, 432 < Hasya oraz *Foyz < Hlisya.
Widma emisji proszkéw BTBO:Yb3*, BTBO:Er3* i BTBO:Yb3*/Er3* oraz niedomieszkowanego BTBO
zarejestrowano w zakresach 430 — 650 nm oraz 800 — 1650 nm po wzbudzeniu jonéw Bi** okoto 327
nm. W pierwszym zakresie dla wszystkich prébek zarejestrowano szerokie pasma emisji z maksimum
okoto 560 nm, przypisane przejsciom 3Py — So jondw Bi3*, co sugeruje, ze jony Bi3* obecne
w matrycy BTBO moga by¢ wykorzystane jako sensybilizatory przez absorpcje energii w zakresie UV,
przekazywanej nastepnie do jondw Yb3* i Er3*. W drugim zakresie wykryto typowg emisje jonéw Er3*
z maksymalng intensywnoscig okoto 1531 nm (przejscie #1132 = *l15/2) dla BTBO:Er3* i BTBO:Yb3*/Er3*
oraz jondw Yb3* z maksymalng intensywnoscig okoto 975 nm (przejscie Fs/» — 2F7/2) dla BTBO:Yb3*
oraz BTBO:Yb3*/Er3*. Nalezy zauwazy¢, ze intensywno$é pasm emisji przy 975 nm jest wyzsza dla

BTBO:Yb3* niz dla BTBO:Yb3*/Er3* ze wzgledu na fakt, ze w przypadku BTBO:Yb3* catkowita energia
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wzbudzonych jondéw Bi3* jest przekazywana do jonéw Yb3*, a w przypadku BTBO:Yb3*/Er3* energia
ze wzbudzonych jonéw Bi®* jest przekazywana do jondw Yb3*oraz do jondw Er3*. Co wiecej, pasma
emisji przy 1531 nm zarejestrowane w widmie BTBO:Yb3*/Er3* miaty wyzszg intensywnos¢ niz pasma
zarejestrowane dla BTBO:Er3*, co jest wynikiem transferu energii ze wzbudzonych jonéw Bi3*
bezposrednio do jondw Er3*, jak réwniez transferu energii z jonéw Yb3* (wzbudzonych przez jony
Bi**) do jondw Er3*. Ten synergiczny efekt transferu energii miedzy aktywnymi jonami Bi3*, Yb3*i Er3*
spowodowat emisje o wiekszej intensywnosci okoto 1531 nm jondw Er3* mikrokrystalicznych
proszkéw BTBO:Yb3*/Er3*. Widma emisji proszkéw BTBO:Er3* i BTBO:Yb3*/Er3* zarejestrowano
rowniez w zakresie spektralnym 1400 — 1650 nm przy wzbudzeniu diodg laserowg z emisjg o dfugosci
fali 975 nm. W widmach zarejestrowano szerokie pasma o maksymalnej intensywnosci okoto 1531
nm, przypisane przejsciom “l1z;2 = “lis/2 jondw Er3*, przy czym intensywno$é pasm tej emisji jest
wyzsza dla BTBO:Yb3*/Er3*. Obserwowana silna emisja jondw Er3* wynika z dodatkowego transferu
energii ze wzbudzonych jonédw Yb3* do wzbudzonych poziomdéw jonéw Er®*. Na podstawie
zmierzonych czaséw zaniku emisji zwigzanych z przej$ciem 3Po — 1So jondw Bi®* oraz przejéciem Fs/2
— 2F7/2 jondw Yb3* badanych probek wykonano obliczenia ETE oraz QE, ktdre potwierdzity efektywny
transfer energii pomiedzy jonami Bi* i Yb3* oraz Yb3*i Er3*,

Na podstawie otrzymanych wynikdéw mozna wnioskowaé, ze uktad BTBO: Yb3*/Er3* wykazuje
wysoka efektywno$¢ transferu energii pomiedzy aktywnymi jonami Bi3*, Yb3* oraz Er3*. Wyniki te
wskazujg na potencjat tego materiatu do zastosowan w technologii fotowoltaicznej jako wydajnego
konwertera spektralnego.

W publikacji P3 doktorant wykonat pomiary metodg spektroskopii Ramana. Na podstawie
analizy widm Ramana doktorant wyznaczyt parametry spektralne pasm zwigzanych z drganiami
charakterystycznych grup molekularnych BOs i TeOs oraz drgan sieciowych (translacje i libracje grup
BOs i TeOs oraz jonédw Bi3*Yb3* i/lub Er®*) wystepujgcych w matrycy BTBO. Doktorant
wspotuczestniczyt w pomiarach widm wzbudzenia, emisji i czasdw zaniku oraz przedstawit analize
kinetyki zaniku luminescencji, wykonat obliczenia wydajnosci transferu energii pomiedzy aktywnymi
jonami i wydajnosci kwantowej badanych materiatéw. Ponadto, doktorant wspdtuczestniczyt
w opracowaniu, analizie oraz interpretacji otrzymanych wynikéw i w redagowaniu tekstu
manuskryptu.

W publikacji P4 przeanalizowano wptyw cis$nienia stosowanego podczas procesu wytwarzania
ceramik BTBO:Yb3*/Er3* na ich witasciwoséci luminescencyjne. Gtéwnym celem pracy byto
wyjasnienie, jak parametry procesu HPLT wptywajg na strukture krystaliczng, efektywnos¢ emisji

w procesie konwersji energii w gore, czas zaniku luminescencji oraz mechanizm transferu energii
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pomiedzy aktywnymi jonami Yb3* oraz Er®* w badanych materiatach. Mikrokrystaliczne proszki
BTBO:Yb3*/Er®* o koncentracji domieszek 5,0 at.% Yb3* oraz 1,0 at.% Er3>* wykonano, przy uzyciu
zmodyfikowanej metody Pechiniego. Natomiast prébki w formie ceramik przygotowano opisang
wczeéniej metodg HPLT. Analiza XRD ceramik BTBO:Yb3*/Er3* potwierdzita strukture heksagonalng
(grupa przestrzenna P63) ceramik otrzymanych przy zastosowaniu cisnienia 2, 4, 6 lub 8 GPa.
Ponadto, na podstawie obliczen stwierdzono rdznice parametréw komoérki elementarnej dla
poszczegdlnych ceramik, wynikajgcg z procesu technologicznego HPLT. Dodatkowo, na podstawie
obliczen wielkosci krystalitdow stwierdzono zmniejszenie rozmiaru krystalitéw w ceramikach
w poréwnaniu z proszkiem BTBO Yb3*/Er?*, z ktdrego zostaty wytworzone ceramiki (97 nm dla
proszkdbw oraz 32 — 40 nm dla ceramik). W widmach Ramana ceramik BTBO Yb3*/Er3*
zarejestrowano pasma zwigzane z charakterystycznymi drganiami wewnetrznymi grup BOs i TeOs
oraz drganiami sieciowymi (translacje i libracje grup BOs i TeOg oraz jondw Bi**,Yb3* i/lub Er3*).
Dodatkowo stwierdzono, ze niska energia fononéw w matrycy BTBO sprzyjata efektywnemu
transferowi energii miedzy aktywnymi jonami Yb3* oraz Er3*, co jest kluczowe dla wzmocnienia
procesu konwersji energii w gore w uktadach BTBO:Yb3*/Er3*. Wtasciwosci luminescencyjne ceramik
BTBO:Yb3*/Er3* przeanalizowano na podstawie zarejestrowanych widm emisji w zakresie 450 — 750
nm przy wzbudzeniu diodg laserowg z emisjg promieniowania o dtugosci fali 975 nm.
Zarejestrowane pasma emisji przypisano przejsciom energetycznym jondw Er¥*: 2Hiin — %lisp
(ok. 523 nm), 4S3/2 = 411572 (ok. 540 nm) oraz *Fg/2 = *l15/2 (0k. 653 nm). Zaobserwowana emisja byta
wynikiem procesu transferu energii miedzy jonami Yb3* i Er3*. Na podstawie otrzymanych wynikéw
stwierdzono, ze intensywnos¢ pasm wzrasta dla prébek wytworzonych pod cisnieniem 2, 4, 6 lub
8 GPa zastosowanym w procesie spiekania, osiggajgc maksymalng wartos$¢ dla ceramik spiekanych
pod cisnieniem 8 GPa. Z analizy czasow zycia wyzej wspomnianych emisji wynika, ze czasy zycia
luminescencji (523, 540 oraz 653 nm) osiggajg najwyzsze wartosci dla ceramiki spiekanej pod
ciSnieniem 8 GPa i sg prawie dwukrotnie wieksze w poréwnaniu do czaséw zycia prébek
proszkowych, gtéwnie z powodu mniejszej liczby defektéw w strukturze ceramik. Podsumowujac,
praca P4 zawiera analize procesdw luminescencji w ceramikach BTBO:Yb3*/Er3*, uwzgledniajac
wptyw cisnienia stosowanego w procesie spiekania metodg HPLT na strukture i morfologie oraz
efektywno$é emisji jondw Er3* w zakresie VIS. Z wykonanych badar ceramik BTBO:Yb3*/Er3* wynika,
ze odpowiednio dobrane parametry spiekania metodg HPLT, zwfaszcza cisnienie, mogg znaczaco
poprawic¢ wiasciwosci luminescencyjne materiatu BTBO:Yb3*/Er3*, co czyni ten materiat obiecujgcym

do zastosowan w technologii fotowoltaicznej, optoelektronice lub fotonice.
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W publikacji P4 doktorant wspodtuczestniczyt w wytwarzaniu ceramicznych probek oraz
w pomiarach XRD, SEM oraz pomiarach metodami spektroskopii optycznej. Ponadto, doktorant
samodzielnie wykonat pomiary metodg spektroskopii Ramana oraz wykonat obliczenia, zwigzane
z okresleniem liczby fotondw uczestniczgcych w procesach konwersji energii w gore, a takze czaséw
zycia luminescencji. Doktorant wspoétuczestniczyt w opracowaniu, analizie i interpretacji uzyskanych
wynikéw eksperymentalnych oraz w redagowaniu tekstu manuskryptu.

W publikacji P5 badano procesy luminescencji w mikrokrystalicznych proszkach BTBO
domieszkowanych jonami Yb3*. Celem pracy byto zbadanie mechanizmdéw transferu energii z jonéw
Bi**do Yb3* oraz okreélenie wptywu rdznych koncentracji domieszki na wydajno$é emisji jondw Yb3*
w zakresie NIR.

W szczegdblnosci przedmiotem pracy P5 byto zbadanie mozliwosci uzycia matrycy BTBO jako
sensybilizatora promieniowania UV, wspomagajacego emisje jondw Yb3* w zakresie NIR.
Mikrokrystaliczne proszki BTBO:Yb3* o koncentracjach domieszki 0,5; 1,0; 2,5; 4,0 oraz 7,5 at.%
zostaty zsyntetyzowane zmodyfikowang metodg Pechinigo, a ich struktura, morfologia i sktad
atomowy byty analizowane przy zastosowaniu technik XRD, SEM oraz EDX. Badania XRD
potwierdzity heksagonalng strukture (grupa przestrzenna P63) mikrokrystalicznych proszkéw
BTBO:Yb3*. Na podstawie pomiaréw SEM stwierdzono réznice w rozmiarach ziaren (od 1 do 30 um)
zaleznie od koncentracji jondw Yb3* w badanych prébkach BTBO:Yb3*. Ponadto, poréwnano
teoretyczne i eksperymentalne zawartosci jonéw Yb3* i Bi** w matrycy BTBO na postawie danych
EDX oraz obliczen wykonanych dla poszczegdlnych koncentracji domieszek. Obliczono réwniez
stosunek ilosciowy jondw Yb3*/Bi** dla BTBO:Yb3* o réznych koncentracjach jondw Yb3*, ktory jest
kluczowy dla wyjasnienia wptywu domieszkowania na wtasciwosci strukturalne i luminescencyjne
badanych materiatéw. W widmach Ramana BTBO:Yb3* o rdinych koncentracjach jonéw Yb3*
stwierdzono obecno$é pasm zwigzanych z charakterystycznymi drganiami wewnetrznymi grup BOs
i TeOg oraz zewnetrznym drganiami sieci (translacje i libracje grup BOs i TeOg oraz jondw Bi3*/Yb3*).
W celu uzyskania informacji o wtasciwosciach luminescencyjnych proszkéw BTBO:Yb3* zmierzono
i przeanalizowano widma wzbudzenia, widma emisji oraz czasy zycia luminescencji jondw Bi3* i Yb3*
w zakresach VIS oraz NIR. W widmach wzbudzenia zarejestrowanych w zakresie 270 - 800 nm,
wystepujg szerokie pasma z maksimum okoto 330 nm przypisane przejciu 'So « 3P; jondw Bi3*.
W widmach emisji, zarejestrowanych w zakresie 425 — 640 nm wystepujg szerokie pasma
z maksymalng intensywnoscig okoto 550 nm (przejscia 3Po = 1Sp jondw Bi3*), natomiast w widmach
zarejestrowanych w zakresie 900 — 1100 nm wystepujg pasma emisji z maksimum intensywnosci

okoto 975 nm (przejscie 2Fsj2 = 2F7/2 jondw Yb3*). Czas zycia emisji jondw Bi** (emisja w zakresie VIS
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z maksymalng intensywnoscig okoto 550 nm) zmniejsza sie wraz ze wzrostem koncentracji jondw
Yb3*. Ponadto, w przypadku emisji jondw Yb3* (emisja w zakresie NIR z maksymalng intensywnoscig
okoto 975 nm) wartos$ci czaséw zycia wzrastaty z 248 ps dla prébek BTBO:Yb3* o koncentracji0,5 at.%
jondw Yb3* do 381 ps dla prébek BTBO:Yb3* o koncentracji 4,0 at.% jondw Yb3*, a nastepnie malaty
dla wyzszych koncentracji jondw Yb3*. Obliczone wspdtczynniki ETE oraz QE wynoszg odpowiednio
13,5% oraz 113,5% dla optymalnej koncentracji jondw Yb3* w mikrokrystalicznych proszkach
BTBO:Yb3* wynoszacej 4,0 at.%, co czyni ten materiat obiecujagcym konwerterem spektralnym
z zakresu UV do NIR. W pracy wykazano, ze jony Bi3* mogg petni¢ funkcje efektywnego
sensybilizatora UV dla emisji jondw Yb3* w NIR, dzieki czemu mikrokrystaliczne proszki BTBO:Yb3*
mogqy potencjalnie znalez¢ zastosowane jako konwertery spektralne w technologii krzemowych
(c-Si) ogniw stonecznych.

W publikacji P5 doktorant samodzielnie wykonat pomiary metoda spektroskopii Ramana,
przedstawit analize kinetyki zaniku luminescencji, wykonat obliczenia wydajnosci transferu energii
i wydajnosci kwantowej badanych materiatéw oraz zaproponowat mechanizm transferu energii
miedzy jonami Bi3* oraz Yb3'. Doktorant wspotuczestniczyt takze w opracowaniu, analizie

i interpretacji uzyskanych wynikow eksperymentalnych oraz w redagowaniu tekstu manuskryptu.
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4. Podsumowanie i wnioski

Rozprawa doktorska, stanowigca cykl spdjnych tematycznie pieciu artykutéw naukowych
P1-P5, prezentuje wyniki badan wtasciwosci strukturalnych, oscylacyjnych oraz luminescencyjnych
mikrokrystalicznych materiatéw BTBO domieszkowanych wybranymi jonami Nd3*, Yb3* i/lub Er3*.
Badane mikrokrystaliczne proszki wykonano przy zastosowaniu zmodyfikowanej metody
Pechiniego, natomiast ceramiki domieszkowane jonami Yb3*/Er3* wytworzone zostaty metodg HPLT.
Gtéwnym celem badan byto okreslenie wptywu jondw domieszek na strukture krystaliczng,
dynamike sieci oraz mechanizmy luminescencji w procesach konwersji energii w gére lub w dét. Na
podstawie wykonanych badan wtasciwosci strukturalnych, oscylacyjnych oraz luminescencyjnych
mikrokrystalicznych proszkéw BTBO:Nd3*, BTBO:Yb3*, BTBO:Er3* i BTBO:Yb3*/Er®* oraz ceramik
BTBO:Yb3*/Er3* uzyskano wyniki dotyczace zaleznosci pomiedzy strukturg krystaliczng,
a whasciwosciami luminescencyjnymi i mechanizmami transferu energii pomiedzy aktywnymi
jonami Bi* oraz Nd3*, Yb3* i/lub Er3*.

Badania mikrokrystalicznych proszkéw BTBO domieszkowanych wybranymi jonami Nd3*, Yb3*
i/lub Er3* technika XRD wykazaty, ze materiaty te krystalizujg w uktadzie heksagonalnym (grupa
przestrzenna P6s). Jony Nd3*, Yb3* i/lub Er3* wbudowujg sie w pozycje jondw Bi* matrycy BTBO ze
wzgledu na zblizone wartoéci promieni jonowych dla Nd3* (0,983 A), Yb3* (0,868 A) oraz Er3* (0,89 A)
do wartosci promienia jonowego jonu Bi3* (1,03 A). Wprowadzenie jonéw Nd3*, Yb3* lub Er3* do
struktury BTBO nie powodowato zmiany symetrii ani pojawienia sie dodatkowych faz, co swiadczy
o skutecznej inkorporacji domieszek do struktury krystalicznej matrycy BTBO. Dodatkowo, z analizy
Rietvelda wykonanej dla prébek BTBO:Nd3*, BTBO:Yb3*, BTBO:Er3* lub BTBO:Yb3*/Er3* wynika, ze
domieszki jondw Nd3*, Yb3* i/lub Er®* nie wprowadzajg zaburzern w strukturze krystalicznej BTBO,
a zaobserwowane zmiany objetosci komdrki elementarnej sg wynikiem rdéznicy promieni jonowych
RE3* wbudowujacych sie w pozycje jondw Bi3*. Zachowanie jednorodnej fazy nawet przy zwiekszonej
koncentracji domieszek potwierdza wysokg stabilnosé struktury BTBO i mozliwosci wbudowania
jondw RE3* bez destabilizacji sieci krystalicznej [P2-P5].

Na podstawie badan SEM wykonanych dla proszkéw i ceramik BTBO domieszkowanych jonami
Nd3*, Yb3* i/lub Er3* stwierdzono obecno$¢ ziaren o rozmiarach w zakresie od kilkuset nanometréw
do kilku mikrometréw, co jest typowe dla materiatdbw otrzymywanych metodg Pechiniego.
W przypadku ceramik BTBO:Yb3*/Er3* zaobserwowano zwartg mikrostrukture z dobrze rozwinietymi
ziarnami o wyraznych granicach, co potwierdza wysoka jakos¢ procesu spiekania metodg HPLT,

prowadzgcego do poprawy krystalicznosci i zmniejszenia defektow strukturalnych [P2-P5].
23



Analiza sktadu atomowego wykonana na podstawie pomiarow metodg EDX potwierdzita
obecnos¢ pierwiastkéw matrycy: Bi, Te, B, O oraz domieszek Nd, Yb i/lub Er w proporcjach zgodnych
z zaplanowanymi w procesie technologicznym. Ponadto, rozktad domieszek w analizowanej
objetosci wskazuje na efektywne ich wprowadzenie do matrycy BTBO [P2,P4 i P5].

Z zarejestrowanych widm FT-IR/MIR dla czystego BTBO oraz widm Ramana dla czystego
i domieszkowanego BTBO jonami Nd3*, Yb3* i/lub Er3* uzyskano wiele istotnych informacji na temat
dynamiki sieci krystalicznej. W przypadku czystego BTBO zaobserwowano charakterystyczne pasma
przypisane drganiom wewnetrznym jednostek BOs i TeOs oraz zewnetrznym drganiom sieci:
translacje i libracje grup BOs i TeOg oraz jondw Bi3* (Nd3*, Yb3* i/lub Er3*) i Te®". Najintensywniejsze
pasma zlokalizowane w zakresie 700 — 800 cm™ przypisano symetrycznym drganiom rozciggajgcym
B—O oraz Te—0. Stwierdzono, ze wprowadzenie jonéw Nd3*, Yb3* i/lub Er3* do struktury matrycy
BTBO nie spowodowato znaczgcych zmian w widmach Ramana. Parametry spektralne wybranych
pasm w widmach Ramana (szerokos¢ potéwkowa oraz intensywnosc integralna) swiadczy o tym, ze
jony RE3* zostaty skutecznie wprowadzone w pozycje Bi3* bez formowania oddzielnych faz, co jest
zgodne z wynikami analiz strukturalnych wykonanych metodg XRD [P1-P5].

Wiasciwosci luminescencyjne mikrokrystalicznych materiatdbw BTBO domieszkowanych
jonami Nd3*, Yb3* i/lub Er3* zostaty zbadane i przeanalizowane biorgc pod uwage w szczegdlnosci:
efektywno$¢ emisji promieniowania w zakresie VIS i NIR, mechanizmy transferu energii oraz
mozliwos¢ zastosowania tych materiatdw jako materiaty konwertujgce promieniowanie
elektromagnetyczne z zakresu UV/VIS do NIR (proszki BTBO:Nd3*, BTBO:Yb3*, BTBO:Er3* lub
BTBO:Yb3*/Er3*) lub z NIR do VIS (ceramiki BTBO:Yb3*/Er3*) [P2—P5].

W przypadku materiatébw domieszkowanych jonami Nd3* zaobserwowano intensywng emisje
w zakresie 870 — 1380 nm, przypisang przejsciom *Fs2 = *loj2, #1172 i %l13/2 jondw Nd3*. Badania
wykazaty, ze transfer energii ze wzbudzonych pozioméw jonéw Bi3* oraz Nd3** moze prowadzi¢ do
emisji w zakresie NIR w procesie konwersji energii w doét [P2].

W materiatach domieszkowanych Yb3* i/lub Er3* stwierdzono wzmocnienie emisji okoto 975
i/lub 1531 nm bedaca skutkiem transferu energii z jondw Bi** do Yb3* i/lub Er3*. Wykonane pomiary
wykazaty, ze jony Yb3' petfnig role efektywnego sensybilizatora w uktadach BTBO:Yb3*/Er3*,
przekazujac energie do jondw Er3*, co znaczaco zwieksza intensywno$¢ emisji jondw Er3* [P3].

Zjawisko konwersji energii w gbére zaobserwowane w ceramikach BTBO:Yb3*/Er3*
wzbudzonych promieniowaniem laserowym o dfugosci fali 975 nm skutkowato emisjg w zakresie VIS
(523, 540 oraz 653 nm), przypisang mechanizmowi transferu energii w gére z jonéw Yb3* do Er3*.

Efektywnosé procesu konwersji energii w gore byta zalezna od stosunku molowego Yb3*/Er3*, ale
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rowniez od cisnienia stosowanego w trakcie wytwarzania ceramik. Badania luminescencji ceramik
BTBO:Yb3*/Er3* wykazaly, ze wzrastajgce ci$nienie stosowane w trakcie wytwarzania ceramik
prowadzi do znacznego wzrostu intensywnosci emisji ceramik BTBO:Yb3*/Er3* okoto 523, 540 oraz
653 nm odpowiadajgce przejsciom 2Hi12 = 4lis/2, 4S3/2 = *l1s/2 oraz *Fe/2 = l1s/2. Ponadto, wyniki
wskazujg, ze prébka ceramiczna wytworzona przy cisnieniu 8 GPa osigga najwyzszg intensywnosc
emisji dla wyzej wymienionych przejs¢ emisji [P4].

W mikrokrystalicznych proszkach domieszkowanych jonami Yb3* wystepuje efektywny
mechanizm transferu energii z jondw Bi3* do jondw Yb3*, prowadzgcy do emisji w zakresie NIR okoto
975 nm. Taki transfer energii matrycy BTBO do domieszkowanych jonéw Yb3* moze mie¢ istotne
znaczenie dla optymalizacji domieszkowania materiatéw luminescencyjnych aktywowanych jonami
Yb3* w matrycy BTBO [P5].

Wykonane w ramach pracy doktorskiej badania umozliwity realizacje zatozonego celu, jakim
byto otrzymanie i szczegétowa charakterystyka materiatdbw mikrokrystalicznych BTBO
domieszkowanych jonami Nd3*, Yb3* i/lub Er3*. Wytworzone materiaty wykazaty zdolno$é do
efektywnej konwersji promieniowania z zakresu UV/VIS do NIR (proszki BTBO:Nd3*, BTBO:Yb3*,
BTBO:Er3* lub BTBO:Yb3*/Er3*) oraz z NIR do VIS (ceramiki BTBO:Yb3*/Er3*). Mechanizmy transferu
energii pomiedzy matrycg BTBO (jony Bi3*) a jonami Nd3*, Yb3* i/lub Er3* zostaty szczegétowo
przeanalizowane i opisane w publikacjach P2, P3 oraz P5.

Otrzymane wyniki $wiadczg o potencjale materiatébw BTBO domieszkowanych jonami Nd3*,
Yb3*i/lub Er** do zastosowar jako konwertery promieniowania z zakresu UV/VIS do NIR (BTBO:Nd3*,
BTBO:Yb3*, BTBO:Er3*, BTBO:Yb3*/Er3*) oraz z NIR do VIS (BTBO:Yb3*/Er3*), w ktérych mozliwe jest
precyzyjne sterowanie procesami emisji i transferu energii poprzez dobdér odpowiedniego rodzaju
i koncentracji domieszek. Mozliwo$é efektywnego transferu energii zarowno pomiedzy jonami
domieszek Yb3* — Er* jak i mozliwoscig transferu energii z matrycy BTBO (jony Bi3*) a jonami Nd3*,
Yb3* i/lub Er®*, otwiera nowe perspektywy dla projektowania materiatéw o ulepszonych
wiasciwosciach luminescencyjnych (np. wyzsza intensywnos¢ emisji, dtuzsze czasy zycia, wyzsze
wartosci ETE oraz QE) [P2—P5].

Obserwowane zjawiska konwersji energii w dét lub gore, efektywna emisja w zakresie NIR
i/lub VIS, a takze mozliwos¢ wzmacniania luminescencji przez parametry zewnetrzne (ciSnienie
stosowane w trakcie wytwarzania ceramik) wskazujg na potencjat aplikacyjny badanych materiatéw

m.in. w takich obszarach jak:
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e fotowoltaika — jako konwertery optyczne z zakresu UV/VIS do zakresu NIR stosowane
w technologii ogniw fotowoltaicznych w celu zwiekszenia efektywnosci konwersji stonecznej
w energie elektryczng,

e optoelektronika — jako zrédta emisji w strategicznych zakresach dtugosci fal (np. 975 i 1531
nm) do zastosowan telekomunikacyjnych,

e fotonika — ze wzgledu na mozliwo$¢ wykorzystania emisji w zakresie NIR w nowoczesnych
technologiach optycznych (bioobrazowanie, czujniki i detektory optyczne).

Zrdznicowanie morfologiczne badanych materiatéw krystalicznych BTBO domieszkowanych
jonami Nd3*, Yb3* i/lub Er3* (mikrokrystaliczne proszki i/lub ceramiki), zastosowane metody syntezy
oraz techniki pomiarowe, a takze analiza wifasciwosci strukturalnych, oscylacyjnych
i luminescencyjnych $wiadczg o duzym potencjale uktadéw BTBO domieszkowanych jonami Nd3*,

Yb3* i/lub Er3* do zastosowan w wymienionych wyzej obszarach.
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A Bi3TeBOg crystal is an excellent nonlinear optical material as well as an efficient host matrix for
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trum in Brillouin zone centre. The unpolarized Raman and IR spectra were analyzed in details on the
basis of group theory predictions and the results of ab initio calculations of phonon spectra.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Nonlinear optical (NLO) crystals are widely used for frequency
conversion of laser radiation [1]. The tuning/conversion of the
fundamental wavelengths of laser emission of active ions can be
realized in NLO crystals by second or third harmonics generation,
sum or difference frequency generation or optical parametric os-
cillations [2]. To expand the laser emission possibilities, the search
for new highly efficient NLO materials is a continuous subject of
interest. Recently, some novel NLO materials were suggested basing
on first-principle calculations [3—5]. Moreover, the effectivity of
nonlinear processes as well as energy transfer between the active
ions in laser crystals strongly depends on the crystals properties,
especially their lattice dynamics.

From among NLO crystals, borates are known as very effective
NLO materials for frequency conversion of laser emission from near
infrared through visible and ultraviolet, to vacuum-ultraviolet
spectral regions [6—8]. The optical properties of borate crystals

* Corresponding author.
E-mail address: Dobroslawa.Kasprowicz@put.poznan.pl (D. Kasprowicz).

https://doi.org/10.1016/j.jallcom.2018.12.137
0925-8388/© 2018 Elsevier B.V. All rights reserved.

are related to their molecular structure, especially the presence of
anionic groups such as BOs, BOy4, B3Og or B307 [9]. Several borate
crystals such as ($-BaB,0g4, LiB30s5, CsB30s, a-BiB30g, CsLiB5;01g or
Bi,ZnOB,0g are constructed from the network of these basic
structural units and are often used as second-order NLO materials
[9,10]. Another effective group of NLO crystals contains in their
structure other NLO active units, i.e. MOg octahedra, containing
cations (such as M =Ti**, Nb>*, Ta>*, Mo®*, W8+ or Te®+) suscep-
tible to second-order Jahn—Teller distortions, resulting in asym-
metric coordination environments in the crystal structure and
consequently in the large second harmonic generation (SHG) re-
sponses [11]. This effect was observed for example in BaTeMo,0g or
BaTeW,0qg crystals [12].

Recently, M. Xia et al. [11] reported synthesis of a novel Bi3TeBOg
(abbreviated as BTBO) crystal, which contains three types of NLO-
active units, planar borate BO3 groups, second-order Jahn—Teller
distorted octahedra TeOg and stereochemically active lone pair of
electrons in Bi>* cations [11]. The additive contribution from these
three types of NLO active groups results in a synergetic effect that is
an extremely large SHG response in BTBO (about 20 times that of
KDP), exhibiting the largest SHG effect from among the known
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borate NLO materials. The crystal structure, electronic structure,
and some optical properties of BTBO were reported by M. Xia et al.
[11]. Moreover, some of the structure, optical, elastic, and spec-
troscopic properties of BTBO were also reported by other authors
[13—15]. Ab initio calculation of electronic structure and photoin-
duced phenomena of BTBO was recently published in paper [14].

Investigated BTBO microcrystals were synthesized by means of
the modified Pechini method and their phase uniformity was
examined using x-ray diffraction (XRD) analysis. In this paper, we
present a systematic lattice dynamics study of BTBO on the basis of
p-Raman and Fourier transform infrared (FT-IR) spectroscopy
measurements and ab initio analysis. The unpolarized Raman and
IR spectra of BTBO were recorded in the range of external and in-
ternal vibrations and the modes assignment was made on the basis
of group theory analysis and first-principle calculations. To the best
of our knowledge, the complex lattice dynamics study of BTBO
crystal at room temperature (RT) that comprises the experimental
Raman, IR spectra investigation, the group theory analysis and the
calculation of phonon mode spectrum in Brillouin zone centre are
presented for the first time.

2. Synthesis procedure of BTBO

BTBO powder was synthesized by means of a modified Pechini
method [16]. The following precursor materials were used for the
synthesis, without additional purification: commercial bismuth
oxide (Biy03, SIAL, 99.9%), tellurium dioxide (TeO,, MERCK, 99.99%),
boric acid (H3BO3, STENMARK, 99.5%), citric acid (CgHgO7-H>O0,
POCH, 99.4%), mannitol (CgHg(OH)s, CHEMDREAMLAND, 99.5%),
deionized water (MILIPORE, resistivity p=15MQcm) and nitric
acid (HNOs, 65 % wt., POCH, pure p.a.). In order to prepare the initial
solutions, the proper quantities of oxides: Bi;O3 and TeO, were
dissolved in a minimal volume of HNOs in the presence of citric acid
(complexing agent) under stirring and heating at 80 °C. Tellurium
source must be provided in proper excess (here 12% mol.) due to its
considerable volatility during pyrolysis in the Pechini method (not
observed while heating the raw individual substrate). Citric acid
was chosen as a complexing agent due to the fact that the citrate
ligands form rather stable complexes of both Bi** and Te*' in
strongly acidic solutions [17]. The molar ratio between citric acid
and metal cations was set to be 3:1. Under these conditions, the
complete dissolution of metal oxides was secured. When trans-
parent and homogeneous solution containing metal complexes was
obtained, a proper amount of H3BO3 (with 10.0% mol. excess) was
charged into the solution and the mixing was continued. This boron
excess is required to prevent the non-stoichiometry due to the
evaporation of B,03 at higher temperatures. The overall molar ratio
of used Biy03, TeO; and H3BOj3 substrates was 3:2.24:2.2. After
secondary homogenization, the mannitol (polymeric agent) was
added into the solution. The molar ratio of citric acid to mannitol
was constant and set to 3:1. After dissolving of all the reagents, the
solution mixing was continued for about 1hat 90°C in order to
initialize the polyesterification. Prepared sol was then transferred
into an alumina crucible (INCERAMICS S.A.) and put inside a
furnace equipped with an EUROTHERM 906S temperature
controller. The content was kept for about 24 h at 100 °C in order to
evaporate the solvents (HoO—HNOs3 azeotrope) and to accomplish
the polyesterification. A yellowish, foamy-like viscous gel was ob-
tained. The temperature was raised up to 350 °C for 3 h in order to
remove the water residuals and dry the gel until it turned into
black, brittle resin. To start the pyrolysis process and to get rid of
the organic part, the temperature was gradually raised up to 500 °C
and kept at that value for 24 h. After that, the temperature was
increased to 650°C and the process was continued for 48 h. In
between these stages and after finishing, the powder material was

thoroughly ground in an agate mortar. Such a duration of synthesis
(72 h of pyrolysis) is required to ensure the complete oxidation of
Te** to Te®".

3. Experimental methods

The diffraction pattern of synthesized BTBO powder was
collected using a BRUKER D8 Discover diffractometer equipped
with a CuK,, radiator (Age; =1.54056 A, 40 kV voltage and 40 mA
current in operating mode). The Bragg-Brentano diffraction and
Gobel FGM2 mirror geometry were applied. The diffraction angle
20p was varied from 18° to 70° with a step of 0.01° and acquisition
time of 2 s per step. The measurements were made at room tem-
perature. For the data processing the DIFFRAC.SUITE EVA applica-
tion was used, allowing the Ak, signal component deconvolution
and removal, background subtraction and data smoothing (using
the fast Fourier transform). The phase analysis was performed with
the support of the Crystallography Open Database (COD). The
FullPROF ver. 3.0 program was used for Rietveld refinement and
calculations of accurate unit cell parameters.

The Raman spectra were recorded in back-scattering geometry
using a Renishaw InVia Raman microscope equipped with a
confocal DM 2500 Leica optical microscope and CCD detector. The
excitation source was an Ar" laser emitting light of 514.5 nm
wavelength. The unpolarized Raman spectrum detected in the
range 100—1500 cm~! was measured using an edge filter in single
scan with 30 s exposure time of CCD detector and 10 mW of the
applied power. The low-excitation Raman spectra were detected
using a NeXT filter (to stray Rayleigh light rejection), which allows
measurements of modes as far as 10 cm~! from the Rayleigh line,
for 30s exposure time and 20 mW of the applied power. The po-
sition of the Raman peaks was calibrated before data collection
using an Si reference sample as an internal standard. The spectral
resolution of the Raman system was better than 2 cm™".

The vibrational absorption spectra of BTBO were investigated at
room temperature using the FT-IR Bruker Equinox 55 spectrometer
equipped with the Hyperion 2000 microscope; the spectral reso-
lution was 2 cm~L The IR spectra of the investigated compound
dispersed in Nujol mulls (c = 1:50) and the KBr pellets (c = 1:2000)
were recorded in two spectral regions from 50 to 700 and from 400
to 7500 cm ™!, respectively.

4. Result and discussion
4.1. XRD measurements

The XRD diffraction pattern of BTBO powder recorded at room
temperature is presented in Fig. 1.

As shown in Fig. 1, diffraction pattern of BTBO powder is in good
agreement with the reference COD card (No. 96-412-5286), which
means that it represents the hexagonal class with non-
centrosymmetric P63 (173) space group (Z=2). The reference
Crystallographic Information File (CIF) of BTBO phase used for
Rietveld refinement was received from the supplementary data
given in Ref. [18]. The refined unit cell parameters of BTBO micro-
crystals are: a=8.7505(2) A, c=5.8871(3) A, Z=2, V=390.39 A>
and correspond to those determined by M. Xia et al. [11]. The
average crystallite size of BTBO equal to 149 nm was estimated on
the basis of XRD patterns analysis by means of the Debye-Scherrer
equation [18,19].

4.2. Crystal structure

The BTBO crystal is formed by two covalently bonded ionic
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Fig. 1. The XRD patterns of BTBO powder.

complexes, octahedral TeOg~ and trigonal-planar BO3~ groups.
Along the c-axis the BOs layers are alternate with cationic layers
made of TeOg octahedra and Bi>* ions. The BO3 and TeOg groups are
arranged similarly along the a and b axis, creating the alternate
rows of BO3 and TeOg groups (Fig. 2a) [11].

In the BTBO structure, the bismuth Bi and oxygen O atoms
occupy the 6¢c Wyckoff positions, while the boron B and tellurium
Te atoms are located at the 2a and 2b Wyckoff positions, respec-
tively [11]. B atoms are surrounded by three O atoms to form the
planar BO3 groups (D3 symmetry) with a uniform B—O bond
length equal to 1.378 A (Fig. 2b). Te®* cations are coordinated by six
0 atoms with three B—O bond lengths equal to 1.921 A and the
other three B—0 bond lengths equal to 1.925 A. The TeOg octahedra
are slightly deformed from the regular octahedral configuration.
Moreover, the Bi>* cations are surrounded by O atoms resulted in
six Bi—O bonds are: three shorter Bi—O bond lengths equal to 2.214,
2.264 and 2.267 A and three longer Bi—O bond lengths equal to
2.505,2.506 and 2.514 A [11]. For better clarity of Fig. 2b some of the
B—0 bonds were omitted.

4.3. pu-Raman and FT-IR investigation

The unpolarized Raman and IR spectra of investigated BTBO
crystalline powder were recorded in the spectral range of external
and internal vibrations at room temperature (Fig. 3).

As follows from Fig. 3, the Raman and IR spectra could be
divided into the high-frequency vibration range separated by a
broad gap of 530 cm™! from the middle/low-frequency part of the
spectra, extending from 690 to 100 cm ™' containing the majority of
Raman and IR active bands. In general, the modes positioned in the
spectral range 1500—600 cm™~' are assigned to the stretching vi-
brations of BO3 groups or TeOg octahedra. The bending modes of
BO3; and TeOg groups occur in the spectral range 660—350 cm ™.
The external/lattice modes assigned to translational and librational
motions of BO3 and TeOg groups as rigid units appear in the spectral
range below 350cm~L The low wavenumber phonons were
detected in Raman spectra using the NEXT filter in the spectral
range below 100 cm™! (Fig. 4).

The very weak line observed at 27 cm~! in the low-frequency
Raman spectrum is an optical ghost of the system, while the
three modes centered at around 67, 80 and 86 cm™! as well as the
corresponding IR modes centered at 76, 85 and 106cm™! are
intrinsic BTBO low-frequency vibrations. The spectroscopic pa-
rameters of all Raman active bands were analyzed by the fitting

/ ‘ ‘_ 1.921‘.,"' 1925 .

2214 19257

b 2505 A
< ®
¢ ] 1 .378“‘.“{‘ ‘\2;50‘?

- ‘1 378
1378 -
0 . 2214

Fig. 2. The structure of BTBO (a) and the structural unit of BTBO (b) The program
Dimond [20] was used for visualization of crystal structure..

procedure using the Lorentzian-like function, while for the bands
active in the IR spectra the centre positions were determined. The
experimental wavenumbers of Raman and IR modes are given
together with those predicted from theoretical ab initio calcula-
tions of BTBO in Table 5. Moreover, the detailed assignment of
experimental lines based on symmetry analysis and ab initio cal-
culations is presented in Discussion (section 7).

5. Symmetry analysis of normal modes

The experimental Raman and IR data can be interpreted on the
basis of group theory analysis. The primitive unit cell of BTBO
crystal comprises two formula units and contains 28 atoms, giving
84 fundamental vibrations, which are classified in I" point accord-
ing to irreducible representations (irreps) of P63 space group, as
follows:&display_alert_setting;

I = 14A + 14B + 14E; + 14E,

Since E; and E, are two-dimensional irreps, all modes that are
transformed according to them are two-fold degenerated. The
phonon modes of A, E; and E, types are Raman active, whereas the
modes of A and E; species are IR active. The modes of B symmetry
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Fig. 4. The low-wavenumber Raman spectrum detected in the 10—~100 cm™"' range of
BTBO powder at RT.

are inactive both in Raman and IR spectra. However, this symmetry
restriction is valid only for the ideal crystal structure. In real crys-
tals, as we consider it later on, this strict symmetry demand may
evidently be violated due to structural peculiarities.

Considering the characteristic features of BTBO crystal structure,
it is possible to obtain a general distribution of phonon modes over
the frequency range. As mentioned above, there are two covalently
bonded ionic complexes, octahedral TeOg~ and trigonal-planar
BO3~ groups, each of them has its own characteristic internal vi-
brations. Both structural motives are not directly linked (see
Fig. 2a), therefore their internal frequencies should not significantly
influence each other. In the ideal octahedral TeOg unit with Oy
symmetry, the internal stretching or bending »4, v, and v5 vibrations
are Raman active, whereas the r3 and v4 modes are IR active; the vg
internal mode is inactive both in Raman and IR spectra. In partic-
ular, the symmetric stretching vibrations »; are expected at about
700 cm™!; the doubly and triply degenerate asymmetric bending
vibrations », and »3, respectively, occur in 500—650 cm~! spectral
range; the triply degenerate asymmetric bending vibrations v4 are
in the range 400—500 cm ™!, while the symmetric bending rs modes
occur below 400 cm™ . Similar spectroscopic activity is valid for

internal vibrations, pq po, us, pa, of the ideal triangular planar BO3
groups with D3, symmetry, namely, py, 13, gy modes are Raman
active while pp, p3, p4 are IR active. The characteristic vibrations of
isolated BOs3 ion can be classified into four fundamental modes: the
symmetric stretching mode p; (~950 cm™!), the doubly degenerate
asymmetric stretching mode p3 (1250—1400cm™'), the doubly
degenerate planar bending mode ji4 (~600 cm™!) and the infrared
active out-of-plane bending mode p, (700—800cm™') [10,21].
However, the frequencies of internal vibrations of TeOg and BOs3
groups are significantly dependent on crystal environment and
may considerably deviate in various host compounds (see Table 1).
Applying group theory treatment [22], one may construct the
compatibility relations between internal modes of octahedral TeOg
and triangular BO3 groups, their site symmetry and crystal point
group symmetry (see Table 2) and, finally, one may derive the
general classification of BTBO normal modes in I" point (see
Table 3). Note that normally the frequencies of external lattice vi-
brations (translational and rotational) are located below ~350 cm ™.
Since the vs5 normal mode has nearly the same frequency, we should
not expect the strict frequency gap in our experimental spectra
between external lattice and internal vibrations.

6. Ab initio calculations

Our calculations were performed within the density functional
perturbation approach using the generalized gradient approxima-
tion (GGA) [29] in Perdew-Burke-Ernzerhof parameterization [30]
as implemented in the ab initio package ABINIT [31,32]. We also
used another form of exchange-correlation functional properly
accounting for the long-range dispersion effects by the Grimme and
co-authors’ method [33]. Hereinafter, the results obtained by un-
corrected GGA approach will be denoted as GGA and those obtained
within Grimme's method as DFT-D3. Norm-conserving ONCVPSP
pseudopotentials were utilized in our calculations with Bi
(5d1%6s2%6p3), Te (4d'%5s%5p*), B (2522p') and O (2s%2p*) valence
states. After convergence analysis we chose a 4*4*4 grid for Bril-
louin zone sampling using the Monkhorst-Pack scheme [34]. The
cut-off energy of plane-wave basis was set to a rather high value of
Ecut = 1632 eV. Our calculation was performed on the basis of
experimental crystal structure refined in Ref. [11]. Structural opti-
mization was made within the Broyden-Fletcher-Goldfarb-Shanno
algorithm [35] and a very high stability of crystal lattice was ach-
ieved, i.e. the maximal forces acting on each atom were reduced to
the values lower than 5*107 eV/A. The lattice parameters and
Te—O and B—O distances within covalently bonded TeOg and BO3
groups calculated using various exchange-correlation functionals
are listed in Table 4. As follows from this table, both approaches give
quite acceptable results but the deviation of DFT-D3 data from the
experimental results [11] is smaller comparing with that of GGA
data, not exceeding even 1% for lattice parameters and B—O dis-
tances. Comparatively higher discrepancy between the calculation
and experiment, less than 3%, observed for Te—O distances within
both GGA and DFT-D3 approaches, may be explained by the
distortion of TeOg structural units occurred in real BTBO crystal.

The phonon frequencies calculated near the Brillouin zone
centre within both exchange-correlation functionals, GGA and DFT-
D3, with the experimental Raman and IR data obtained in our work
are compared in Table 5.

All modes are classified there according to the irreps of P63
group in I' point. Calculated frequencies nicely correspond to the
general demands of group theory. One acoustic mode has A sym-
metry and two other acoustic modes are of E; species. The modes of
E; and E; types are two-fold degenerated satisfying two-
dimensionality of these irreps. However, the degeneration of E;
symmetry modes is lifted due to the transverse-longitudinal TO-LO
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Table 1
Frequencies of internal modes of TeOg and BOs3 ionic groups in different compounds.
TeOg BOs
Vs V4 vy V3 I Compound Ref. g 1 [Th s Compound Ref.
355 470 540 640 700 Lig(TeOg) [23] 610 713-788 944 1285 Pr(BO;) [26]
355 470 540 640 700 0-Lig(TeOg) [24] 637 740,764 1200—-1260 Sc(BO3) [26]
368 455 512 695 Mgs(TeOg) [25] 647 743 944 1205 CaSn(BOs), [27]
650—675 708—730 He(TeOg) [26] 545 648,668 1060 1428-1490 H;(BO3) [28]
536 675 780 NayHa4(TeOg) [25]
Table 2
Correlation diagram of internal modes of TeOg (77 - vg) and BOs (1 - 4) groups and factor-group of BTBO crystal.
TeOg BTBO BO;
free ion site factor site free ion
symmetry Oy symmetry C; group Cg symmetry C; symmetry Dsy
1
Vi Al g A AI [
A A
"
%) Eg B Az H2
Vs Fgg E]
1
E E | SANTENTH
V3,V4 F lu E>
ve Foy (inactive)

Table 3
Normal mode classification in I" point according to irreps of P65 space group of BTBO
crystal. R and IR indicate the activity in the Raman and IR spectra, respectively.

irreps. translations+librations internal

14 A(R, IR) 1 acoust + 6 7 (v1, v3, V4, Vs, Ve, JU1, H2)
14B 7 7 (v1, v3, v4, V5, V6, J, H2)
14 E; (R, IR) 1 acoust + 6 7 (v2, v3, V4, Vs, Vs, U3, lg)
14 E> (R) 7 7 (v2, v3, Va4, Vs, Ve, 113, Jla)

splitting, which is inherent for dielectric BTBO crystal. All modes
with z-polarized dipole moment are transformed according to A
irrep, whereas the modes with dipole moments lying in (X, z) plane
are of E; symmetry. Note that our calculation was carried out in the
Cartesian coordinate system X, y, z, which is directed according to
the hexagonal crystallographic system, q, b, c, as follows, x || a,y L
(a,c), z||c.

Table 4

Some of the experimental Raman frequencies appear twice in
Table 5 since our experiment was performed on the powder sample
and we are not aware of the precise symmetry of detected fre-
quencies. As seen from this table, the frequencies calculated within
both approaches, GGA and DFT-D3, well agree with the experi-
mental Raman and IR data. However, the DFT-D3 data give the
better agreement with the experiment. It follows from the average
deviation between calculated and experimental Raman fre-
quencies, i.e. 1.3% vs. 2.8% for A irrep, 1.6% vs. 2.3% for E; irrep and
1.2% vs. 1.7% for E, irrep for DFT-D3 vs. GGA functional, respectively.
For all irreps DFT-D3 approach gives better description of experi-
mental result.

It is quite instructive to look closer at Born effective charges of

nonequivalent atoms of BTBO. The Born effective charge, Zf;aﬁ, is

treated as a proportionality coefficient relating the polarization per
unit cell, created along the direction B, and the displacement along
the direction a of the atoms belonging to the sublattice k, under the

Comparison of lattice parameters and interatomic distances of covalently bonded atoms obtained within two different functionals with experimental values (experimental Te

— O and B — O distances are listed in Fig. 2). The deviation from experiment [11] is indicated in parentheses.

c[A] Te — O [A] B-0IA]

a[A]
GGA 8.8951 (1.65%)
DFT-D3 8.8236 (0.83%)
Exp./this paper 8.7505(2)
Experim. [11] 8.7510

5.9952 (1.65%) 1.966 (2.40%)

1.981 (2.91%)

1.383 (0.36%)

5.9470 (0.83%) 1.959 (2.03%) 1.380 (0.15%)
1.979 (2.81%)

5.8871(3)

5.8981
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Table 5

Comparison between the calculated near Brillouin zone centre and experimental Raman/IR frequencies in cm~". TO and LO indicate transverse and longitudinal frequencies of

A and E; species, respectively.

A B E; E,
calcul Raman IR calcul calcul Raman IR calcul Raman
GGA DFT-D3 GGA DFT-D3 GGA DFT-D3 GGA DFT-D3
acoustic acoustic
TO LO TO LO acoustic
76.4 76.5 78.7 79.0 80 76 58.1 62.1 TO 64.9 68.7 67 66.5 69.3
90.0 1139 98.8 113.2 106 84.9 86.0 LO 66.9 70.2 66.5 69.3
115.0 145.2 1144 152.4 124 148 111.0 114.7 TO 81.9 85.3 86 85 79.9 83.9 80
150.8 163.6 158.3 168.5 154 160 139.2 1441 LO 82.1 85.5 79.9 83.9
194.7 214.0 201.2 2194 223 200 196.5 199.0 TO 150.5 149.1 140 84.7 90.0
230.6 230.7 231.6 232.1 219.0 2238 LO 151.6 150.6 155
267.2 306.4 270.0 312.7 319 276 257.5 260.6 TO 168.2 169.6 151.2 151.2
408.4 457.6 408.5 458.7 401 403 279.3 284.8 LO 180.1 183.1 186 186 151.2 151.2 154
457.7 477.9 458.9 480.2 475 435.8 434.7 TO 195.9 198.4 177.9 180.0 177
549.0 585.1 556.3 592.7 593 561 514.8 518.0 LO 209.9 211.2 215 211 1779 180.0
635.3 637.2 646.2 649.0 649 654 539.4 548.1 TO 240.6 2475 248 257 204.2 207.2 204
676.0 688.9 676.7 691.0 690 688 631.3 641.0 LO 275.6 278.9 275 204.2 207.2
903.0 903.1 910.0 910.2 926 925 726.8 727.6 TO 2849 286.1 288 288 264.1 266.6
8933 900.6 LO 295.0 300.9 264.1 266.6
TO 379.0 381.8 296.8 300.8 307
LO 414.5 4189 417 419 296.8 300.8
TO 464.0 466.9 385.3 388.2
LO 505.6 508.3 495 508 385.3 388.2
TO 5273 532.8 466.9 4711
LO 530.8 536.8 538 466.9 4711
TO 573.0 5783 508.3 513.9
LO 578.0 591.0 593 593 508.3 513.9
TO 601.7 610.3 604 608 563.4 568.9 564
LO 627.4 637.7 621 563.4 568.9
TO 1233.5 1248.5 1257 1248 603.5 6104 604
LO 1266.8 1281.3 1298 1282 603.5 610.4 621
1205.5 1220.1 1221
1205.5 1220.1 1247

condition of a zero electric field [36]. In general, the Born effective
charge is a tensor, whose peculiar form is defined by the site
symmetry of a respective ion. Since the site symmetry of Bi, O1, O2
and Os ions is 1, whereas the site symmetry of Te and B atoms is 3,
one may expect the general form of Born effective charge tensor in
the former case and some symmetric form of such a tensor in the
latter case. The Born effective charges of non-equivalent Bi, O4, Oo,
03, Te, B ions and their principal values A, calculated within both
approaches, DFT-D3 and GGA, are listed in Table 6.

As follows from Table 6, both exchange-correlation functionals
give very similar results. To analyze the Born effective charges it is
more convenient to transform them into the principal basis in
which they adopt a diagonal form. As shown in Table 6, all con-
stituent ions manifest the effective charge anisotropy. However, the
charge anisotropy of Bi ions not involved in covalent bonding is
comparatively small (directional deviation from the isotropic value

Table 6

is —10%, —4%, 14%). Similarly small charge anisotropy (9%, 9%, —18%)
is observed for Te ions incorporated into the comparatively uniform
space bonding of TeOg octahedra. The charge anisotropy of all other
atoms is much higher which is the consequence of the strong co-
valent bonding inherent for TeOg and BO3 groups. The triangular
planar shape of BO3 groups inspires the drastic charge redistribu-
tion of both B and O3 ions in the (X, y) plane making, e.g., the
effective charge of B ion along z direction smaller by one order of
magnitude relative to those along x and y directions. The Born
effective charges of all non-equivalent oxygen atoms also demon-
strate significant anisotropy. Note that this characteristic feature is
relevant for many compounds possessing the non-equivalent
covalently bonded oxygen atoms in their structure (see e.g.
Ref. [37]).

Born effective charges of non-equivalent atoms of BTBO crystal calculated within both DFT-D3 and GGA approaches. The principal values of responsible Born effective charge
tensor are indicated in brackets; percentage corresponds to their deviations from isotropic spherical charge.

Z'gi Z're Z o1 Zo2 Z'o3 A
DFT- 455 0.08 0.03 546 0.09 0.00 -2.80 -0.01 0.22 -2.62 0.07 0.14 -2.25 0.03 0.96 3.11 -0.21 0.00
D3 0.07 436 0.29 -0.10 546 0.00 006 -1.89 1.05 -0.32 -2.07 1.06 028 -299 0.13 0.21 3.12 0.00
0.14 040 5.23 0.00 0.00 4.09 -0.05 097 -233 0.23 095 -2.49 0.98 020 -1.88 0.00 0.00 0.30
1423 454 536] (546 546 4.09] [-1.08 -2.85 -3.09] |-127 -2.58 -334] [-3.03 -3.03 -1.05] [3.12 3.12 030]
—-10% —4% 14% 9% 9% -—18% —54% 22% 32% —47% 8% 38% 28% 28% —56% 43% 43% —87%
GGA 453 0.09 0.13 5.48 -0.06 0 -2.81 0.06 -0.07 -2.65 0.09 0.12 —-2.20 030 0.99 313 024 0
0.10 4.28 0.38 0.06 548 0 -0.01 -1.87 096 -032 -2.02 1.04 0.07 -3.01 0.15 -024 3.19 0
0.03 030 5.13 0 0 3.94 0.21 1.03 -228 0.22 094 -242 0.97 007 -1.84 0 0 0.29
1415 453 513] (548 548 3.94] [-1.06 -2.88 -3.02] [-122 -26 -325] |-3.02 -3.02 -1.00] [3.13 3.3 029]
—-10% -2% 10% 9% 9% -21% —54% 24% 30% —48% 11% 38% 29% 29% —57% 44% 44% —87%
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7. Discussion

To analyze the experimental data, it is reliable to distinguish the
external and internal vibrations since the latter (i) normally appear
in higher frequency range when compared with that of the external
modes and (ii) they are well classified according to irreps and reveal
different spectroscopic activity (Raman or IR). From among 28 in-
ternal modes of TeOg and BO3 groups, 11 vibrations should be active
in the Raman spectrum (3A (v1, vs, 1) + 4Eq (v2, vs, 3, Ha) + 4E2 (v2,
s, U3, Lg)) and 7 modes are expected in the IR spectrum (3A (v3, v4,
Wo) + 4E1 (v3, v4, 13, Mla)). Note once again that all modes of E; and E;
symmetry are twice degenerated, therefore the total amount of
Raman and IR active normal modes is 19 and 11, respectively.
Strictly speaking, this classification is valid only for the ideal octa-
hedral TeOg and triangular BO3 groups. Any crystal imperfections or
crystal field at the certain site symmetry may distort the ideal
polyhedral shape violating the spectroscopic selection rules or
symmetry compatibility relations. According to the structural
analysis, the TeOg groups are not the regular octahedra in BTBO
crystal due to the inequality of two tellurium-oxygen distances in
these ionic groups, i.e. R(Te—01) = 1.921 A, R(Te—0,) = 1.924 A [11].
Structural data published in Ref. [13] give even more distortion of
TeOg, namely R(Te—01)=1.906 A, R(Te—0;)=1.933A. All these
reasons may cause a lift of mode degeneration resulting in obser-
vation of a higher number of lines in the spectra than those allowed
by group symmetry rules.

As we already mentioned, the transverse-longitudinal TO-LO
splitting is inherent for BTBO crystal. The TO-LO splitting is the
specific feature of A and E; symmetry modes polarized along the z
axes or within (x, y) plane, respectively, and may be observed both
in Raman and IR spectra. Since our spectra are recorded of the
powder sample, the modes of both A and E; species may effectively
present there any value between TO and LO frequency.

Let us consider the highest frequency range. As follows from
Fig. 3 and Table 1, the modes in the spectral range 1500—600 cm™!
are assigned to the stretching vibrations BO3 groups or TeOg octa-
hedra. In particular, the highest frequency region of Raman spec-
trum should include p3 internal vibrations of BO3 groups. According
to the symmetry demands (see Table 3), only 2 twice degenerated
us modes (1E; + 1Ez) may be visible in the Raman spectrum. This
symmetry demand is satisfied by our ab initio calculation of BTBO
phonon spectrum (see Table 5). However, our experimental data
give 6 instead of 4 modes in the highest frequency part of Raman
spectrum, i.e. 1384, 1298, 1284, 1262, 1247 and 1221 cm™! (see
Table 5). In particular, the Raman spectrum showed the medium
intensity modes at 1298, 1247 and 1221 cm™!, while the IR spec-
trum contained the strong and very strong modes at 1282 and
1248 cm™ !, respectively. Very weak Raman mode at 1384 cm™! may
be eliminated from our examination since it is probably a result of
higher order Raman scattering. Moreover, our ab initio calculations
give the highest frequency near 1281 cm~! (DFT-D3). A similar
conclusion is relevant for the two experimental Raman lines, i.e.
1298 and 1284 cm™ .. The calculation predicts only one mode in this
highest frequency range. It means that one of these two experi-
mental modes should be a result of either crystal imperfection or
the violation of spectroscopic selection rules.

The very weak intensity modes detected at 926 and 925 cm ™! in
the Raman and IR spectra, respectively, are probably not a result of a
many-phonon process but originate from A type p; internal vibra-
tion of BO3 complex and correlate well with the calculated value of
910 cm™ L. Neglecting this weak line, one may say that there is a
rather broad gap of an order of 530 cm™~! between the high fre-
quency p3 vibrations and the main part of the Raman spectrum,
extending from 690 to 100 cm™! (see Fig. 3). Interpretation of this
wide frequency range is not so straightforward as that of the

highest frequency range presented above. The assignment of many
lines in the intermediate frequency range is to a great extent
approximate because of the mixed character of many modes. The
bands detected in the Raman and IR spectra in the region from 690
to 600 cm™! originate by pga, 11z (BO3) and strong stretching »3, vy
(TeOg) vibrations. In particular, the most intensive modes recorded
in this spectral range at 690 and 688 cm~! in the Raman and IR
spectra, respectively, are assigned to the v; stretching vibrations of
TeOg. The strong and very strong modes occurring at 649 and
654 cm~! in the Raman and IR spectra, respectively, were attributed
to doubly degenerated v3 stretching modes of BO3 groups. The
modes at 621 (weak) and 604 (strong) cm™! in the Raman spectrum
and the very strong mode at 608 cm~! in the IR spectrum were
assigned to the 4 vibration of BOs.

The bending modes of BO3 and TeOg groups occur in the spectral
range of 660—350 cm~ . Only the weak mode at 564 cm~! and the
medium mode at 561 cm~! detected in the Raman and IR spectra,
respectively, can be assigned to the 4 vibrations of BOs. The other
bands in the Raman and IR spectra in the considered spectral range
of 660—350 cm™! were assigned to the vibrations of TeOg octa-
hedra. In particular, the shoulder at 593 cm™! detected in the
Raman and IR spectra and the weak mode at 538 cm™! detected in
the Raman spectrum can be assigned to the », vibrations; very
strong modes centered at 495 and 508 cm ™! in the Raman and IR
spectra, respectively, and the strong mode at 475cm™! in the IR
spectrum arise from the v4 vibrations; the very strong mode
centered at 419 cm~' and a shoulder at 417 cm ™! detected in the IR
and Raman spectra, respectively, can be related to the v4 vibrations;
the medium-frequency mode at 401 cm~! in the Raman spectrum
and the corresponding shoulder at 403 cm™! in the IR spectrum
were assigned to the v5 vibrations. On the basis of the analysis of
calculated eigenvectors, it follows that the lowest frequency part of
the spectrum below ~350 cm~! originates from the external lattice
vibrations of Bi or Te atoms and TeOg and BO3; complexes as the
rigid units. In particular, the Raman and IR modes recorded in the
spectral range 120—300 cm™! mainly correspond to the librational
or translational motions of BO3 or TeOg groups. The highest in-
tensity modes in this range were centered at 124 and 154 cm™~! in
the Raman spectrum. The other modes located in the spectral range
300—360 cm ™ can be assigned to the vibrations of BiOg units. The
low wavenumber phonons detected in the Raman spectrum in the
range below 100 cm~), the three modes centered at around 67, 80
and 86 cm~! as well as the corresponding modes centered at 76, 85
and 106 cm™! in the IR spectrum can be assigned to the translations
of Bi*+ and/or Te®* ions. These low energy vibrations are connected
with the relatively large atomic masses of Bi and Te atoms [10].
However, to a great extent, the low-frequency modes
below~300 cm ™! are of mixed type.

8. Conclusions

We performed exhaustive lattice dynamics study of BTBO
crystal at room temperature based on the experimental Raman, IR
spectra investigation, group theory analysis and calculations of
phonon mode spectrum in the Brillouin zone centre. Experimental
spectra were analyzed in detail on the basis of the group theory
predictions and results of ab initio calculations. Both exchange-
correlation functionals, uncorrected GGA in Perdew-Burke-
Ernzerhof formulation and that corrected by the long-range
dispersion by Grimme's method (DFT-D3) gave quite a satisfac-
tory agreement with the experimental fundamental frequencies.
However, DFT-D3 approach results agree better with the experi-
ment as the total average deviation from Raman data was lower
than 1.4%.
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Introduction

The efficiency of spectral converters based on rare
earth (RE) ions doped crystalline materials is related
to the characteristic energy level structures of RE
ions, which allows up- and/or down-conversion
processes by resonant energy transfer between lan-
thanide ions [1]. Besides many other applications of
such materials, they can be used in the solar cells
technology to achieve high efficiency in conversion of
solar energy into electric current, by the concentra-
tion of solar radiation in the appropriate spectral
range, leading thus to enhancement of the photo-
voltaic effect. Solar energy near the Earth’s surface is
distributed in a wide spectral range from 300 to
2500 nm and consists of ultraviolet (UV) in 7%, visi-
ble (VIS) in 47% and infrared (IR) in 46% radiation
[2]. Conventional single-junction semiconductor solar
cells effectively convert only the photons of energies
close to the semiconductor band gap (Eg) as a result
of the mismatch between the incident solar spectrum
range and the spectral absorption range of the semi-
conductor material [3]. The photons with energies
smaller than E; are not absorbed and their energy is
not used for electrons generation, while the photons
with energies higher than Eg are absorbed, but the
excess energy is lost due to thermalization of the
generated electrons [4]. These spectral losses in a
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single-junction crystalline silicon (c-Si) solar cells
limit the efficiency of solar energy conversion into
electricity. One of the solutions to overcome this
limitation is to use the RE doped materials as spectral
converters in ¢-5Si solar cells technology, which con-
centrate the solar radiation into the required NIR
spectral range in the process of down-conversion
(known as quantum cutting process) [1]. In other
words, the high-energy region of the solar spectrum
cannot be utilized by conventional c¢-Si solar cells as
silicon has a band gap E; = 1.12 eV, corresponding to
the absorption in the NIR spectral range ~ 1100 nm
[5]. The proposed solution is to convert the high-en-
ergy part of the solar spectrum into the low energy
NIR region, from which the solar energy can be
efficiently absorbed by the c-Si solar cells.

In this study, we used a complex borate BizTeBOq
(abbreviated as BTBO) micro-crystals doped with
Nd>" ions. Oxide crystals are considered important
for photonic applications, thanks to the excellent
transparency window from UV to NIR as well as high
RE*" doping ability [6-8]. The synthesis, crystal
structure, electronic structure, some optical and
spectroscopic properties of undoped BTBO were
already reported [9-12]. Recently, the first complex
study of vibrational properties based on experimental
results of IR and Raman spectroscopy supported by
the ab initio calculations for undoped BTBO micro-
crystalline powders were reported by us [13].
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Among the RE*" ions, Nd*" ones are particularly
attractive as spectral converters because of their
characteristic electronic energy level structure, which
allows efficient down-conversion of the electromag-
netic spectrum from UV/VIS to NIR [14]. In this
study the specific N d®* emissions of the *F; /2 = u /2
and *F; /2 — 1, /2 transitions under excitation in UV
and VIS spectral range were investigated in
BTBO:Nd>" system. Moreover, there are many
reports available on the use of Bi®" ions (present in
BTBO matrix) as sensitizers for RE>* ions [15, 16].
The ground state of Bi>* ion with 6s” electronic con-
figuration is expressed as 'Sy. The 6s6p excited states
consist of 'P;, °P,, ®P; and 3P, states. The transition
from 'P; to the ground state generally occurs in the
UV region, whereas the location of the emission band
originating from °P; and °Py can be observed in the
range of shorter wavelengths (in UV or VIS range)
depending on the host lattice. Although the transition
from the ground state to the first excited level
('Sy — °Py) of Bi’* is strongly forbidden, the transi-
tions from the 'S, ground state to the 3p,, °P; and °P,
states are observed in optical excitation spectra.
Depending on the host material, the structure of the
energy levels of Bi°" ions may change and a lowering
of the excited states energy is typically observed in
comparison with the structure of electronic levels of
isolated Bi’* ions [17-19]. Particularly, for oxide-
based lattices, the structure of electronic levels of Bi®*
ions strongly depends on the configuration of the
nearest oxygen surrounding of Bi** ions [17]. In the
BTBO structure, Bi®* ions occur in octahedral coor-
dination BiOs being six-coordinated by the oxygen
atoms forming BiOg4 octahedra [13]. Due to the close
location of some excited states of Bi°* and Nd** ions
in the considered BTBO:Nd** system, the orbitals for
energy transfer from the Bi’' to the RE’' levels
overlap and an efficient NIR quantum-cutting pro-
cess (converting photons of high energy into photons
of lower energy) is possible [15]. Thus, the synergy
effect of cooperative down-conversion of Bi’* and
Nd>* ions from UV /VIS to NIR spectral range results
in efficient NIR emission in BTBO:Nd*" system.

Efficiency of the spectral conversion of the pro-
posed BTBO:Nd>* system strongly depends on the
concentration of RE*"active ions. Usually, increase in
the RE>" ions concentration should improve the
luminescence. However, too short distances between
the active RE®" ions in the host matrix may increase
the probability of energy transfer between them,

which results in luminescence suppression. This
phenomenon, known as Luminescence Concentration
Quenching (LCQ), was widely observed in lan-
thanide-based luminescent materials [20, 21], but it
can be avoided by using limited RE** concentration
[22, 23]. To obtain the optimal concentration of active
Nd** ions, we investigated BTBO microcrystalline
powders doped with different concentrations of
Nd** jons (0.5, 1.0, 2.5, 5.0, 7.5 and 10.0 at. %). On the
other hand, another condition required for efficient
RE*" luminescence emission of the doped phosphors
is a long emission lifetime, which significantly
depends on the lack of radiationless transitions. The
phosphors radiationless transition occurs due to the
multiphonon relaxation from the excited states of
active ions to the matrix, or to the above-mentioned
energy transfer process between the excited and
unexcited states of RE*" active ions. These processes
may also quench the emission of RE>* active ions and
are undesirable for achieving efficient emissions of
RE®* ions in the host matrix. The most desirable are
the matrices with lower phonon energy as well as
optimal separation between the active dopant ions.
Raman investigation presented in this paper shows
that BTBO has a low-energy phonon matrix.

The mentioned above new BTBO:Nd*" powders
were synthesized by means of the modified Pechini
method. In this paper we present for the first time the
synthesis as well as structure, morphology, p-Raman
and luminescence properties of BTBO:Nd>* powders.
In particular, the excitation spectra monitored at
1064 nm, emission in NIR under excitation at 327 and
586.4 nm as well as decay lifetimes monitored at
1064 nm for BTBO:Nd>" powders are presented.
Moreover, the energy transfer mechanism between
Bi>* and Nd>" ions, which leads to NIR emission of
BTBO:Nd’*, was discussed. Additionally, using the
Inokuti-Hirayama model, the kinetics of the lumi-
nescence was analyzed and some parameters related
with the energy transfer processes (from excited to
neighboring unexcited Nd*>* ions) were determined
for BTBO:Nd>" powder (0.5 at.%).

Synthesis procedure

BTBO powders were synthesized by means of the
modified Pechini method [24]. The following pre-
cursor materials were used for the synthesis without
additional purification: commercial bismuth oxide
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(Bi,O5, SIAL, 99.9%), tellurium dioxide (TeO,,
MERCK, 99.99%), neodymium oxide (Nd,O;, ALFA
99.999%), boric acid (H3BO;, STENMARK, 99.5%),
citric acid (C¢HgO,-H,O, POCH, 99.4%), mannitol
(CcHg(OH)s, CHEMDREAMLAND, 99.5%), deion-
ized water (MILIPORE, resistivity p =15 MQ-cm)
and nitric acid (HNO3;, 65% wt., POCH, pure p.a.). In
order to prepare the initial solutions, the proper
quantities of the oxides: Bi,O;, (along with proper
amount of Nd,O3; dopant) and TeO, were dissolved
in a minimal volume of HNO; in the presence of
citric acid (complexing agent) upon stirring and
heating at 80 °C. Tellurium source must be provided
in proper excess (here 12% mol.) because of its con-
siderable volatility during pyrolysis in the Pechini
method (not observed while heating the individual
raw substrate). Citric acid was chosen as a complex-
ing agent because citrate ligands can form rather
stable complexes of both Bi’* and Te*" in strongly
acidic solutions as well as of Nd*" ions [25]. The
molar ratio between citric acid and metal cations was
set to be 3:1. Under these conditions, the complete
dissolution of the metal oxides was secured. When
transparent and homogeneous solutions containing
metal complexes were obtained, a proper amount of
H3BO; (with required 10.0% mol. boron excess
applied to prevent non-stoichiometry due to the
presence of adsorbed water and a possible evapora-
tion of B,O; at elevated temperatures) was charged
into the solution and the stirring was kept on. The
overall molar ratio of the used Bi,O;, TeO, and
H3BO; substrates was 3:2.24:2.2, respectively (coun-
ted for undoped BTBO). After secondary homoge-
nization, mannitol (polymeric agent) was added into
the solution. In all the syntheses carried out, the
molar ratio of citric acid to mannitol was constant
and set to 3:1. After dissolving all the reagents, the
solution mixing was continued for about 1 h at 90 °C
in order to initialize the polyesterification. Each pre-
pared sol was then transferred into an alumina cru-
cible (INCERAMICS S.A.) and put inside a furnace
equipped with an EUROTHERM 9065 temperature
controller. The content was kept for about 24 h at
100 °C in order to evaporate the solvents (H,O-HNO;
azeotrope) and to complete the polyesterification. A
yellowish, foamy-like viscous gel was obtained. The
temperature was raised up to 350 °C for 3 h in order
to remove the water residuals and dry the gel until it
turned into black, brittle resin. To start the pyrolysis
process and to get rid of the organic part, the
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temperature was gradually raised up to 500 °C and
kept for 24 h. After that, the temperature was
increased to 650 °C and the process was still carried
out for 48 h. In between these stages and after their
completion, the powder materials were thoroughly
ground in an agate mortar. Such a long duration of
the synthesis (including 72 h of pyrolysis) is required
to ensure complete oxidation from Te** to Te®". From
the analytical point of view, the chemical reactions
that take place between the initial reagents during the
synthesis at a proper temperature and within a suf-
ficient process time according to the Pechini method
(for undoped BTBO) can be written by the following
equations:

. T .
31203(5) + TeOz(S)—l>BzzTeO5(s> (1)

. 1 T .
BlzT€O5(S) + TEOz(s) + E Oz(g) _2’B12T6208(s) (2)

BigTEzOg(s) + 2Bi203(5) + 2H3BO3(S)

1 To o (3)
+ 5 Og(g) —>ZBZ3T6309(5) + 3Hzo(g) T
3Bi203(5) + ZTEOZ(S) + Oz(g)
(4)

+ 2H3BOy(s) “32BisTeBOo(s) + 3H20() |

The sequence given above is the most probable,
while BTBO is the only documented existing phase
that consists of bismuth, tellurium and boron at the
same time. Tellurium ions can be oxidized from + 4
to + 6 state (through the intermediate BiTe,Og
phase, containing a tellurium pair at both + 4
and + 6 states), thanks to the presence of oxygen/air
atmosphere at high temperature. It explains such a
long duration of this process. Even if reaction (1) can
occur at T; (below 500 °C), reactions (2) and (3) can
run simultaneously, but only at a suitably high tem-
perature T,. Reaction (4) describes the summary
reaction taking place in this process. One can see that
the final product (BTBO) is formed as a result of
redox reaction. In our study, T; was equal to 500 °C
and T, was set to 650 °C. After the reaction comple-
tion, the crucible was taken out of the furnace and
rapidly cooled to room temperature. Its contents
were crushed and ground in an agate mortar and
very fine, almost colorless BTBO:Nd*>* powders were
obtained. Synthesis procedure provided above makes
it possible to determine and calculate the precise
amounts of Nd,O3 and Bi,O3 one should use in the
synthesis of each of the BTBO:Nd*" systems (for 0.5,
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1.0, 2.5, 5.0, 7.5 and 10.0 at.% of Nd**). According to
the literature data given for other borates, i.e. Bi,.
ZnOB,Oq [8] or 8-BiB3Og [26], we assumed that it is
possible to substitute effectively the Bi*" with Nd*>*
ions, what was later confirmed by XRD measure-
ments. In this work, the Nd dopant concentration is
expressed in at.% of Nd>" ions substituting Bi*" ions,
which is determined as Nd and Bi atoms content,
relative to three Bi atoms in the structure unit of
BizTeBOy (Table 1).

On the basis of synthesis reaction stoichiometry
(Reaction (4)) and mutual molar proportions, it can
be calculated that 0.69894 g of Bi,O5; should be used
for the synthesis of 1 mmol of undoped BTBO, while
for the synthesis of the same amount of doped
BTBO:Nd*" with Nd>* concentration equal to 5.0%
at, it requires 0.66399 g of Bi;O3; and 0.02524 g of
Nd,O3, respectively. These calculations show that the
molar ratio of Nd*" to Bi®* ions in target BTBO:Nd>*
systems should be exactly the same as the molar ratio
of used oxides: Nd,O3; and Bi,O; in the initial mixture
of needed reagents. Based on the above mentioned
(and the information concerning the necessary
excesses of Te and B), it is possible to determine the
absolute masses of all reagents needed for the
process.

Characterization
Experimental methods

The diffraction patterns of the synthesized
BTBO:Nd’* powders were collected using the BRU-
KER D8 Discover diffractometer equipped with the
CuK,, radiator (g, = 1.540598 A, Jx,» = 1.544426 A,
Siemens KFL CU 2K, 40 kV voltage and 40 mA
current in operating mode) and Gébel FGM2 mirror.
The Bragg-Brentano diffraction geometry was
applied. The diffraction angle 265 ranged from 18 to
70° with a step of 0.01° and acquisition time of 2 s per
step. All the measurements were carried out at 298 K
in the temperature-stabilized Anton Paar HTK
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DIFFRAC.SUITE EVA application was used, allow-
ing the Ak, signal component deconvolution and
removal, background subtraction and data smooth-
ing (using the fast Fourier transform). The phase
analysis was made with the support of the Crystal-
lography Open Database (COD). For crystallographic
calculations, the FullPROF ver. 3.0 program was
used. This application allowed the Rietveld refine-
ment and calculation of the precise unit cell param-
eters according to the diffraction profile fitting.

The microscopic analysis of BTBO:Nd*>" powders
was performed with the scanning electron micro-
scope (SEM/FEI Quanta 250FEG). The samples were
analyzed in the low vacuum mode at the pressure
70 Pa. The images were recorded in secondary elec-
tron mode at an accelerating voltage of 5 kV. Energy
dispersive X-ray (EDX) analysis was performed with
the Edax Octane SDD system at an accelerating
voltage of 30 kV.

The Raman investigations were performed in the
back-scattering geometry using the Renishaw InVia
Raman microscope equipped with the confocal the
DM 2500 Leica optical microscope and the CCD
detector. The unpolarized Raman spectra were exci-
ted with the Ar laser emitting light of 483 nm
wavelength and recorded in single scan with 30 s
exposure time and 1 mW of the applied power. The
position of the Raman peaks was calibrated before
data collection using the Si reference sample as an
internal standard with the peak position at
520.3 cm™'. The diffraction-limited optical spatial
resolution depended on the excitation wavelength
and for the used 50 x LWD objective it was
approximately equal to 1.5 um. The instrumental
resolution of the spectrometer was better than
2 cm™'. Spectral analysis was performed with the
software packages WiRE3.1/Renishaw.

The reflectance spectra were measured with the
Varian Model 5E UV-VIS-NIR spectrophotometer
equipped with two excitation sources: the tungsten
halide lamp in NIR/VIS and the deuterium arc UV
range. As detectors were used the Hamamatsu R928
PMT in UV/VIS and Peltier-cooled PbS photocell in

1200 N chamber.  For data processing, the g range. All spectra were corrected for sources,
Table 1 The Nd and Bi

content of the series of BTBO:Nd** 0.5 at.% 1.0 at.% 2.5 at.% 5.0 at.% 7.5 at.% 10.0 at.%
: : N

mvesilgated BTBO:Nd Nd 0.015 0.030 0.075 0.150 0.225 0.300
samples Bi 2.985 2.970 2.925 2.850 2775 2.700
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detectors and gratings characteristics. The excitation
and emission spectra as well as decay kinetics and
quantum yield measurements of BTBO:Nd>" crys-
talline powders were recorded using the FLS980
Fluorescence Spectrometer (Edinburgh Instruments)
equipped with the holographic grating of 1800 lines/
mm, blazed at 300 mm focal length monochromators
in Czerny Turner configuration. The excitation and
emission spectra were obtained using a 450 W Xenon
lamp. For decay times measurements, the 450 W
excitation source was replaced with the 150 W lamp
(nF2) with external triggering. The emission spectra
and decay times in the visible range were recorded
on the Hammamatsu C5680 streak camera with time
resolution below 50 ps and effective spectral range
from 200 to 1000 nm. An excitation source was the
Coherent Libra-S-laser (femtosecond laser, wave-
length 800 nm, pulse width of less than 100 fs and
energy of 1 mJ at 1 kHz repetition rate) paired with
the Coherent OPerA Solo Optical Parametric Oscil-
lator (two-stage amplifier of white continuum) that
allows generation of pulses in the range of wave-
lengths from 230 to 2800 nm.

Results and discussion
Crystal structure

BTBO crystalizes in hexagonal structure of P63 space
group with two formula units in the unit cell. The
unit-cell parameters of BTBO crystal are:
a=87510(12) A, c =5.8981(12) A and V = 391.16 A’
[9]. The crystal structure of BTBO is formed by two
covalently bonded ionic complexes, octahedral
TeO,"~ and trigonal-planar BO;>~ groups. In partic-
ular, B atoms are surrounded by three O atoms to
form the trigonal-planar BO; groups with uniform
B — O bond lengths, while Te®" cations are coordi-
nated by six O atoms with different Te — O bond
lengths. (The TeOg octahedra are slightly deformed
from the regular octahedral configuration.) Owing to
the size similarity of the ionic radii of the Nd** and
Bi’* ions, in the doped BTBO microcrystals, Bi’* ions
can be efficiently substituted by Nd>" ions. In the
crystal structure of BTBO, the BO; layers are alternate
with the cationic layers made of TeOg octahedra and
Bi*" ions along the z-axis. The BOj triangles are
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Figure 1 Structure of BTBO crystal (a) a view along the ¢ axis
(b) structure projection according to the xyz orientation [27].

placed in staggered arrangement along the z direc-
tion. Moreover, the BO3; and TeOg groups are arran-
ged similarly along the x and y axis, creating the
alternate rows of BO; and TeOs groups (Fig. 1)
[10, 13]. The structure of BTBO crystal presented in
Fig. 1 was prepared based on the structure data
involved in the Ref. [9]. The reference system (xyz)
was defined by the following convention: x is parallel
to a, y is perpendicular to a and z is parallel to c and
perpendicular to the xy plane. In the used notation,
a and c¢ denote the crystallographic axes of the
hexagonal system.

In particular, Fig. 1a presents the perspective view
of BTBO structure along the c axis with the following
coordination of B, Te and Bi atoms: (0, 0, 0.425(3)),
(2/3, 1/3, 0.0813(2)) and (0.29827(3), 0.34622(3),
0.10689(12)), respectively [9]. In Fig. 1b, the structure
projection according to the xyz orientation with some
planar BO; groups and TeOg octahedra is presented.
Moreover, we have already presented the detailed
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Figure 2 A set of experimental powder XRD patterns of
BTBO:Nd** samples.

description of BTBO structure in our previous paper
[13].

The results of diffraction measurements of
BTBO:Nd*>" powders are presented in Fig. 2. All
presented diffraction patterns of the synthesized
BTBO:Nd’* are in good agreement with the reference
COD card (No. 96-412-5286), what means that all of
them represent hexagonal class with P63 (173) space
group (Z = 2). No diffraction lines originating from
impurities, side products or unreacted reagents are
observed, what indicates that BTBO:Nd>" is the only
reaction product. The reference Crystallographic
Information File (CIF) of BTBO phase used for Riet-
veld refinement was received from the supplemen-
tary data given in Ref. [9]. The results for BTBO:Nd>*
compounds show that the original symmetry group
of the crystal remains undisturbed when the Nd*"
ions are incorporated into the BTBO matrix.
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The unit cell parameters of each synthesized sam-
ple are presented in Table 1. The values of effective
ionic radius of Bi’* and Nd>* are equal to 1.03 and
0.983 A, respectively [28]. Smaller Nd>* ions radius
can suggest that isovalent substitution of Bi*" ions
with Nd** should lead to progressive decrease in the
BTBO:Nd*" unit cell volume.

The results in Table 2 reveal irregular changes in
the BTBO:Nd>" unit cell parameters and its volume
vs. the content of Nd** ions. In particular, the lattice
constant a increases with increasing Nd>* content up
to 5.0 at.% Nd*>" ions in BTBO:Nd®>" and then
decreases, while c shows a distinguished decrease
with increasing Nd>* content. It is also seen that the
only factor that increases progressively with Nd**
content is the a/c ratio, and at around 10 at.% Nd>* it
stabilizes, as shown in Table 2. It may suggest that the
geometry of BTBO:Nd>" unit cell is slightly changing
(with unchanged symmetry class) and can affect its
non-centrosymmetry. Different character of the
courses of changes in the lattice constants 4 and ¢ can
be explained by the anisotropic behavior of these
structure parameters and various distribution of
Nd>* dopant in the BTBO:Nd*" microcrystals on the
surface and the volume of the grains, depending on
the Nd*" concentration. The threshold Nd** con-
centration in BTBO:Nd>* from which this volume
compression starts is ca. 2.5 at. % Nd>" ions. In par-
ticular, due to microscale of investigated polycrys-
talline materials, the distribution of Nd** dopant
may vary within a single grain and a significant
increase in their effective surface area takes place. As
a result, the Nd** dopant may more preferably con-
centrate closer to the surface of the BTBO:Nd>*
microcrystals and then it is more bound to its surface
than in its volume. Especially, when the concentra-
tion of Nd>* ions is low, it may more readily build up

Table 2 Calculated unit cell

parameters of BTBO:Nd** Compound Unit cell parameters [A] V/A?

powders A c aje
BTBO [9] 8.7510(12) 5.8981(12) 1.4837 391.16
BTBO [13] 8.7505(2) 5.8871(2) 1.4864 390.39
BTBO:NE**(0.5 at.%) 8.7483(2) 5.8879(2) 1.4858 390.25
BTBO:Nd**(1.0 at.%) 8.7520(1) 5.8877(1) 1.4865 390.56
BTBO:Nd**(2.5 at.%) 8.7570(3) 5.8855(4) 1.4879 390.86
BTBO:Nd3+(5.0 at.%) 8.7592(1) 5.8716(2) 1.4918 390.12
BTBO:Nd**(7.5 at.%) 8.7544(2) 5.8639(2) 1.4929 389.20
BTBO:NE**(10.0 at.%) 8.7523(3) 5.8618(3) 1.4931 388.87
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in the near-surface regions. Then, despite maintain-
ing the parental BTBO (hexagonal) structure, the local
strains in the crystal lattice may occur, which will
result in an increase in the lattice constants and vol-
ume of the BTBO:Nd>** unit cell. On the other hand,
as the concentration of the Nd>* dopant increases,
the possibility of filling the near-surface regions with
it begins to decrease, which in turn necessitates the
need for further incorporation of the dopant into the
BTBO:Nd>* microcrystals volume. Then, the changes
in geometry of the BTBO: Nd>* cell are closer to those
predicted theoretically, showing progressive com-
pression of BTBO. Moreover, for BTBO samples with
higher Nd** concentrations (5.0, 7.5 and 10.0 at.%),
we observed decreasing unit cell volume as a result
of the smaller Nd>* ionic radius (substituting ions) in
comparison with the substituted Bi®" ions. As a
result, Nd>*-Nd>' distances are shortened with
increasing Nd>* concertation in BTBO matrix. This
effect can consequently lead to LCQ and different
character of luminescence decay time of excited Nd**
ions for samples doped with 5.0, 7.5 and 10.0 at.% of
Nd>* ions.

SEM and EDX analysis

Microscopic observation of the BTBO:Nd** samples
revealed their morphology. All the materials dis-
cussed had different irregular microstructures
(Fig. 3).

The sample BTBO:Nd>*(0.5 at.%) (Fig. 3a) has both
large grains from 7 to 15 microns in size and smaller
grains between 3 and 5 microns in size. The large
grains are often agglomerations of much smaller
ones, of up to a micrometer in size. However, large
portions of the large grains are monolithic. The

Figure 3 SEM micrographs
of BTBO:Nd*" (0.5 at.%) (a),
BTBO:Nd**(1.0 at.%) (b),
BTBO:Nd** (2.5 at.%) (c),
BTBO:Nd** (5.0 at.%) (d),
BTBO:Nd** (7.5 at.%) (e) and
BTBO:Nd** (10.0 at.%) (f) in
magnification of 30 000x.
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sample BTBO:Nd>*(1.0 at.%) (Fig.3b) has a very
similar microstructure to that previously described.
The only significant difference is that the sizes of the
largest agglomerates reach 30 microns. The sample
BTBO:Nd*>*(25 at.%) (Fig.3c) has a similar
microstructure. Compared to previous ones, there are
no such large agglomerates made of small grains, and
the largest observed grains are monolithic. Their
diameters are between 7 and 14 microns. The sizes of
small, non-aggregating grains are mostly between 0.5
and 2.5 microns. From among all analyzed samples,
BTBO:Nd**(5.0 at.%) (Fig. 3d) has the morphology
most closely resembling large crystals with clearly
visible faces. The sizes of their edges are from 2 to
8 um. For BTBO:Nd>" (7.5 at.%) (Fig. 3e), we observe
the largest grains with the size of tens of micrometers
with a small amount of grains with the size of
1-2 pm. Increase in the Nd** content to 10.0 at%
(Fig. 3f) resulted in a reduction of the grains size to
1-4 pm and a change in their edges that became
strongly curved. However, their crystalline nature
can be observed, but is less visible than for the sam-
ple in Fig. 3d. Moreover, in the SEM images Fig. 3a-f
of all samples, the nano-sized crystals can be also
observed.

The EDX analysis of investigated samples allows to
determine the elements content for BTBO:Nd>* sys-
tems. In Fig. 4, the EDX spectrum for the selected
BTBO:Nd®>" (10.0 at.%) sample is presented.

Selected scanned areas of the sizes 28 x 36 pm? of
all investigated samples were subjected to the EDX
analysis. It should be noted that due to inhomoge-
neous morphology of the investigated samples, the
EDX analysis of Nd atoms used at a low content,
provides very local information. Moreover, the EDX
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Table 3 The clements content
in BTBO:NA®*(10.0 at.%) BTBO:Nd**(10.0 at.%) Element Weight % Atomic % Error %
sample B 8.26 37.85 4.63
(¢] 13.42 41.55 9.31
Te 11.26 4.37 5.32
Nd 3.08 1.06 6.89
Bi 63.98 15.17 2.61

measurement of elements present at very low con-
centrations is charged with a relatively large uncer-
tainty. The weight and atomic content of particular
elements (relative to the structure unit Bi3TeBOy) in a
selected exemplary BTBO:Nd>* (10.0 at.%) sample
are given in Table 3.

The theoretically calculated content of Nd and Bi
atoms, relative to all atoms in the structure unit of
BizTeBOy (three Bi atoms, one Te atom, one B atom
and nine O atoms) and the experimentally measured
content of Nd atoms (on the basis of EDX data) for
the series of investigated samples are given in
Table 4.

As seen from Table 4, the Nd content in the studied
samples increases with increasing concentration from
0.5 to 10 at.%, both for theoretical as well as experi-
mental values, as expected. The same Nd content

Table 4 The theoretical and

observed for experimental value for 7.5 and 10.0 at.%
may be results on the measured data mostly from the
surface than from volume of microcrystals. As
already mentioned, the volume in comparison with
surface location of Nd** ions are more preferred in
higher Nd** doped samples.

p-Raman investigation

BTBO crystalizes in hexagonal structure with P63
space group. The primitive unit cell of BTBO crystal
comprises two formula units and contains 28 atoms
engaged in 84 fundamental vibrations. The zone-
center optic modes predicted from the group theory
analysis for BTBO crystals can be classified according
to the following formula: 14A + 14B + 14E; + 14E,.
The phonon modes of A, E; and E, types are Raman
active, whereas the modes of A and E; species are IR

experimental contents of Nd Compound

atoms with the estimated
absolute uncertainty for the

Content of Nd atoms in the structure unit

Theoretical value Experimental value

series of BTBO:Nd** samples ~ BTBO:Nd** (0.5 at.%)
BTBO:Nd** (1.0 at.%)
BTBO:Nd** (2.5 at.%)
BTBO:Nd>" (5.0 at.%)
BTBO:Nd** (7.5 at.%)

BTBO:Nd** (10.0 at.%)

0.107 0.03 £ 0.01
0.214 0.12 £ 0.01
0.536 0.23 £+ 0.02
1.071 0.52 £+ 0.05
1.607 1.06 £ 0.08
2.143 1.06 £ 0.07
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active. The modes of B symmetry are inactive both in
the Raman and IR spectra [13, 29, 30]. The BTBO
structure is formed by octahedral TeOy and trigonal-
planar BO3; molecular groups, which have their own
characteristic internal vibrations. In the ideal, isolated
octahedra TeOg unit with point group symmetry Oy,
the internal vibrations can be classified into six fun-
damental modes: three Raman-active—the symmet-
ric stretching vibrations v; (~ 700 cm™'), doubly
degenerate asymmetric bending vibrations v,
(500-650 cm™') and triply degenerate symmetric
bending vs modes (below 400 cm™'); two IR-active
modes—the triply degenerate asymmetric bending
vibrations vs; (500-650 cm™'), triply degenerate
asymmetric bending vibrations v, (400-500 cm™)
and one v, internal mode inactive both in the Raman
and IR spectra [31]. The triangular planar BO; groups
with Dj, symmetry have their four characteristic
internal vibrations named: ; [, U3, le. Some of them
are Raman-active (14, [z, Mg) and/or IR-active modes
(12, 13, 1a). The vibrations of an ideal, isolated BOs
group can be classified into four fundamental modes:
symmetric stretching mode p; (~ 950 cm™"), doubly
degenerate = asymmetric stretching mode 3
(1250-1400 cm™ "), doubly degenerate planar bending
mode py (~ 600 cm™') and infrared active out-of-
plane bending mode p, (700-800 em™Y) [13, 32, 33].
Moreover, the frequencies of external lattice vibra-
tions (translations or librations of Bi (Nd) or Te atoms
and BO; and TeO, groups) are located
below ~ 350 cm ™.

The unpolarized Raman spectra of undoped BTBO
and BTBO:Nd®" crystalline powders were recorded
in the 100-1500 cm ™' spectral range at room tem-
perature (Fig. 5).

The spectroscopic parameters of all Raman-active
bands were analyzed by the fitting procedure using
the Lorentzian-like function. The detailed assignment
of all Raman-active bands and their determined
wavenumbers values are presented in Table S1.

As follows from Fig. 5, Table S1 and the data given
for undoped BTBO powder presented in our previ-
ous paper [13], the bands from the spectral range
1500 — 600 cm™' were assigned to the stretching
vibrations of BO; groups or TeOg octahedra. The
medium intensity bands at 1297, 1283, 1262,
1241 em™' and weak bands at 1221 cm™' were
assigned to the stretching modes of BO; units. The
very weak Raman band at 1384 cm™' is probably a
result of higher order Raman scattering (according to
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Figure 5 Unpolarized Raman spectra of undoped BTBO and
BTBO:Nd** powders, detected at 300 K.

our ab initio calculations) [13]. The very weak inten-
sity modes detected at 926 cm™' originate from A
type pi internal stretching vibration of BO3 complex.
The modes in the spectral rage 690-350 cm ™' corre-
spond to the vibrations of BO; and TeOgs groups.
Many bands in this spectral range have the mixed
character. The bands detected in the Raman spectra
in the spectral region 690-600 cm ™' originate from
the stretching vibrations 14 and p, of BO3 or v; and v,
of TeOq groups. In particular, the most intensive
modes recorded in this spectral range at 691 cm ™"
and the medium modes occurring at 649 cm™' were
assigned to the v; and vj stretching vibrations of TeOg
groups, respectively. The weak modes at 620 cm ™',
the medium modes at 604 cm™' and the weak modes
at 564 cm ™" detected in the spectra were attributed to
the py bending vibrations of BO3 groups. The other
bands in the Raman spectra in the considered spec-
tral range of 660-350 cm™' were assigned to the
vibrations of TeOs octahedra. In particular, the
shoulder at 596 cm ™' and the weak mode at 537 cm ™"
detected in the spectra can be assigned to the bending
vy vibrations; the very strong modes centered at
497 cm ™' and a shoulder at 414 cm ™' arise from the
vy vibrations; the medium-intensity modes at
401 cm™! in the spectra were assigned to the vs
vibrations. According to the analysis of the calculated
eigenvectors, the lowest frequency part of the spec-
trum, below ~ 350 cm™?, originates from the exter-
nal lattice vibrations of Bi(Nd) or Te atoms and TeOg
and BO; complexes, as the rigid units, and mainly
corresponds to the librational or translational
motions of these molecular groups. In particular, the
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highest intensity modes in this range were centered
at 124 and 154 cm™' in the spectra. The low
wavenumber/energy phonons detected in the Raman
spectra in the range below ~ 360 cm™' are of mixed
type and are related to the relatively large atomic
masses of Bi and Te atoms [8]. All above-given
wavenumbers were determined for BTBO:Nd>* (0.5
at.%) sample. Moreover, the spectral analysis of the
Raman spectra of undoped and Nd>*-doped BTBO
powders allows to conclude that low Nd** concen-
trations used in this study do not influence on
vibrational properties of BTBO matrix. The results of
Raman scattering method show the low phonon
energy of BTBO matrix, which is important in pho-
non-assisted energy transfer processes between
active Bi** and Nd>* ions.

Luminescence

All the bands present in the reflectance, excitation
and absorption spectra, assigned to the energy levels
of active Nd>* ions, were identify on the basis of the
Dieke’s diagram [33].

The reflectance spectra of undoped BTBO and
BTBO:Nd*" powders detected in 250-1000 nm spec-
tral range at 300 K are presented in Fig. 6.

In the reflectance spectra of BTBO:Nd>* powders it
can be observed the f-f transitions from Nd>" ions as
well as band assigned to the transition from Bi’" ions.
The broad bands recorded in the range 200-370 nm,
with the intensity maximum at about 330 nm arise
from the 'S, — °P; transition of Bi*" ions. All other
bands detected in reflectance spectra are assigned to
the f-f transitions from Nd>* ions. The bands at about
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Figure 6 The reflectance spectra of undoped BTBO and
BTBO:Nd** powders detected at 300 K.
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515 and 530 nm are related to the (4G7/2 + 4Gy /2)
- 419/2 and 2K13 /2 = 419/2 transitions, respectively.
The most intensive peaks located in range
570-610 nm were assigned to the (*Gs 2+ G, /2)
— %Iy, transitions. The weak bands in the spectral
range 670-700 nm correspond to the “F, /2 = 419/2
transitions. The bands in the spectral range
730-775 nm and 780-835 nm are present due to the
(Fr2 + *S3/2) = Ty and  (*Fsyn + Hoyo) — *lojn
transitions, respectively, and the peaks located in the
spectral rage 850-890 nm are attributed to the *Fs,»
- /2 transitions.

The excitation spectra of BTBO:Nd*" powders
were recorded at 300 K in the spectral range
250-900 nm by monitoring the F, /2 — 1 /2 transi-
tion of Nd** ions at 1064 nm (Fig. 7).

As follows from Fig. 7, numerous bands were
detected in the excitation spectra of BTBO:Nd*"
powders in the range from about 250 pm to about
900 nm. Moreover, the intensity of the bands in the
spectra depends on Nd** concentration. The highest
intensity excitation bands were detected in the spec-
trum of BTBO:Nd>* powder doped with Nd’* ions at
the lowest concentration (0.5 at.%). The correspond-
ing bands in the excitation spectra of BTBO:Nd**
powders were detected almost in the same positions
for all Nd*>" concentrations. In particular, the bands
recorded in the range 270 — 370 nm with the intensity
maximum at about 330 nm arise from the “Dj /2
« *ly,, transitions. Moreover, the broadening of the
excitation bands in this spectral range results from
the interference of the mentioned above Nd*" exci-
tation bands and the excitation bands assigned to the
'S, « 3P; transition of Bi*" ions. Very weak peaks at
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BTBO:Nd™ Gyt 2Gyp CING™ (0.5 at.%)
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Figure 7 Excitation spectra of BTBO:Nd>* powders recorded by
monitoring the emission of the 4F3/2 - 41” 1, transition in N>+
ions at 1064 nm, detected at 300 K.
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about 430 nm correspond to the 2p, R T /> transi-
tions. The weak bands in the range from 450 to
490 nm can be assigned to the K5 /2 — N /2 transi-
tions. The strong bands at about 515 nm are related to
the (*G, 2+ 4G /2) < 4 s> transitions, while the
strong peaks centered at about 530 nm arise from the
2Ky /2 — Y /2 transitions. The most intensive peaks
located in range 570-610 nm were assigned to the
(*Gs 2+ 2G7/2) — s> transitions. Moreover, the
bands in the spectral range 620-640 nm (very weak)
and 670-700 nm (weak) correspond to the Hy, /2
1 ,» and F, /2« o s> transitions, respectively.
The very strong bands in the spectral range of
730-775 nm and 780-835 nm are due to the (*F, /2
+ 483/2) — 419/2 and (4F5/2 + 2H9/2) “— 419/2 transi-
tions, respectively. The strong peaks located in the
spectral rage 850-890 nm were attributed to the *Fs,,
« ™y, transitions. It should be noted that the exci-
tation spectra of BTBO:Nd*>" powders (Fig. 7) corre-
spond well with the reflectance spectra (Fig. 6).
However, the difference in the transitions intensity
observed in the UV excitation and reflectance spectra
is a result of different sensitivities of the detectors in
the used equipment. It can be also observed that in
NIR range, in which PbS detector is used with much
lower sensitivity than R928 PMT, with decreasing
Nd>* concentration, the transition peaks intensity
almost disappears. In the visible and UV range, the
changes are less pronounced.

The emission spectra of BTBO:Nd>* powders were
investigated upon 327 and 586.4 nm excitation in the
800-1200 nm spectral range (Fig. 8).

The emission spectra of BTBO:Nd>* powders show
broad and intense bands in the range of 865-925 nm
and 1035-1100 nm. The broad multi-structure bands
detected in the range of 865-925 nm are related to the
“F, /2 > o /2 transitions. The shape of these bands is
a result of the Stark effect, which describes the
shifting and splitting of spectral lines of active ions
due to the presence of an external electric crystal
field. As a result, the *F3,, energy level of Nd*" splits
into several Stark components [34]. The strong bands
in the range 1035-1110 nm with a maximum at
1064 nm were attributed to the *Fs /2 = 1 /2 transi-
tions. The shape of these bands also suggests the
influence of the crystal field on the electronic level
4F3/2, which consists of Stark-levels, as mentioned
above [35] Interestingly, the highest intensity emis-
sion bands in NIR upon the excitation in UV were
detected in the spectra of BTBO:Nd>* powders
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doped with the higher concentrations of Nd** ions (5.
0, 7.5 and 10 at.%), with the maximum at 5.0 at.%
concentration (Fig. 8a). Upon the excitation in VIS,
the highest intensity emission bands in NIR were
detected in the spectra of BTBO:Nd>* powders
doped with the lower concentrations of Nd>* ions
(0.5, 1.0 and 2.5 at.%) with the maximum at 0.5 at.%
concentration (Fig. 8b). The observed phenomena
result from the different energy transfer mechanisms
upon the excitation in UV (by Bi** ions) and excita-
tion in VIS spectral range (by Nd>* ions).

In Fig. 9, the excitation and emission spectra reg-
istered in UV and VIS spectral range for undoped
BTBO matrix are presented. In the excitation spec-
trum, only one band centered at about 327 nm
assigned to the 'Sy — °P; transition of Bi’* ions was
detected. It shows that Bi®" ions present in BTBO
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Figure 8 Emission spectra of BTBO:Nd** powders upon the

excitation at 327 nm (a) and 586.4 nm (b), recorded at 300 K.
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matrix can be used as a UV absorption sensitizer for
Nd>* ions in BTBO:Nd>" samples. Moreover, the
emission spectrum shows the broad emission band in
the 450-650 nm with the maximum at 560 nm (yel-
low emission) related to the °Py — S, transition of
Bi’* ions.

The possible mechanisms of energy relaxation after
UV or VIS excitation are illustrated schematically in
Fig. 10.

Due to the close positions of electronic levels of the
excited states of Bi®" and Nd*" ions, the energy
transfer process from Bi’* to Nd>* ions is possible. In
particular, after the excitation in UV (at 327 nm), Bi®*
ions are excited from the 'S, ground states to the °p,
excited states, and next, after phonon-assisted non-
radiative relaxation, they relax to the %P, excited
levels and next Bi®" ions can relax to the 'S, ground
states by emitting photons in the yellow region or
through the resonance energy transfer to the nearest
Bi’* or Nd*" ions. The energy of excited Bi’* ions can
be also transferred by the energy migration process to
the unexcited neighboring Bi*" ions, which leads to
LCQ of Bi*" ions. The other possible energy transfer
processes from °P; level of Bi*" ions are the relaxations
to the lower-laying exciting levels of Nd>* ions: *P; /5,
*Kissz ‘Grpo + *Gosa, *Kuzja, *Gsja + °Gro, *Hinga
*Fo/2, *F7/2 + *S3/2, *Fs/2 + *Ho . The excited Nd**
ions after non-radiative relaxation to *Fs s> level can
relax through the “F, /2 = o s> and F, /2 = 1 /2
transitions with NIR emission near 878 nm and
1064 nm, respectively. The phenomena in which one

1 BTBO

excitation spectrum >S ( ’1]3"‘;
emission spectrum

0.8
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Figure 9 The excitation and emission spectra of BTBO powder

for the emission observed at 560 nm assigned to Bi** ions upon
the excitation at 327 nm, recorded at 300 K.

photon of high energy can convert energy into two
photons of lower energy is known as the quantum
cutting process [36, 37]. The above-described energy
transfer process from Bi’" to Nd*" leads to
enhancement of Nd** emission in the NIR region. It
should be noted that for lower concentrations of
Nd®** ions (0.5, 1.0 and 2.5 at.%), the mentioned
energy transfer process is not effective enough
because all Bi’* ions are excited, but they can transfer
energy only to the selected neighboring Nd**ions.
The optimal Nd*'concentration for the quantum
cutting process to be realized by Bi’*-Nd>* pairs in
the BTBO:Nd>" system is 5.0 at.%. For higher con-
centration of Nd** (7.5 and 10.0 at.%) we observe the
LCQ effect.

After the excitation in VIS (at 586.4 nm), the Nd>*
ions are excited from the ground state *Iy/, to the
excited states ‘Gs /2+2G7 ;2 (the most intensive bands
detected in the excitation spectra of BTBO:Nd**
powders recorded by monitoring the emission of the
4F3 /2 = 4111 s2 transition in Nd** ions at 1064 nm).
These excited Nd>" ions can relax to the *F; /2 level
through non-radiative relaxation and next the NIR
emission can be observed at about 878 nm and
1064 nm by the *F3;, — *lo/n and *“Fs/n — 1)
transitions, respectively. Moreover, the highest
intensity NIR emission was observed for 0.5 at.%
Nd>* concentration. For higher concentrations of
Nd®** ions (1.0, 25, 5.0, 75 and 10.0 at. %), we
observed a decrease in the NIR emission as a result of
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Figure 10 Schematic diagram of the possible ET between active
jons in the BTBO:Nd>" system upon the excitation at 327 and
586.4 nm.
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transition in Nd>" ions at 1064 nm, upon the excitation at 327 nm (a)(b) and 586.4 nm (c)(d), detected at 300 K.

LCQ effect due to short distances between the active
Nd>* ions.

The luminescence decay curves of BTBO:Nd**
powders monitored for the emission at 1064 nm
upon the excitation at 327 and 586.4 nm are pre-
sented in Fig. 11.

To determine the decay times, the experimental
decay curves of BTBO:Nd*" powders were fitted to
the exponential function according to the following
formula:

t t
I =TI exp (— a) + L exp (— E) (5)

where I; and I, are the intensities of different lumi-
nescence processes at the initial time and 7; and ; are
their lifetimes, respectively [37]. For BTBO:Nd>*
powders doped with higher Nd>' concentrations
(5.0, 7.5 and 10.0 at.%), a good fit was obtained with a
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double exponential function, while only one expo-
nential function was needed for lower doped pow-
ders (0.5, 1.0 and 25 at.%). The decay time
determined by the spontaneous emission from the
excited Nd*" levels and the time calculated from the
fit of the decay curves show the influence of the
dopant concentration on the energy transfer process.
The presence of two components in the decay fit is
due to the different location and environment of
Nd>* ions incorporated into the BTBO lattice either in
the volume or on the surface of the microcrystals,
where Bi®" ions are substituted by Nd** ions.
Moreover, for higher concentrations of Nd®*, the
surface-related effect is stronger due to higher surface
to volume ratio, which results in a double exponen-
tial decay time character. The determined lifetimes
monitored for the emission at 1064 nm under the
excitation at 327 and 586.4 nm are given in Table 5.
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Table 5 The lifetimes monitored for emission at 1064 nm upon
the excitation at 327 and 586.4 nm

Compound Aexe. = 327/nm Aexe. = 386.4/nm
T/us T/us
BTBO Nd** (0.5 at%) 107 108
BTBO Nd** (1.0 at%) 98 99
BTBO Nd*" (2.5 at%) 74 71
Ti/us To/ps T,/us To/pUs
BTBO N&** (5.0 at%) 27 77 39 91
BTBO Nd** (7.5 at%) 22 74 29 72
BTBO Nd** (10.0 at%) 15 68 13 58

As follows from Table 5, the maximum lifetimes t
equal 107 and 108 ps were obtained for the
BTBO:Nd** samples with the lowest concentration of
Nd3* (0.5 at.%), both under the excitation at 327 and
586.4 nm. For the other samples (1.0 and 2.5 at.%
concentration of Nd*"), the lifetimes t were shorter
due to a weak Nd**-Nd>* interaction resulting in the
LCQ effect. For the BTBO:Nd>* samples with higher
concentration of Nd>* ions (5.0, 7.5 and 10.0 at.%), the
lifetimes t; and 1, related to the above-mentioned
different location of Nd*" ions (in the surface and in
the volume of microcrystals, respectively) were
determined. Moreover, as presented in Table 2, we
observed the lifetimes to decrease with increasing
Nd** concentration, both for 1; and 1.

Additionally, the presented experimental results
for BTBO:Nd*" powders were supported by the fol-
lowing analysis and calculations. As mentioned
above, the LCQ effect and shortening of the lifetime t
for BTBO:Nd>" powders strongly depend on the
concentration N4 of active Nd>* ions, which can be
calculated using the following equation:

3Zx
Na=—- (6)

where V is the unit-cell volume, x is the dopant
concentration and Z is the number of formula units in
the unit cell [35]. The calculated N, values for
BTBO:Nd>* powders are equal 7.68, 15.36, 38.38,
76.89, 11562 and 15429 (x 10* ions/m’ for
x =0.005, 0.010, 0.025, 0.050, 0.075 and 0.100,
respectively. The effective energy transfer process
from the excited (donors D) to the unexcited (accep-
tors A) Nd*" ions depends on the distance between

them. The average distance Rp4 between the D and A
ions can be calculated from the following formula:

3V \1/3
47er>

Rpa ~ 2( (7)

where V is the unit-cell volume, x is the dopant
concentration and Z is the number of formula units in
the unit cell [35]. The average distance Rp4 for the
investigated BTBO:Nd>" powders calculated using
Eq. 7 is equal 42.1, 334, 24.6, 19.5, 17.1, 15.5 A for
x = 0.005, 0.010, 0.025, 0.050, 0.075 and 0.100,
respectively. The relatively high values of Rp4 in the
investigated BTBO:Nd®>" powders indicate that the
main energy transfer mechanism responsible for the
LCQ effect and shortening of the lifetime t is the
electric interaction [35].

Furthermore, for BTBO:Nd>* powder with the
lowest concentration of Nd®>* ions (0.5 at.%), the
decay curve was analyzed using the Inokuti-Hi-
rayama (IH) model [38]. In the IH model, the kinetics
of the fluorescence intensity was described by the
following equation:

I(t) :IOexp[_Ti_Q(ci);

where 1y is the intrinsic decay time of D ions in the
absence of A ions; b is the fitting offset; Q is the
energy transfer parameter. The decay curve of
BTBO:Nd’* (0.5 at.%) powder was well fitted to the
IH models for the measured fluorescence lifetime
79=108 pus (of the *Fs /2 ™ o /2 transition upon the
excitation with 586.4 nm) and s = 6. The value of
s = 6, which was used during the fitting procedure,
suggests the dipole-dipole interaction as the main
mechanism of the energy transfer in the BTBO:Nd>*
(0.5 at.%) powder [35]. Moreover, the energy transfer
parameter Q can be determined from the fitting
procedure using the following formula:
Q:%nl"<1—3>NARS’ 9)

S

+b (8)

where I' is the function taking the values of 1.77 for
the dipole-dipole interaction [35], R, is the critical
distance and N4 is the concentration of A ions.

Assuming the IH model, the energy transfer rate
Wer was calculated using the following equation:
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C(S)
Wer(Rpa) = % (10)
Rpa
where Rp, is the average distance between D and A
ions, the value of s is equal to 6 for the dipole—dipole
interaction [35] and Cpy is the energy transfer micro-
parameter estimated by analyzing the decay profile
using the following relation [39]:

Cpa = Rit,! (11)

where the value of R, = 3.48 A was calculated from
the transformed Eq. 9.

Finally, according to the IH model, the following
energy transfer parameters for BTBO:Nd** (0.5 at.%)
powder were determined: Q =0.12, the energy
transfer micro-parameter Cpy = (1.60 x 10%) m®/s
and the energy transfer rate Wer = 0.003 s~'. More-
over, for BTBO:Nd>* powders with the higher N a3+
concentrations (1.0, 2.5, 5.0, 7.5 and 10.0 at.%), the
decay curves were not well fitted to the IH model and
the observed shortening of the lifetime t indicates
some other energy transfer processes between the
D and A ions such as the resonant energy migration
or cross-relaxation [40].

Conclusions

The investigated BTBO:Nd>" microcrystalline pow-
ders doped with Nd>* ions in various concentrations
(0.5,1.0, 2.5, 5.0, 7.5 and 10.0 at. %) were synthesized
by means of the modified Pechini method. Their
phase uniformity (hexagonal structure of P63 space
group) was confirmed by XRD. On the basis of the
Raman spectra of BTBO:Nd>* powders, the phonon
energy of BTBO matrix associated with vibrations of
the characteristic BO; and TeOg molecular groups
was determined. The relatively low phonon energy of
BTBO matrix allows effective phonon assisted energy
transfer between Bi** and Nd*" active ions. The
excitation spectrum of BTBO for Bi’* ions emission in
VIS (with maximum intensity at about 560 nm)
shows the band at 327 nm. The excitation spectra of
BTBO:Nd>" for Nd’* ions emission at 1064 nm show
the bands related to the f-f optical transitions of Nd**
ions as well as the bands related to the 'S, — °P;
transition of Bi®* ions at about 327 nm. The emission
spectra of BTBO:Nd>* powders excited at 327 nm (by
Bi*" ions) and at 586.4 nm (by Nd>" ions) show rel-
atively strong luminescence at about 878 and

@ Springer

1064 nm arising from the 4, /2 = Ty ,» and “F, /
> = /2 transitions of N d>* ions, respectively. The
higher intensity emission bands in NIR for the exci-
tation in UV (by Bi’" ions) were detected in the
spectra of the BTBO:Nd>' powders doped with
higher concentrations of Nd** ions (5.0, 7.5 and 10
at.%), with the maximum for 5.0 at.% concentration.
So, the optimal Nd>* concentration for the quantum
cutting process to be realized by Bi’*-Nd>* pairs in
the BTBO:Nd>" system is 5.0 at.%. for the excitation
in UV (by Bi’" ions). For higher concentration of
Nd** (7.5 and 10.0 at.%), we observe the LCQ effect.
For the excitation in VIS (by Nd3+ ions), higher
intensity of emission bands in NIR was detected in
the spectra of BTBO:Nd>* powders doped with lower
concentrations of Nd®* ions (0.5, 1.0 and 2.5 at.%)
with the maximum for 0.5 at.% concentration. For
higher concentrations of Nd** ions (1.0, 2.5, 5.0, 7.5
and 10.0 at. %), we observed a decrease in the NIR
emission as a result of LCQ effect due to short dis-
tances between the active Nd>* ions. Moreover, the
longest fluorescence decay lifetimes monitored at
1064 nm are equal 107 and 108 ps for the BTBO:Nd**
sample with the lowest concentration of Nd** (0.5
at.%), upon the excitation at 327 and 586.4 nm,
respectively. For BTBO:Nd>* powders with higher
concentration of Nd®* ions, the fluorescence decay
lifetimes change character and decrease due to the
increasing significance of the surface-related effect.
Moreover, the observed phenomena result from dif-
ferent energy transfer mechanisms upon the excita-
tion in UV (by Bi’* ions) and excitation in VIS
spectral range (by Nd’' ions). Due to the energy
transfer process from Bi’* to Nd>*, the enhancement
of Nd*" emission in the NIR region is observed in
BTBO:Nd’* systems. As a result, due to good optical
and luminescence properties, the BTBO:Nd*"
microcrystalline powders can be potentially used as
an efficient UV/VIS to NIR spectral converters for
new generation c-5i solar cells.
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ARTICLE INFO ABSTRACT

Keywords: Enhanced near-infrared emission at 1531 nm of Er>" ions excited by Bi®" and/or Yb®" ions was revealed in
BizTeBOg BisTeBOo:Yb®"/Er®* phosphors. The microcrystalline powders investigated: BisTeBOg:Er>", BisTeBOq:Yb®" and
Luminescence

BisTeBOo:Yb®"/Er®* were synthesized by means of the modified Pechini method. Their hexagonal structure with
P63 space group was confirmed by XRD measurements. The morphology of the above-mentioned samples was
analyzed using SEM technique. The results of p-Raman investigations showed low phonon energy of Bi3TeBOg
matrix. The characteristic Er>* emission at 1531 nm assigned to the *I;3/5 — *I;5/2 transition in BigTeBOg:Er®*
and BigTeBOo:Yb>*/Er®* powders was excited by Bi®>* or Yb>* ions (the Sy — 3P; or 2Fy,5 — %Fs,, transitions)
upon their excitation at 327 or 975 nm, respectively. It was revealed that the effective energy transfer from the
excited Bi®" ions (at 327 nm) directly to Er®* ions or indirectly to Er®" ions both via the excitation of Bi>" ions in
VIS range or excitation of Yb®" ions in the NIR range results in synergistic effect, which produces enhanced
emission at 1531 nm of Er*" ions in BigTeB09:Yb3‘+/Er3+ system. Moreover, it was found that the effective
energy transfer from the excited Yb%* ions (at 975 nm) directly to Er’" ions results in the efficient emission at
1531 nm of Er®* ions. Furthermore, the calculations of energy transfer efficiency and quantum efficiency proved
the effective energy transfer from Bi>* to Yb>* and from Yb3" to Er®' ions. The corresponding mechanisms of
energy transfer processes in the investigated materials were discussed on the basis of reflectance, excitation and
emission spectra and measured decay times. The results indicate a potential of the use of BigTeBOg:Yb>t/Er3*
powders as spectral converters in new generation of photovoltaic devices.

Rare earth ions
Spectral converters
Solar cells

1. Introduction crystalline silicon c-Si, single- or polycrystalline silicon,

non-crystalline (amorphous) silicon, germanium, perovskite, and single-

Nowadays, one of the most crucial ecological challenges is devel-
opment of new strategies and new technologies for production envi-
ronmentally safe energy. To do that it is necessary to explore the
potential natural sources of green energy. From among natural sources
of energy, the Sun provides the cleanest and relatively easily harvested
energy [1]. In recent years high dynamics in modification of conven-
tional solar cells technology to improve efficiency in conversion of the
natural solar energy into electric energy by the photovoltaic effect was
observed [2,3]. The main issue that limits the solar energy conversion
efficiency is the spectral mismatch between the incident sunlight and the
band gap of semiconductor materials used in solar cell devices [4]. At
present, there are several kinds of solar cells such as: single-junction

* Corresponding author.

or multi-junction III-V semiconductor solar cells [4-6].

Up to now conventional c-Si type solar cells, the first-generation
solar conversion devices, have been most popular and occupy the
major photovoltaic market due to their established production tech-
nology and low price compared to the others [4,7]. However, in con-
ventional c-Si solar cells only a small range of the solar spectrum,
namely 900-1100 nm range (corresponding to the Si band gap of about
1.1 eV) can be fully utilized and converted into electricity. The photons
of lower energy than the Si band gap energy cannot be absorbed, while
the excess energy of higher energy photons is lost due to charge carriers
thermalization or electron-hole recombination effects [4,7]. Moreover,
the conventional c-Si solar cells show low energy conversion efficiencies
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of around 22% and 25% for industrial application and laboratory
research, respectively [8,9]. A possible solution to improve the effi-
ciency of conventional c-Si is to use some spectral converting materials
in their structure that would concentrate the solar spectrum (from UV
via VIS up to NIR range) into the spectral response region for c-Si
semiconductor materials in the up- or down-conversion processes, and
improve the solar spectral utilization efficiency. Among others, rare
earth (RE) ions doped luminescent materials are attractive for this task,
because of their characteristic structure of electronic energy levels with
possible transitions in absorption process as well as effective energy
transfer between RE®* active ions, which allow conversion of solar ra-
diation into the required spectral range of 900-1100 nm and conse-
quently improve the photovoltaic efficiency in conventional c-Si solar
cells [10,11]. Moreover, there are many reports on RE>* ions such Eu®",
Nd3*, Tm3*, Pr3t, Tb3T, Er®*, and Ho®* [11-14] or other ions such as
Cr3+, cetor Bi*t [9,14-16] with broadband absorption bands, which
were used as the sensitizers of Yb>* jons (the ions whose spectral range
of absorption matches the Si band gap energy) to realize spectral con-
version mainly through the up- and down-conversion or quantum cut-
ting processes.

New generation photovoltaic semiconducting solar cells, providing
the highest efficiency of solar energy conversion into electricity, are the
III-V semiconductor based single- or multi-junction photovoltaic devices
[4-6,17]. The III-V semiconductors are characterized with the tunable
bandgaps (Eg) depending on the used elements of IIT and/or V group,
which allow effective utilization of the solar spectrum [17]. The range of
optical activity of III-V semiconductors covers the UV, VIS and NIR
wavelengths offering the possibility to efficiently absorb the broad solar
spectrum radiation [4]. In particular, GaAs (E; = 1.42 eV), InP (E; =
1.35 eV) GalnP (Eg = 1.81 eV) single-junction solar cells show the 29.1,
22.1 and 20.8% efficiency under solar radiation (for the AM1.5 standard
solar spectrum), respectively [4]. Recently, a short-circuit current den-
sity of 15.2 mA/cm? (for standard AM1.5D illumination at 1000 W/m?)
of the low-bandgap GaInNAsSb single junction solar cells has been re-
ported, which corresponds to the highest external quantum efficiency
ever reached by dilute nitride solar cells with energy bandgaps below
0.8 eV [17]. Because the limiting efficiency of single-junction solar cells
is 30-32%, multi-junction solar cells have been intensively developed
and modified [6]. Moreover, the III-V compounds single-junction solar
cells such as GaAs, InP, AlGaAs, GalnAs or GalnP are important as
sub-cells for multi-junction solar cells [4,6,18-20]. For multi-junction
photovoltaic devices the efficiencies exceeding 40% were reported for
example for: an upright metamorphic triple-junction (3 J) cell (42%)
[20], wafer bonded four-junction (4 J) cell (46%) [21] or six-junction (6
J) solar cell (39.2% under AM1.5 solar radiation and 47.1% under light
concentration) [6]. Moreover, many RE3* ions such as: Yb>*, Er®*, Pr3*
or Tb®* are considered as an active luminescent ions for new gen-
eration/type multi-component semiconductor solar cells [11-14].

In this paper we present the studies of a complex borate BigTeBOg
(BTBO) crystalline powders doped with Yb®* and/or Er®* ions, which
could be considered as effective spectral converters used in solar cells
technology for concentration of solar radiation in the required spectral
ranges: for c-Si solar cells (ranges about 980 nm) and/or multi-
components semiconductor solar cells (ranges about 1531 nm). BTBO
was used as host lattice due to its excellent structure and optical prop-
erties as well as a relatively easy possibility of doping with RE>* jons
[22-25]. The structure, luminescence and vibrational properties of
BTBO micro-powders, pure and doped with Nd>* ions, have been
already reported by us [26,27]. In particular, the sensitization of Yb>*
ions by Bi®" ions as well as sensitization of Er>* ions by Bi** or Yb®* ions
were studied for BTBO:Er®", BTBO:Yb®* and BTBO:Yb>*/Er®* powders.
As we reported in our previous paper, the Bi®* ions present in BTBO
matrix excited in the UV range can efficiently transfer their energy to the
other RE®* ions present in the doped BTBO powders [27]. The electronic
energy levels of Bi>" ions include the ground state 'Sy and the excited
states 'P;, 3P, °P; and 3Po. The transition from 'P; to the ground state
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occurs in the UV short wavelengths region, while the location of the
emission band originating from *P; and 3Py can be observed in the UV or
VIS range, depending on the host lattice. The structure of the energy
levels of Bi®* ions may change depending on the host material and a
lowering of the excited states energy is typically observed, relative to
that of the electronic levels of isolated Bi>* ions [28-30]. The structure
of electronic levels of Yb®" jons permits the 2R, /o — °F, 2 transition (at
about 975 nm) corresponding to the spectral range of absorption of Si
solar cells, which is of great interest for photovoltaic application. Er®*
ions can be considered as an active luminescent ions for new gen-
eration/type multi-component semiconductor solar cells, owing to their
rich structure of electronic levels: the ground state *I;5,, and many
excited levels Kis/a + *Gy/2, *G11/2; 9/2, 2Hoya, Fs/2; 3/2, *Fr/2, 2Hi1 /2,
483/2, 4F9/2, 4111 /2 4113/2, and possible transitions in NIR spectral range
(associated with the 4113/2 - 4115/2 and 483/2 - 419/2 transitions) or in
VIS spectral range (due to the 2H11 2= 411 5/2 453 /2 — 4115 /2 and 4F9 /2 —
“Iis /o transitions), which are within the spectral response of the
low-bandgap semiconductor materials for solar cells [31-35]. Moreover,
because of broad absorption cross section of Yb®" ion, as well as its wide
absorption bandwidth, the effective resonant energy transfer from Yb>*
to Er" ions was observed in the investigated BTBO:Yb®*/Er®* systems.
Additionally, based on the basis of the measured luminescence lifetimes
of the analyzed emissions, the energy transfer efficiency and quantum
efficiency were calculated.

2. Experimental

XRD measurements of BTBO:Er>*, BTBO:Yb®* and BTBO:Yb3*/Er3*
powders were made using the BRUKER D8 Discover diffractometer with
CuKa radiation (Age1 = 1.54056 A, Agqo = 1.54443 A, Siemens KFL CU 2
K, 40 kV and 40 mA) equipped with the Gobel FGM2 mirror. The
Bragg-Brentano diffraction geometry was applied. The diffraction angle
was 20p ranged from 18 to 70° with a step of 0.01° and acquisition time
of 2 s per step. The measurements were carried out at 299 K in the
temperature-stabilized Anton Paar HTK 1200 N chamber. The DIFFRAC.
SUITE EVA application (provided by diffractometer producer) was
applied for data processing. The phase analysis was performed with the
support of the ICDD PDF-2 & COD databases in Match program by
Crystal Impact. The FullPROF ver. 3.0 program with EdPCR were used
for Rietveld refinement and calculations of precise experimental
diffraction profile, unit cell parameters and crystallite sizes.

SEM measurements were performed with the FEI Quanta 250 FEG
microscope, the images obtained for secondary electrons are presented
in this paper. The microscope was operated in high vacuum mode at an
accelerating voltage of 5 kV.

The Raman investigations were performed in the back-scattering
geometry using the Renishaw InVia Raman spectrometer equipped
with confocal DM 2500 Leica optical microscope and CCD detector. The
Raman spectra were excited with the Ar laser emitting light of 488 nm
wavelength and recorded in single scan with 30 s exposure time and 1
mW of the applied power. The position of the Raman peaks was cali-
brated before data collection using the Si reference sample as an internal
standard with the peak position at 520.3 cm ™. The diffraction-limited
optical spatial resolution depended on the excitation wavelength and
for the used 50x LWD objective it was approximately equal to 1.5 pm.
The instrumental resolution of the spectrometer was better than 2 cm ™.
Spectral analysis was performed with the software packages WiRE3.1/
Renishaw.

The reflectance spectra were measured with the Varian Model 5 E
UV-VIS-NIR spectrophotometer equipped with two excitation sources:
the tungsten halide lamp in NIR/VIS and the deuterium arc UV range. As
detectors the Hamamatsu R928 PMT in UV/VIS and Peltier-cooled PbS
photocell in NIR range were used. All spectra were corrected for sources,
detectors and gratings characteristics. The excitation and emission
spectra as well as decay kinetics and quantum yield measurements of
BTBO crystalline powders doped with Yb®* and/or Er** ions were



T. Zhezhera et al.

recorded using the FLS980 Fluorescence Spectrometer (Edinburgh In-
struments) equipped with the holographic grating of 1800 lines/mm,
blazed at 300 mm focal length monochromators in the Czerny-Turner
configuration. The excitation and emission spectra were obtained
using a 450 W Xenon lamp. For decay times measurements, the 450 W
excitation source was replaced with the 150 W lamp (pF2) with external
triggering. The uncertainties for measured lifetimes were lower than
0.01 ms. The emission spectra and decay times in the visible range were
recorded on the Hammamatsu C5680 streak camera with time resolu-
tion below 50 ps and effective spectral range from 200 to 1000 nm. The
excitation source was the Coherent Libra-S-laser (femtosecond laser,
wavelength 800 nm, pulse width of less than 100 fs and energy of 1 mJ at
1 kHz repetition rate) paired with the Coherent OPerA Solo Optical
Parametric Oscillator (two-stage amplifier of white continuum) that
allows generation of pulses in the range of wavelengths from 230 to
2800 nm.

3. Results and discussion
3.1. Crystal structure

BTBO:Er’*, BTBO:Yb>* and BTBO:Yb3*/Er®* crystalline powders
were synthesized by means of the modified Pechini method, based on
the procedure developed and described in detail in our previous work
[33]. The doping concentrations of RE3" ions in the BTBO matrix used
for the investigated samples BTBO:Er®*, BTBO:Yb®™ and BTBO:
Yb3*/Er3* were 1.0 at.%, 5.0 at.% and 5.0/1.0 at.%, respectively. The
Er’* ions content of investigated samples was kept at 1 at.% to avoid
luminescence quenching. Moreover, to overcome low pump absorption
achievable with Er>* alone, co-doping with Yb®' ions was used. The
Yb3* ions act as a sensitizer due to the much higher absorption cross
section than Er®* ions. Typically used molar ratio of Yb>*/Er®" in sys-
tems for effective down- or up-conversion emission of Er>" ions is cho-
sen as 5:1 to improve the efficiency of pump absorption [36]. The XRD
data obtained for the above-mentioned powders are presented in Fig. 1.

All obtained diffraction patterns of BTBO:Yb*'/Er®*, BTBO:Yb®*
and BTBO:Er’* powders are in good agreement with the reference COD
card (No. 96-412-5286), what means all of them have hexagonal
structure with noncentrosymmetric P63 (no. 173) space group (Z = 2)
and correspond to that obtained for the undoped BTBO powder [27].
The results for BTBO:Er®", BTBO:Yb>t and co-doped BTBO:Yb®*/Er®+
show that the crystal structure with the hexagonal symmetry remains
undisturbed when the mentioned RE®* ions in the above-specified
concentrations are incorporated into the BTBO matrix. The unit cell
parameters of BTBO:Er>", BTBO:Yb®" and BTBO:Yb%*/Er®* samples are
presented in Table 1.
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Fig. 1. A set of XRD patterns of BTBO:Yb*>'/Er**, BTBO:Yb*>" and BTBO:
Er>* powders.
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Table 1
Calculated unit cell parameters of BTBO:Yb®>*/Er®*, BTBO:Yb®>" and BTBO:Er®*
powders.

Compound Unit cell parameters V [A%] D [nm]
a[A] c[A] a/c
BTBO:Yb>'/Er**(5/ 8.7338 5.8641 1.4894 387.38 45
1%) 2) ®3)
BTBO:Yb3+(5%) 8.7508 5.8595 1.4934 388.59 39
2) ®3)
BTBO:Er>*(1%) 8.7556 5.8893 1.4867 390.99 58
) ®3)
BTBO[27] 8.7505 5.8871 1.4864 390.39 -
) )

The results given above show a direct connection between the con-
tent of Er*, Yb®" and Yb3*/Er®" ions in BTBO host and the changes in
its unit cell volume. The values of effective ionic radius of Bi**, Er®* and
Yb3* are 1.030, 1.004 and 0.985 A, respectively [37]. This may suggest
that the isovalent substitution of Bi*>" with Er®* or Yb®* ions (as well as
both) occurs, leading to shrinkage of the unit cell volume, which was
observed in this study. This allows the conclusion that the unit cell ge-
ometry is only slightly changed upon BTBO doping, without any changes
in the symmetry. The a/c ratio remains commensurable in each case and
was estimated as 1.49. For BTBO:Er>" with a small amount of dopant (1
at.%), the change in unit cell geometry is just so subtle so that the ge-
ometry is comparable to that of undoped BTBO. With increasing amount
of the mentioned dopants, the effect of unit cell compression is more
noticeable. Average crystallite sizes D, calculated using the
Debye-Scherrer method, are less than 60 nm and these results are typical
of polycrystalline powders obtained via wet-chemical methods.

3.2. Morphological analysis

Microscopic observation of BTBO:Yb®*/Er®*, BTBO:Yb®* and BTBO:
Er®* samples using the scanning electron microscopy (SEM) technique
revealed their morphology. All of the investigated materials had
different irregular microstructures (Fig. 2). BTBO:Yb>*/Er®" sample
(Fig. 2a) was composed of large grains ranging in size from a few to
hundreds of micrometres decorated with smaller grains of sub-
micrometric size. The large number of grain boundaries were sharp
edged. For BTBO:Yb®* sample (Fig. 2b) smaller grains with sizes of 1 pm
and less were typical. Individual larger grains with diameters less than
20 pm could be observed. This sample had the finest grain size of the
materials analyzed in this work. BTBO:Er®* powder (Fig. 2¢) contained
sizable grains with sizes of 1-20 pm, they had more rounded edge shapes
and were more homogeneous than BTBO:Yb®*/Er®".

3.3. u-Raman investigation

The unpolarized Raman spectra of BTBO:Yb>*/Er®*, BTBO:Yb®* and
BTBO:Er®" powders excited with 488 nm laser radiation were recorded
at room temperature and are presented in the 100-1000 em ™! spectral
range (Fig. 3). In this spectral range the Raman active bands related with
the external and internal vibrations of the investigated crystals were
detected. Because of the strong luminescence of Er>* ions detected in the
spectra of BTBO:Yb>*/Er®* and BTBO:Er®" powders above 1000 cm ™! it
was not possible to detect in this spectral range some Raman active
modes typical of the vibrations of BO3 groups, present in BTBO crystals
[26].

Most of the bands in the Raman spectra presented in Fig. 3 originated
from the vibrations of the characteristic BO3 or TeOg molecular groups.
In particular, the very weak modes detected at 924 and 816 cm™!
originate from internal stretching vibration of BOs complex. The most
intensive modes recorded at 690 cm ! and the medium-intensity modes
occurring at 650 cm ! were assigned to the stretching vibrations of TeOg
groups. The weak modes at 620 cm ™!, medium-intensity modes at 605
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Fig. 2. SEM micrographs of BTBO:Yb®>'/Er®* (a), BTBO:Yb®>" (b) and BTBO:
Er®" (c). Magnification 10 000x.

and 596 cm ! detected in the spectra were attributed to the bending
vibrations of BO3 groups. The weak modes at 564 and 538 cm™?, very
strong modes centered at 494 cm™ !, the shoulder at 418 cm ™! and broad
medium-intensity modes at 401 cm ™}, registered in the spectra, can be
assigned to the bending vibrations of TeOg¢ groups. The modes below
350 cm ™! originate from the external lattice vibrations of Bi (Er, Yb) or
Te atoms and TeOg and BO3 groups and correspond to the librational or
translational motions of these molecular groups. The wavenumbers of
the Raman active bands mentioned above are given for BTBO:Yb®*/Er®+
powders, while the assignment of the Raman bands of BTBO:Yb%*/Er®*,
BTBO:Yb>* and BTBO:Er®* composite is presented in Table 2.
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Fig. 3. Unpolarized Raman spectra of BTBO:Yb®*/Er®*, BTBO:Yb®" and BTBO:
Er®* powders, detected upon 488 nm excitation.

Table 2
Assignment of the Raman bands of BTBO:Yb®*/Er>*, BTBO:Yb®* and BTBO:Er>*
powders.

BTBO:RE®* Assignment
powders
Yb3+ / Er3+ Y'b3+
Erdt
925 vw 925 vw 926 vw stretching vibrations of BO3
816 vw 827 vw 821 vw
690 vs 689 vs 690 vs stretching vibrations of TeOg
650 s 648 s 649 s
620 vw 619 vw 621 vw bending vibrations of BO3
605 m 603 m 604 m
596 m/sh 594 m/sh 596 m/sh
564 w 563 w 563 w bending vibrations of TeOg
538 w 536 w 536 w
494 s 493 s 492's
418 m/sh 419 m/sh 419 m/sh
401 m 400 m 401 m
315 m/sh 316 m/sh 316 m/sh librations and translations of BO3 and TeOg
307 m 306 m 306 m
276 m 274 m 273 m
248 s 248 s 247 s
223 m 223 m 223 m
203 w 202w 204 w
185w 186 w 187 w
177 w 175w 177 w
161 m/sh 161 m/sh 162 m/sh
154 s 153 s 153 s
124 vs 124 vs 123 vs

Vs — very strong; s — strong; m — medium; w — weak; vw — very weak; sh —
shoulder.

3.4. Luminescent properties

The reflectance, excitation and emission spectra were measured for
BTBO:Yb®*/Er®*, BTBO:Yb®" and BTBO:Er*" in order to study their
luminescent properties. The bands present in the spectra were assigned
to the energy levels of Yb®* and Er®*active ions according to the Dieke’s
diagram [31]. Moreover, the kinetics of the luminescent processes was
analyzed on the basis of the fluorescence decay time measurements.

The reflectance spectra of BTBO:Yb>t/Er®*, BTBO:Yb®" and BTBO:
Er’* powders were recorded in the spectral range 2502500 nm at room
temperature (Fig. 4).

As shown in Fig. 4, the strong and broad bands in the range 210-460
nm with the intensity maximum at about 260/326 nm, that arise from
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Fig. 4. The reflectance spectra of BTBO:Yb>'/Er®*, BTBO:Yb®>" and BTBO:
Er>* powders.

the 1Sy — 3Py transition of Bi®* ions, were detected in the reflectance
spectra of all samples. The bands detected in the spectral ranges
460-560, 620-690 and 1420-1600 nm in the reflectance spectra of
BTBO:Yb>*/Er®* and BTBO:Er®" powders were assigned to the transi-
tions of Er®" ions. Moreover, the low intensity band detected in the
spectral range 940-1020 nm for BTBO:Yb>* sample was assigned to the
transitions of Yb>" ions, while those appearing in the spectral range
890-1040 nm in the spectra of BTBO:Yb>*/Er®* and BTBO:Er>* samples
were assigned to the transitions of Yb>* and Er®* ions. Very weak peaks
at 490 and 546 nm can be assigned to the *I;5/5 — *F7 /5 and *I15,2 — *S3/
5 transitions of Er®* ions, respectively. The bands at around 525 and 655
nm are due to the 4115/2 - %Hyy s and “Iis /o — 4F9/2 transitions of Er>*
ions, respectively. A weak band assigned to Er’>" ions at about 975 nm in
the spectrum of BTBO:Er®* powders originated from the “Iis /o — I /2
transitions. The broad band with a maxima at 921 and 975 nm appearing
in the spectrum of BTBO:Yb®" was assigned to the %p, /2 = 2Fs /o tran-
sition of Yb®* ions, while for BTBO:Yb®"/Er®" the bands detected in this
spectral range are the result of the overlapping of the bands assigned to
the above-mentioned transitions of Yb3* and Er’* ions. The bands at
around 1531 nm can be assigned to the 4115/2 — 4113/2 transitions of
Er®tions.

On the basis of the diffuse reflectance spectrum of BTBO:Yb3*/Er3*
powder the value of the energy band gap E, of BTBO:Yb®'/Er®" was
evaluated according to the Kubelka—-Munk model [38] and using the
Tauc method [39]. The procedure of E, calculation using mentioned
above method was described in the Supplementary Material. The
determined value of the energy band gap E; for BTBO:Yb3*/Er* sample
is equal to 2.98 eV (Fig. S1), which corresponds to the values E,; deter-
mined using the theoretical methods 2.96 and 3.21 eV (calculated using
DFT-LDA and DFT-GGA functionals) [25], respectively and 2.70 and
3.23 eV calculated and obtained experimentally, respectively, by other
authors [22].

The excitation spectra of BTBO:Yb>*/Er®*, BTBO:Yb®* and BTBO:
Er>* powders were recorded at 300 K in the spectral range 250-700 nm
by monitoring the 2Fs/ — 2Fy,o transition of Yb®" ions at 975 nm
(Fig. 5a) and the 4113/2 - 4115/2 transition of Er®" ions at 1531 nm
(Fig. 5b).

As follows from Fig. 5a, only the broad and intensive bands in the
range 285-370 nm with the intensity maximum at about 333 nm were
observed in the excitation spectra of BTBO:Yb®*/Er®* and BTBO:Yb®*.
These excitation bands, monitored for the 2F5 2 — 2F7 /2 emission of Yb3+
ions at 975 nm, were assigned to the 1S, « 3P, transition of Bi®* ions.
The excitation spectra of BTBO:Yb*/Er®" and BTBO:Er®* recorded by
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Fig. 5. Excitation spectra of BTBO:Yb®*/Er®", BTBO:Yb>" powders recorded
for the emission of Yb®* ions at 975 nm (the 2F5 /2 — 2F7 2 transition) (a) and
the emission of Er®' ions at 1531 nm (the 4113/2 - 4115/2 transition) of BTBO:
Yb3*/Er*t, BTBO:Er®" powders (b).

monitoring the 4113/2 - 4115/2 transition of Er®* ions at 1531 nm are
presented in Fig. 5b. The broad and intensive bands in the range
285-374 nm with the intensity maximum at about 333 nm were
assigned to the 1S, « 3p; transition of Bi®* ions. The other bands in the
excitation spectra were assigned to the transitions of Er®t ions. In
particular, the intense bands at 364 nm correspond to the (*K1s /2 + 4G, Y
9) < 4115/2 transitions. The strong bands at 379/391 nm are related to
the 4G11 /2 9/2 4115/2 transitions. The weak bands centered at 407 and
453 nm were assigned to the 2H9/2 « 4115/2 and 4F5/2; 3/2 « 4115/2
transitions, respectively. The medium intense broad bands centered at
489 nm correspond to the 4F7 /2 — 4115 /o transitions. The most intense
peaks assigned to the °Hy; /2« 4115 so transition are located in the
505-540 nm spectral range with maxima at 521/524 nm. The medium
intense bands centered at 546 nm are attributed to the 483/2 « 4115/2
transition. The bands in the spectral range of 623-690 nm are assigned
to the 4F9/2 <« s /2 transition.

The emission spectra of BTBO:Yb®>*/Er®t, BTBO:Yb>* be, BTBO:Er>*
and undoped BTBO [27] powders were recorded upon the excitation of
Bi®" ions at 327 nm (Figs. 6 and 7). Moreover, the emission spectra of
BTBO:Yb>*/Er®Tand BTBO:Er®* powders were detected also upon the
excitation at 975 nm (Fig. 8).

Fig. 6 shows the emission spectra of BTBO:Yb>*/Er®*, BTBO:Yb®*
and BTBO:Er®* and undoped BTBO powders recorded in the range
430-650 nm upon the excitation at 327 nm. For all samples the broad
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Fig. 6. Emission spectra of BTBO:Yb*'/Er’*, BTBO:Yb*', BTBO:Er’" and
undoped BTBO [27] powders recorded upon the excitation at 327 nm for the
3p, — 1S, transition of Bi®* ions.
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Fig. 7. Emission spectra of BTBO:Yb>'/Er®*, BTBO:Yb®" and BTBO:Er**
powders recorded upon the excitation at 327 nm.

emission bands with the maximum at about 560 nm, assigned to the 3p,
— 18, transition of Bi>" ions were recorded, which suggests that Bi>*
ions present in BTBO matrix can be used as a UV absorption sensitizer for
Yb3* and Er®* ions in the considered systems.

The emission spectra of BTBO:Yb>*/Er®*, BTBO:Yb>" and BTBO:
Er®* powders recorded in the spectral range of 800-1650 nm upon the
excitation at 327 nm are presented in Fig. 7. As shown in this figure, the
typical emissions around 1531 nm of Er** ions (“I15 2 — 4115/2 transi-
tion) and around 975 nm of Yb®" ions (2F5/2 - 2F7/2 transition) were
detected in the emission spectra of BTBO:Er**and BTBO:Yb?, respec-
tively, while, for BTBO:Yb>*/Er>* we observed the emission of Yb>* and
Er®" ions at 975 and 1531 nm, respectively.

It should be noted that the intensity of the emission bands at 975 nm
is higher for the Yb3*-doped compound (BTBO:Yb>*) than for Er®*-co-
doped one (BTBO:Yb>*/Er®™). For BTBO:Yb®" the total energy from the
excited Bi®" ions is transferred to Yb®" ions, while for BTBO:Yb%*/Er®™,
part of the energy from the excited Bi®* ions is transferred directly to
Er’* ions. Moreover, the emission bands at 1531 nm observed in the
spectrum of BTBO:Yb>*/Er>* were of higher intensity than that detected
for BTBO:Er>*, which is a result of the energy transfer from the excited
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Fig. 8. The emission spectra of BTBO:Yb>"/Er®" and BTBO:Er®" recorded upon
the excitation at 975 nm.

Bi®" ions directly to Er>* ions as well as the energy transfer from Yb>*
ions (excited by Bi>* ions) to Er®* ions. This synergistic effect of energy
transfer between Bi®*, Yb®* and Er®" active ions produced enhanced
emission in the NIR range of Er>" ions in BTBO:Yb>"/Er®" powders.

Fig. 8 presents the emission spectra of BTBO:Yb>*/Er®t and BTBO:
Er’Y, recorded in the spectral range of 1400-1650 nm, upon the exci-
tation at 975 nm. The spectra show the broad bands with maximum
intensity at around 1531 nm, assigned to the 4113 /o — I, 5/2 transition of
Er®" ions. The shape of these bands is a result of the Stark effect, which
describes the shifting and splitting of spectral lines of active Er’* ions
due to the presence of an external electric crystal field. As a result, the
“ns /o energy level of Er*t splits into several Stark components. More-
over, some additional bands appearing on the shoulder at about 1600
nm of these broad emission bands were assigned to the 4S4 /o — “I /2
transitions.

As follows from the spectra in Fig. 8, the intensity of the emission at
1531 nm (*I13 2 — “Is /o transition) is higher for the co-doped BTBO:
Yb3*/Er3* systems than for BTBO:Er>*. The observed enhanced emis-
sion of Er>" ions is due to the additional energy transfer process from the
excited Yb3* ions to the excited levels of Er>" ions. The processes of
energy transfer from Bi* to Yb®* or Er®* ions and from Yb3* to Er®*
ions were discussed on the basis of the scheme presented in Fig. 11.

3.5. The luminescence decay times for 1531 nm emission

The luminescence decay curves of BTBO:Yb®'/Er®* and BTBO:Er®*
powders monitored for the emission at 1531 nm (the 4113/2 - 4115/2
transition of Er’* ions) upon the excitation at 327 or 975 nm are pre-
sented in Fig. 9.

The decay curves for the 4113/2 - 4115/2 emission of Er’" ions are
single-exponential (Fig. 9). To determine the decay times, the experi-
mental decay curves of the investigated samples were fitted to the
exponential function according to the following formula:

1=1 exp<7£) 1)

where Ij is the intensity of the luminescence process at the initial time
and 7 is its lifetime.

As follows from Fig. 9, the decay profiles in BTBO:Yb®*/Er®* pow-
ders exhibit an initial rise followed by exponential decay. The observed
initial rise time can be due to the sensitization of Er>* emission by Yb>*
ions. The initial rise time 7, and following decay times 14 are equal to 17
ps and 1.44 ms (for 327 nm excitation/Figs. 9a) and 23 ps and 1.40 ms
(for 975 nm excitation/Fig. 9b). The decay times of Er’" emission at
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Fig. 9. The luminescence decay time curves of BTBO:Yb>*/Er** and BTBO:
Er** powders recorded by monitoring the emission at 1531 nm upon the
excitation with 327 nm (a) and 975 nm (b) laser radiation.

1531 nm, determined for BTBO:Er>* upon the excitation at 327 and 975
nm, are equal to 1.38 and 1.39 ms, respectively. Moreover, the decay
time of Er’* emission at 1531 nm is comparable, for the excitation at
both 327 and 975 nm, for BTBO:Er>" as well as Yb>* co-doped BTBO:
Yb3*/Er®t powder.

Energy transfer between Bi®", Yb®" and Er®" ions.

To determine the Energy Transfer Efficiency (ETE) and Quantum
Efficiency (QE) of the energy transfer from Bi>* to Yb>" ions and from
Yb3* to Er** ions, the luminescence decay times for the emissions
related to the Py — !Sq transitions of Bi®* ions, the 2F5/2 - 2F7/2
transitions of Yb®>" ions were measured for BTBO:Yb3+/Er3+, BTBO:
Yb3* and undoped BTBO powders upon the excitation at 327/330 nm
(Fig. 10).

From the decay curves shown in Fig. 10, the average lifetimes were
calculated by the following formula:

oo

_ [10)
(1) = / 0% )

where (7) is the average lifetime, I(t) denotes the measured intensity of
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(a, b) and BTBO:Yb®*/Er®* (B) powders recorded by monitoring the emission of

Bi®* and Yb>* ions upon the excitation at 330 nm (a) and 327 nm (b).

photoluminescence decay curve as a function of time and I(0) is the
initial intensity (at t = 0 s) [40]. Using formula (2), the following
average lifetime values were determined: 1.55 ns (BTBO:Yb3+), 2.00 ns
(BTBO) for the 3P0 - 150 transitions of Bi®* ions (Figs. 10a) and 298 ps
(BTBO:Yb>") and 186 ps (BTBO:Yb>'/Er**) for the %Fs/5 — 2Fy,o tran-
sitions of Yb* ions (Fig. 10b). The determined decay time curves pre-
sented in Fig. 10a correspond to the emission of Bi>" ions, detected for
BTBO:Yb®* and undoped BTBO powders (broad emission bands in the
VIS spectral range with maximum intensity at about 560 nm presented
in Fig. 6). Moreover, the short lifetime of the 3Py — 1S, transition of Bi®*
ions can be a result of a complex energy transfer mechanisms between
Bi®T and two other active ions (Yb>* and Er®*) in considered systems. It
should be noticed that the decay time measured for the emission of Yb®*
ions at 975 nm upon the excitation at 327 nm of BTBO:Yb>* powder
(298 ps) is significantly longer than that for BTBO:Yb>*/Er®* powder
(186 ps) (Fig. 10b). This result corresponds to the emission spectra
presented in Fig. 7; after excitation at 327 nm of BTBO:Yb>" sample,
Yb3* ions relax for a long time with relatively high intensity, while for
BTBO:Yb**/Er®" sample, the excited Yb®* ions, after a relatively short
time, transfer part of their energy to Er’>" ions (which relax through the
emission at 1531 nm), which results also in a lower intensity of the Yb**
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Fig. 11. Schematic energy level diagram showing the possible energy transfer between Bi>*, Yb>* and Er*' active ions in BTBO:Yb®>'/Er** systems upon the
excitation at 327 and/or 975 nm, for the NIR luminescence at 975 or 1531 nm (ET1 - energy transfer from Bi>" to Yb>"ions; ET2, ET3 - energy transfer from Bi*" to

Er’" ions and ET4, ETS - energy transfer from Yb>* to Er®" ions).

emission band at 975 nm. As mentioned, for Er>* co-doped BTBO:Yb>*
the energy transfer from Yb3* ions (excited by Bi®* ions) to Er*" ions
was observed (Fig. 7), which results in shorter living time of excited
Yb3* ions in Er®" co-doped BTBO:Yb®" in comparison to those in BTBO:
Yb3*. The possible mechanisms of energy relaxation after excitation at
327 nm are illustrated schematically in Fig. 11.

3.6. The luminescence decay times for 1531 nm emission

Based on the luminescence decay curves shown in Fig. 10, the ETE
determined by the ngr coefficient and the total theoretical QE deter-
mined by the 7qg coefficient, can be calculated [41,42]. As mentioned
above, the ETE and QE were calculated for two situations: energy
transfer from Bi®* to Yb>+ ions, where Bi** is a donor (D) and Yb3* isan
acceptor (A) of energy and from Yb3" to Er’* ions, where Yb®* is an
energy D and Er®* is an energy A. The ETE can be obtained by dividing
the integrated intensity of the experimentally measured luminescence
decay curves of A and D ions co-doping phosphors by that of the lumi-
nescence decay curves of the materials containing D ions. The ngr and
nqe coefficients for the mentioned above energy transfer were calculated
from the following equation:

_ <T>D/A

= ®

Ner =

where (7)p,, is the average lifetime of decay curves recorded for the
powders containing D and A ions (BTBO:Yb>" and BTBO:Yb3*/Er®*
samples), (7), is the average lifetime of decay curves for the powders
that only have D ions (BTBO and BTBO:Yb>* samples). Consequently,
the ETE coefficients were found as follows: gy = 22.65 and 37.37% for
ET from Bi®" to Yb®* and Yb®* to Er®*, respectively.

The corresponding #nqr coefficients were calculated using the
following equation.

Noe =Mp(1 —1gr) + 20,1Mer (€3]
where 5p and 74 stand for the luminescent quantum efficiency of the A
and D ions, respectively. Assuming that all the excited D ions and the
residual excited A ions decay radiatively we have np = g4 = 1 [41].
Consequently, the upper limited values of the total QE for BTBO powder
doped with Yb>" (5%) and Er®* (1%) were calculated to be 5oz = 122.65
and 137.37% for Bi>* to Yb®t and Yb®* to Er®* ET, respectively. The

determined total QE values for Bi®" to Yb®" ET expressed by 5z co-
efficients were reported for many various crystalline materials con-
taining Bi®" and Yb>" ions. Some examples were collected in Table 3.

In Fig. 11 schematic energy level diagram showing the possible en-
ergy transfer between Bi>", Yb>" and Er®" active ions in BTBO:Yb3'/
Er" systems is presented.

The energy level diagram for the BTBO:Yb®*/Er®* system was made
on the basis of the excitation and emission spectra. After the absorption
of UV energy (at 327 nm) Bi®* ions are excited from the 1S, ground to
the 3P; excited state. Part of the energy from the excited state of Bi**
ions can relax to the 'Sy ground state by emitting photons in the VIS
spectral range (wide bands in the 450-650 nm spectral range with
maximum intensity at about 560 nm corresponding to yellow emission
presented in Fig. 6) and the remaining energy from the >P; excited state
can be transferred to the nearest Bi®", Yb®* or Er®* ions. In particular,
the energy of the excited Bi®* ions can be transferred by energy
migration process to the un-excited Bi** ions. This leads to quenching of
luminescence of Bi>* jons and it is very possible for undoped and Yb>*
and/or Er®* co-doped BTBO systems due to the short distance between
the nearest Bi>" ions in the BTBO matrix. The other possible mechanism
is the energy transfer process (ET1) from 3P; level of Bi>" ions to the
excited levels of Yb®" ions. Since the 3P1 level of Bi®" ions is located at
higher energy level than the 2Fs 5 level of Yb>" ions, the ET1 process
from excited Bi®" to two Yb®" ions can be realized to achieve the NIR
emission of Yb®' (at 975 nm), according to the following formula:
Bi®*(®P;) - 2 Yb3(®Fs,,), which expresses that two NIR photons, cor-
responding to the 2F5/2 - 2F7/2 transitions of Yb®" ions are obtained

Table 3

The total QE calculated for Bi** to Yb®>" ions energy transfer in %.
samples NQE
Gd,03:Bi®*(1%)/Yb3 " (5%) [42] 134.47
Y3Al50,2:Bi>(1%)/Yb3*(0.5%) [43] 109.05
Y3Al50,2:Bi% (1%)/Yb%(1%) [43] 118.85
Y3Al5012:Bi* (1%)/Yb%(3%) [43] 129.67
Y3Al50,2:Bi® T (1%)/Yb3"(5%) [43] 158.49
YNbO4:Bi®*(1%)/Yb>"(2%) [44] 109
YNbO,:Bi®*(1%)/Yb**(8%) [44] 121
YNbO,:Bi®*(1%)/Yb**(16%) [44] 120
YVO4: Bi**(5%)/Yb>*(2%) [45] 106.9
YVO,: Bi®*(5%)/Yb%"(5%) [45] 141.5
BTBO:Yb>"(5%)/Er®"(1%) this work 122.65
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after absorption of a single UV photon from the excited Bi>* ion. This
corresponds to the observed high intensity emission of Yb>* for BTBO:
Yb3* samples presented in Fig. 7. The energy transfer processes from >P;
level of Bi>* ions to the excited levels of Er®* ions located close in energy
(ET2) or to the lower-lying levels of Er®* ions (ET3) are also possible.
The ET2 process to the close-lying (in energy) levels of Er®* ions occurs
according to the following formula: Bi3+(3P1) - Er3+(2G7/2), which can
result in up-conversion emission accompanied by the green and red
color emission of Er®* ions [46], which was not investigated in this
study. The ET3 process to the lower-lying levels of Er>* jons can lead to
the emission of Er’* in the NIR region (with a maximum intensity at
1531 nm), according to the following formula: Bi**(py) — 2
Er3+(2H11/2), which corresponds to the observed emission of Er®t for
BTBO:Er*t presented in Fig. 7. Moreover, the NIR emission of Er®* ions
in the BTBO:Yb3/Er®" system at around 1531 nm (Fig. 7) can be
enhanced additionally as a result of sensitization of Er>* emission by
Yb3* jons. In the considered system, Yb3* plays a role of a sensitizer due
to a broad absorption band (875-1000 nm) and large overlap between
the Yb®* emission and Er®" absorption. This large overlap allows a
resonant energy transfer (ET4) from the absorbing Yb3* to the emitting
Er®" ion with energy losses, which can be described as: Yb%*(?Fs/) —
Er¥T(*1; ,2). The depopulation of the I 2 level takes place as a result of
a multi-phonon relaxation from 4111 /2= 4113 /2 of Er®* jons. In BTBO the
maximum phonon energy involved in the nonradiative relaxation pro-
cess is 690 cm ™!, and therefore only 4 phonons are necessary for non-
radiative relaxation from the *I;q ,2to s /2 and next we observe the NIR
emission of Er®" ions at 1531 nm corresponding to the 4113 /o — 4115/2
transition. Moreover, the emission at 1531 nm is more intensive for
co-doped BTBO:Yb>'/Er®* than BTBO:Er®" powders, at the excitation
wavelength of 975 nm (Fig. 8). The energy transfer (ET5) from the
excited Yb®" ions to the higher-lying (in energy) levels of Er>" ions is
also possible, according to the following formula: 2 Yb3*(%Fs,9) —
Er®*(*F;/2) by the up-conversion process, which produces the green and
red color emission of Er3* ions [46], not investigated in this study.

4. Conclusions

Efficient BTBO:Yb>"/Er®* phosphor, which is a promising lumines-
cent down-conversion material for low-band gap semiconductor solar
cells was synthesized and characterized. The microcrystalline powders
BTBO:Yb>*/Er®*, BTBO:Yb®* and BTBO:Er®* synthesized by means of
the modified Pechini method, crystallized in the hexagonal structure of
P63 space group. The low doping concentrations of Er**, Yb3* and
Yb3*/Er®* ions in BTBO matrix used for the mentioned above samples
(1.0 at.%, 5.0 at.% and 5.0/1.0 at.%, respectively) were proved not to
change their symmetry. Average crystallite sizes D, calculated using the
Debye-Scherrer method, are lower than 60 nm. Results of p-Raman
investigation show a low phonon energy of BTBO matrix, which allows
effective phonon assisted energy transfers between the active Bi>*, Yb®*
and/or Er®" ions. The emission spectra of BTBO:Yb>*/Er®*, BTBO:Yb>*
and BTBO:Er>" powders excited at 327 nm (by Bi*>" ions) and 975 nm
(by Yb®* jons) show the emission of Bi®* ions in the VIS spectral range
with a maximum intensity at about 560 nm (the 3P0 - 150 transition) as
well as the NIR emission of Yb®" ions at 975 nm (the %Fs,5 — 2Fy/o
transition) and/or of Er®* ions at 1531 nm (the 4113/2 - 4115/2 transi-
tion). Moreover, upon the excitation at 327 nm (by Bi®t ions), the in-
tensity of the emission bands at 975 nm is higher for BTBO:Yb®" than for
BTBO:Yb>*/Er®* powder. The higher intensity emission bands at 1531
nm were detected for BTBO:Yb®*/Er®* than for BTBO:Er®+, which is due
to the energy transfer from the excited Bi>" ions directly to Er>* ions as
well as the energy transfer from Yb3* ions (excited by Bi®* ions) to Er®*
ions. This synergistic effect of the energy transfer between Bi®*, Yb*
and Er’" active ions produce enhanced NIR emission of Er®* ions in
BTBO:Yb>*/Er®* powders. Moreover, the characteristic emission of Er®*
ions at 1531 nm was also measured for BTBO:Yb>t/Er>* and BTBO:Er*
systems upon the excitation at 975 nm (by Yb®' ions) and higher
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intensity of the emission at 1531 nm was observed for co-doped BTBO:
Yb3*/Er®" systems than for BTBO:Er®" ones. The observed enhanced
emission of Er®* jons in BTBO:Yb>*/Er>* systems is due to the addi-
tional energy transfer process from the excited Yb®" ions to the excited
levels of Er®* ions. Moreover, the decay lifetimes (described by the
single-exponential function) measured for the emission of Er** ions at
1531 nm are equal to 1.38 and 1.39 ms for BTBO:Er®>" and 1.44 and 1.40
ms for BTBO:Yb3*/Er®*, upon the excitation at 327 and 975 nm,
respectively. The calculated ETE coefficients #gr for BTBO:Yb®*/Er®*
system are equal to 22.65 and 37.37% for ET from Bi®* to Yb®>" and Yb®*
to Er3+, respectively. Furthermore, the total QE 5qr were calculated to
be 122.65 and 137.37% for Bi*" to Yb%" and Yb®' to Er®" energy
transfer, respectively. As a result, due to the effective energy transfer
from Bi®* to Yb®* or Er®* ions and from Yb®* to Er** ions, the BTBO:
Yb3*/Er3* phosphor is a very promising material for the solar radiation
concentration in the required absorption range in new generation low-
band gap semiconductor based solar cells.
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Supplementary Material

Enhanced near-infrared emission of Er®* as a synergistic effect of energy transfers in
BisTeBOo: Yb3*/Er3* phosphors

T. Zhezhera?, P. Gluchowski®, M. Nowicki®¢, M. Chrunik?, A. Majchrowski¢, D.

Kasprowicz®*

On the basis of the diffuse reflectance spectrum of BTBO:Yb®*/Er®* powder the
value of the energy band gap Eq was evaluated according to the Kubelka—Munk model
[38] and using the Tauc method [39]. The modified Tauc equation for the diffuse
reflectance spectrum is given by:

F(Re)hv = Cy(hv — Eg)"
where: h is a Planck constant, v is frequency of reflected light, n is a coefficient related to
the nature of the electronic transitions. Since BTBO is an indirect band gap
semiconductor [22], so in this case n = 2, and F (R, ) is reemission function calculating
using the following equation:
k 1—Ry)?
) = =S5 =
where R, is the reflectance of the sample, k and s are the absorption and scattering
Kubelka—Munk coefficients, respectively and C; is proportionality constant. The value of
Egy can be determined from the Tauc plot (F (R« )hv)'/™ vs hv at the intersection of the
extrapolated straight fitting line (obtained for the straight-linear fitting of the linear range

of the Tauc plot) and the hv axis (Figure S1)
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Figure S1. Tauc plots (F(Rw)hv)Y™ vs hv of BTBO:Yb®*, BTBO:Er** and
BTBO:Yb**/Er®* samples and straight-linear fitting lines of the linear range of the Tauc
plot of BTBO:Yb*/Er®* sample.

The determined value of the energy band gap Eq of BTBO:Yb*'/Er®* sample is equal to
2.98 eV, which correspond to the values determined using the theoretical method 2.96
and 3.21 eV (calculations using DFT-LDA and DFT-GGA functionals) [25],
respectively and 2.70 and 3.23 eV calculated and obtained experimentally, respectively,
by other authors [22].
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ARTICLE INFO ABSTRACT

Keywords: Yb** and Er®*-doped BisTeBOy ceramics exhibit efficient upconversion luminescence in the visible spectral range
Bi3TeBOo upon laser diode excitation at 975 nm. BisTeBOg:Yb>*/Er®* powder was prepared by means of the modified
Ceramics

Pechini method. A series of BigTeBOo:Yb>*/Er®" ceramic samples was fabricated using the high-pressure low-
temperature technique, by sintering BisTeBOo:Yb>*/Er®* powder under different pressures (2, 4, 6 or 8 GPa).
The structure and morphology of the above-mentioned samples were analyzed using XRD, SEM and EDX mea-
surements. The phonon energy of Bi3TeBOg matrix associated with the vibrations of TeOg and BO3 molecular
groups was revealed using p-Raman spectroscopy. The low phonon energy of BisTeBOg matrix allows the
effective energy transfer between Yb>* and Er®* ions as well as the ZHH 2= 4115/2, 433 /o — 4115 /2 and 4F9/2 -
4115/2 transitions from the excited to ground states of Er’t ions, resulting in efficient upconversion emission at
523, 540 and 653 nm, respectively. The decay times determined for all analyzed emissions were longer for
BisTeBOo:Yb>"/Er®* ceramics than for the powder sample. The highest values of decay times were detected for
the ceramics obtained under a pressure of 8 GPa and were equal to 174, 172 and 175 s for the emissions at 523,
540 and 653 nm, respectively. The obtained results suggest that BisTeBOg:Yb>*/Er>" ceramics can be proposed

Upconversion luminescence
Erbium ions

Ytterbium ions

Spectral converters

Raman spectroscopy

as efficient spectral converters in the new type solar cells enhancing the efficiency of the photovoltaic effect.

1. Introduction

Nowadays, the solar cells are gaining increasing interest due to the
global demand for green and cheap energy. The efficiency of conven-
tional crystalline silicon solar cells cannot exceed a level of about 30 %
according to the Shockley-Queisser detailed-balance model [1]. Silicon
(Si) solar cells are the most popular among all produced types of solar
cells, due to their low costs and well known fabrication process [2,3]. It
should be noted that conventional Si solar cell materials have the energy
bandgap (Eg) equal 1.12 or 1.75 eV for crystalline or amorphous Si solar
cells, which corresponds to the absorption of the solar radiation wave-
lengths at about 1107 and 708 nm, respectively [2,4]. The new gener-
ation semiconductor single- or multi-junction solar cells modified with
the luminescence active ions may lead to concentration of the solar ra-
diation spectrum into a required spectral range by the down- or
upconversion or downshifting processes and thus increase the efficiency
of solar energy conversion into electric energy [5-7]. The losses in
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currently used semiconductor solar cells are related to surface reflection
and spectral mismatch between the solar spectrum and the solar cells
spectral response/absorption, which corresponds to their Eg. Spectral
mismatch means that photons with energies corresponding to Eg create
the electron-hole pairs and take part in photovoltaic process. The pho-
tons of energies lower than Eg are unable to pass Eg and their energy is
lost, while the photons with energies higher than Eg are lost due to
charge carriers thermalization process [2,8]. On the other hand, the
absorption limit of the solar radiation corresponding to Eg of semi-
conducting materials, can be reduced by using new generation semi-
conducting materials with Eg dedicated to the absorption of solar
radiation in a wide spectral range from ultraviolet (UV) via visible (VIS)
up to near infrared (NIR) spectral ranges.

Currently, there are several semiconductors used in solar cells with Eg in
the VIS spectral range such as: InN (1.8-1.9eV) [9], GaInP (1.8-1.9eV) [10],
AlGaInP (1.9-2.2 eV) [11], AlGaAs (1.42-2.16 eV for various Al contents)
[12], GaP (2.27 eV) [9], AIP (2.45 eV) [9]. Moreover, a large group of
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semiconductor materials attractive for photovoltaic application are chal-
copyrite compounds I-III-VI2 (I=Cu, Ag, III—=Al, Ga, In, VI=S, Se, or Te),
composed of three or more elements. Recently, chalcopyrite compounds
such as: CulnSe2, CuGaSe;, Cu(Ga,In)Se2 or (Cu,Ag)(In,Ga)Se have been
considered as the most promising absorbers for polycrystalline thin-film
solar cells, because their bandgap energies cover a wide spectral range
suitable for high absorption of solar radiation. Unfortunately, the conversion
efficiency of these wide bandgap solar cells cannot reach 20 % [13,14].

One of the possibilities to improve such semiconductor solar cells
efficiency, proposed in this study, is to modify the technology of their
production by introduction of some rare earth (RE) ions doped mate-
rials, which concentrate the solar radiation in the VIS range through the
upconversion process.

The RE®" doped upconversion materials have been extensively
studied because of their luminescence properties and potential appli-
cations as optical converters [5,15] or concentrators in photovoltaic
cells [16,17]. The matrices for RE3" ions doping were often selected
from crystalline materials such as: fluorides, oxides, borates or phos-
phates thanks to their transparency windows in a wide spectral range
[18-21]. The luminescence properties of RE®* jons result from their
characteristic electronic energy levels structure [22]. RE3' ions have a
partially filled 4f shell, which is shielded from the external environment
(for example the crystalline host) by the outer filled 55 and 5p° electron
shells. The partially filled 4f shell allows the inner shell 4f- 4f transitions
and their optical activity, depending on the selected ions, can cover the
wide spectral range from VUV via VIS up to NIR spectral range [23]. The
systems created from the mentioned above crystalline materials doped
with some selected RE>* jons, exhibit the luminescence properties with
emissions in the required spectral range thanks to the energy transitions
between the electronic energy levels of RE3" ions in the down- or
upconversion processes [23,24]. The trivalent Er’" ion is luminescence
active with rich energy levels structure and possible optical transitions
between the 4115/2 ground state and/or the excited states: 4113 /2 4111 /25
*lo/2, *Fosa, *S3/2, *Hi1/2, *F70, *Fs /o, *F3/2, *Hoya, *Goya, *G11/2, P32,

Ds/2, 2111/2, 2113/2, 2D5/2 and 4D1/2 [22]. In particular, the efficient NIR
emissions at about 1.5 and 2.9 pm are linked with the M5 /2 — s /2 and
4111/2 - 4113/2 transitions, respectively, or the emissions in the VIS
spectral range of the green and red color are associated with the 2Hy, /2
- 4115 /25 453 /2 — 4115/2 and 4F9/2 — 4115/2 transitions, respectively [25].
The Er’*-doped materials are very often co-doped with Yb3* ions to
enhance the characteristic upconversion of Er®" ions emission in VIS
spectral range [26-30]. The Yb3* ions have two electronic level struc-
ture and the excitation of Yb®" ions corresponds to the °F, /2 = 2p /2
transition generating emission at about 980 nm [22]. In the Er®t and
Yb3* co-doped upconversion systems, Yb>" ions are sensitizers, which
activate Er>" ions due to the energy transfer process from the excited
Yb3* jons into the unexcited Er>* ions. Moreover, due to the overlapping
of the emission/absorption bands of Yb®" and Er®" ions at about 980
nm, the enhanced upconversion emission of Er>* ions can be observed in
the VIS spectral range in Yb®* and Er®* -doped in comparison to single
Er3+—doped system after excitation at 980 nm [31].

Most of investigated materials exhibiting luminescent properties are
single crystals or crystalline powders [32,33]. Powders mostly show a
bit worse properties compared to those of single crystals, however,
obtaining of the latter ones is often very difficult and expensive.
Consequently, new technological methods are searched for luminescent
materials in a different form that can be used in a wide range of appli-
cations. One of the possible alternatives are the materials in the form of
ceramics. By pressing and simultaneously sintering powders, trans-
parent ceramics can be obtained. As a result of the temperature influ-
ence during the ceramics fabrication, the grains of the powders can grow
and the applied pressure prevents their further growth, thereby reducing
the pores and increasing the density and transparency of the ceramic
[34]. These effects result in changed physical properties, for example in
changes in decay times relative to those of the single crystal or powder
samples [35].
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In this paper we present the results of investigation of the structural,
spectroscopic and upconversion luminescent properties of BisTeBOg:
Yb3*/Er3* (BTBO:Yb>*/Er*+) powder and ceramic samples. The struc-
tures of BTBO:Yb®*/Er®* samples were analyzed on the basis of XRD
measurements and morphology of samples was examined using SEM and
EDX methods. The vibrational properties were studied using Raman
spectroscopy measurements. The upconversion luminescence of BTBO:
Yb3*/Er3* samples was analyzed on the basis of emission spectra and
lifetimes measurements. Some structural and spectroscopic properties of
BTBO, BTBO:Nd>" and BTBO:Yb>*/Er®* powders have been already
reported in our previous papers [32,36,37].

2. Materials and experimental methods
2.1. Synthesis of powders and preparation of ceramics

BTBO:Yb>*/Er®" microcrystalline powder was synthesized by means
of a modified Pechini method [38] with doping concentration 5.0/1.0 %
of Yb®*/Er3* ions [37]. The mentioned above powder was used to make
ceramics by means of high-pressure low-temperature (HPLT) method.
For this purpose, firstly pellets with a diameter of about 5 mm and at
around 2 mm in height were prepared from the powder under pressure
of 0.2 GPa at room temperature (RT) using a cylindrical cell. After that,
the pellets were placed in a specially shaped container with the ceramic
made of CaCOs (pressure medium) and internal graphite heater located
inside. Then the samples were placed in solid-state high-pressure cell of
toroid-type to be sintered. Finally, all samples were sintered by
hot-pressing at a temperature at about 500 °C for 1 min at pressures of 2,
4, 6 or 8 GPa. After completion of the pressing and cooling process, the
ceramics were sanded using a sandpaper with different grit sizes for
further experiments. As a result, four ceramic samples were obtained
under different pressures and labelled as 2 GPa, 4 GPa, 6 GPa and 8 GPa
samples. Detailed description of the HPLT method is available in
Ref. [39].

2.2. Experimental methods

The XRD diffraction patterns of synthesized BTBO:Yb®>"/Er®" mate-
rials were obtained with using the Panalytical Empyrean equipment
with a copper anode (CuKy, Agq = 1.541874 A) with Bragg-Brentano
reflection mode configuration working at 45 kV and 40 mA. The
diffraction angle 20 varied from 18° to 70° with a step of 0.0334°and
acquisition time of 45 s per step. The measurements were made at RT.

The surface analysis of the investigated BTBO:Yb>*/Er®* ceramics
was carried out using the scanning electron microscope (SEM) FEI
Quanta 250FEG. All investigated ceramics were measured in high vac-
uum at pressure 1.29-1.48 mPa in secondary electron mode at an
accelerating voltage of 5 kV. Moreover, to determine the elements
content for BTBO:Yb*/Er>* ceramics the energy dispersive X-ray (EDX)
measurements and microchemical analysis were applied using the Edax
Octane SDD system at an accelerating voltage of 30 kV.

Unpolarized spectra of BTBO:Yb®*/Er®* ceramics at RT were
recorded using the Renishaw inVia Raman spectrometer equipped with
the CCD detector and Ar " -ion laser. The Raman spectra were excited
with 488 nm wavelength and recorded in single scan with 30 s exposure
time and 1 mW of the applied power. Before recording the spectra, the
system was calibrated using the Si reference sample with the peak po-
sition of 520.3 cm ™. All spectra were recorded with a spectral resolu-
tion better than 2 cm ™. The power of the laser beam was focused on the
samples with the 50x LWD objective. Spectral analysis was done with
the software packages WiRE3.4/Renishaw.

The upconversion emission spectra of BTBO:Yb>*/Er®* powder and
ceramics were measured at RT after NIR laser diode irradiation with a
975 nm wavelength using the SilverNova CCD spectrometer (StellarNet
Inc., Tampa, FL, USA) with 200 pm slit and 1 s integration time. The
decay kinetics of BTBO:Yb®"/Er®* samples were recorded using the
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Fig. 1. A set of XRD patterns of BTBO:Yb>"/Er*" powder and 2 GPa, 4 GPa, 6 GPa and 8 GPa ceramic samples. The positions marked with (*) come from h-BN, which
was used during sintering of ceramics as an insulating material and was not completely removed from the ceramic surface during polishing ceramics.

Table 1
Calculated unit cell parameters of BTBO:Yb>*/Er®* powder and ceramics with
Rietveld refinement parameters.

BTBO: unit cell parameters \% [A3] D )(2 Riragg
34 03

YR A cIA] a/e (nm]

powder 8.7474 5.8720 1.490 389.11 97 0.22 1.67
@ @

2 GPa 8.7543 5.8763 1.490 390.01 38 2.78 0.98
“@ [©)]

4 GPa 8.7537 5.8781 1.489 390.08 31 3.05 0.85
3) 3)

6 GPa 8.7534 5.8783 1.489 390.06 36 2.51 0.86
3) 3)

8 GPa 8.7526 5.8759 1.490 389.83 32 3.18 0.68
3) 3)

FLS980 Fluorescence Spectrometer (Edinburgh Instruments) equipped
with the holographic grating of 1800 lines/mm, blazed at 300 mm focal
length monochromators in the Czerny-Turner configuration. For mea-
surements the Hammamatsu C5680 streak camera with time resolution
below 50 ps and effective spectral range from 200 to 1000 nm was used.

3. Results and discussion
3.1. Crystal structure

The XRD patterns of BTBO:Yb>'/Er®t powder and ceramics (2 GPa,
4 GPa, 6 GPa and 8 GPa samples) recorded at RT are presented in Fig. 1.

The data presented in Fig. 1 could be assigned to the reference COD
card (No. 96-412-5286), which means that all samples have hexagonal
structure with noncentrosymmetric P63 (No. 173) space group (Z = 2)
and correspond to the earlier obtained results for undoped BTBO powder
[36]. Moreover, as shown in Fig. 1, the diffractions peaks detected for
the ceramics are slightly broader and approximately twofold lower in
intensity in comparison to those of the powder samples. Moreover, the
observed differences between the diffraction peaks of the powder and
ceramics, are due to the decrease in the grain size and increase in the
strains in the ceramic samples pressed at a relatively high pressure as
well as sintered at a relatively high temperature (500 °C) during the
preparing process. It is important to note that there were no significant
changes in the diffractograms of all ceramic samples excluding peak

originating from hexagonal boron nitride (h-BN) used during sintering
process observed for 2 GPa and 4 GPa samples about 26 20y degree.

The unit cell parameters of the investigated samples were estimated
on the basis of XRD patterns by means of the Rietveld refinement [40]
and are presented in Table 1. The basic assumption and goal of the
Rietveld refinement was to strive to achieve the minimum value of the
function y?2 (so-called chi-squared) in form: y? =",y ia — yi,t]z, where
i — current number of the diffraction line, y; 4 — intensity of the experi-
mental (observed) diffraction i-line, y;; — intensity of the calculated
(real) diffraction i-line and w; — the reciprocal variance of y; 4 intensity.
After defining the polynomial representing the measurement back-
ground, the initial adjustment of the experimental profile to the refer-
ence model (included in the database COD/No. 96-412-5286) based on
the reflections half-widths §; was proceeded. The profile parameters
were refined until the y? value was reduced to the limit value given in
Table 1. The results of the analysis were supplemented with statistical
parameter of Bragg corelation coefficient (Rpragg). The Rietveld refine-
ment was performed using the FullPROF ver. 3.0 program with EdPCR.

Comparing the values of the unit cell parameters for the powder and
ceramic samples, slight differences in the values of the lattice constants
can be observed. The lattice constants a and c are lower for the powder
than for the ceramic samples. However, the a/c ratio as well as the cell
volume parameter V remain commensurate in the range of experimental
error for all investigated samples. The observed phenomenon is due to
the simultaneous use of relatively high pressure and temperature in the
technological process of ceramics preparation. The high temperature
used in the process of the ceramics production resulted in the greater
values of a and ¢ parameters of the ceramic samples relative to those of
the powder sample, while the high pressure limited the space for the unit
cell expansion, which resulted in a stable a/c ratio and V parameters for
all ceramic samples. The similar behavior of ceramics fabricated in the
corresponding conditions was observed by other authors [41,42].

The calculated average crystallite size D decreased from 97 nm for
the powder sample to below 40 nm (40 % of the initial dimension) for
the ceramic samples (Table 1). The observed decrease in D parameter
can be associated with fragmentation of crystallites in the ceramic
samples caused by the high pressure applied during sintering and
pressing of p-crystals during preparation of the ceramic samples. It
should be mentioned that the parameters for BTBO:Yb>*/Er®" powder
sample have been already determined by us using another experimental
XRD setup [37].
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Fig. 2. SEM images of BTBO:Yb®*/Er®+ powder (a) and ceramic samples 2 GPa (b), 4 GPa (c), 6 GPa (d) and 8 GPa (e).
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Fig. 3. The EDX spectrum of BTBO:Yb>'/Er** powder.

Table 2
The elements content in BTBO:Yb>*/Er** powder.
BTBO:Yb3*/Er®*
Element B C (0] Te Er Yb Bi
Weight 2.40 1.46 15.28 11.44 0.29 1.56 67.57
% + + +1.49 + 0.82 + + + 2.41
0.16 0.14 0.16 0.33

The data presented in Table 2 confirmed the elemental content of the investi-
gated material. The presence of carbon in the EDX spectrum of BTBO:Yb®*/Er®+
powder comes from the substrate used during SEM/EDX measurements.

3.2. SEM and EDX analysis

Measurements using SEM technique revealed the morphology of
BTBO:Yb*t/Er®" powder and ceramic samples (Fig. 2). For the powder
sample (Fig. 2a) it could be seen that the microcrystal sizes are in the
range from a few to 10 pm. Moreover, many smaller sharp-edged grains
of sub-micrometric size may be also observed. Results of SEM investi-
gation of BTBO:Yb®*/Er®t powder have been also discussed in our
previous paper [37].

For the ceramic samples (2 GPa, 4 GPa, 6 GPa and 8 GPa), it can be
observed that the pressing and sintering processes effected reduction in
size of the empty space between the micro-powder grains as well as
fragmentation of large grains. For all samples both, large grains of sizes
more than 10 pm and numerous smaller grains of sizes between 1 and 5
pm are visible in SEM images (Fig. 2b—e). Most of the small grains of the
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Fig. 4. The unpolarized Raman spectra of BTBO:Yb®*/Er®* ceramics, recorded
at RT.

ceramic samples retained their sharp-edge shapes. It can be also
observed that large grains are fragmented to smaller ones as a result of
the above mentioned pressing and sintering processes. Moreover, EDX
analysis confirmed that all samples contain the same elements. The EDX
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Fig. 5. The upconversion spectra of BTBO:Yb>/Er*t samples upon excitation
at 975 nm recorded at RT.

spectrum of the selected BTBO:Yb3*/Er®" powder sample is presented in
Fig. 3.

It should be mentioned that EDX analysis provides very local infor-
mation due to the inhomogeneous morphology of the investigated ma-
terials. In particular, the weight percent concentration of the elements
occurring in low amounts is determined with relatively large measure-
ment (especially apparatus) uncertainty. The weight contents of the
individual elements (relative to the structural unit BTBO) in the selected
BTBO:Yb>*/Er®* powder sample are given in Table 2.

3.3. p-Raman investigations

BTBO:Yb>*/Er®" powder and ceramic samples crystallize in the
hexagonal structure of P63 space group with two formula units in the
unit cell. The detail description all of vibrations investigated for
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undoped and some RE3* doped BTBO powders using Raman spectros-
copy have been presented in our previous papers [32,36,37].

The unpolarized Raman spectra of BTBO:Yb3"/Er®* ceramics (2 GPa,
4 GPa, 6 GPa and 8 GPa samples) recorded at RT are presented in Fig. 4.
It should be noted that it was not possible to detect Raman bands
(observed for undoped BTBO powders [36]) above 1000 em ! in the
Raman spectra of BTBO:Yb®>*/Er®* ceramics due to the high intensity
luminescence bands of Er’* ions, which overlap the Raman bands of
BTBO matrix in this spectral range.

In particular, the bands recorded at around 927 and 815 cm™
correspond to the internal stretching vibrations of the BO3 groups. It
should be noted that for the samples 2 GPa, 4 GPa and 8 GPa these bands
have a very weak intensity, while for the sample 6 GPa the band at 815
cm ™! has medium intensity. This may be a result of random orientations
of the micro-crystals in the ceramics and recording of the unpolarized
Raman spectra. One of the dominant peaks located at around 691 cm ™
and a strong band at 651 cm™! in the spectra originate from the
stretching vibrations of the TeOg groups. The observed modes: a very
weak at 622 cm ™}, medium at 602 cm ™! and the shoulder at 590 cm ™! in
the Raman spectra were assigned to the bending vibrations of BO3
groups. The weak modes at 565 and 537 cm ™}, strong peak at 494 cm™*
and two medium modes at 415 and 403 cm ™! correspond to the bending
vibrations of TeOg groups. Moreover, the low-frequency modes (from
100 to 350 cm™!) were related to the external lattice vibrations: the
librational or translational motions of TeOg and BO3 molecular groups
and Te or Bi atoms. All active modes detected in the Raman spectra and
their assignment for the investigated BTBO:Yb>'/Er®" ceramics are
presented in Table S1.

1

3.4. Luminescence properties

The RT upconversion luminescence spectra of BTBO:Yb>*/Er®™,
recorded in the range 450-750 nm upon 975 nm excitation for the
powder and ceramics (2 GPa, 4 GPa, 6 GPa and 8 GPa samples), are
presented in Fig. 5.

As presented in Fig. 5, the upconversion spectra of the investigated
samples show the bands associated with green and red emission, which
originated from the energy transfers between Yb>* and Er®" and the
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Fig. 6. The upconversion spectra of BTBO:Yb®>*/Er®* powder upon the excitation at 975 nm recorded with varying power density.
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Table 3

The slope coefficients of the dependences of the logarithm of integral intensity of
the upconversion emission bands on the logarithm of power density at 975 nm
for BTBO:Yb>"/Er®" samples.

sample BTBO:Yb%*/Er®" the slope coefficient n

2 4 4 4 4 4
Hi1/2 = "hisy2 S3/2 = "lis/2 Fo/2 = "hiss2

powder 1.85 1.54 1.37
2 GPa 0.99 0.81 0.87
4 GPa 1.30 1.07 1.03
6 GPa 0.90 0.70 0.86

8 GPa 0.92 0.70 0.85

transitions between excited and ground levels of Er** ions. In particular,
the bands with maximum intensity at about 523, 540 and 653 nm,
corresponding to the 2H11 2= 4115/2, 453/2 - 4115/2 and 4F9/2 - 4115/2
transitions of Er®" ions, were detected. The bands consist of several lines
associated with the electronic transitions between the Stark sublevels of
excited and ground states of Er>* ions. The upconversion spectra of
BTBO:Yb>*/Er®" samples were analyzed on the basis of the Dieke’s di-
agram of energy levels of trivalent lanthanides [22] and the following
upconversion luminescence mechanism was proposed. The excited Yb>*
ions (2F7/2 - 2F5/2 transition) in BTBO:Yb®*/Er3" systems can transfer
energy to the excited states of Er>* ions and then, after a series of the
Excited State Absorption (ESA) processes in Ert ions, the transitions
from the excited to ground states of Er®* ions (the 2Hy; /2= 4115/2, 483/2
- 4115/2 and 4F9/2 - 4115/2 transitions) occur, giving the green and red
upconversion luminescence, respectively. The energy level diagram of
Yb3* and Er®* ions and the possible mechanisms of energy relaxations
after excitation at 975 nm were presented previously by us for BTBO:
Yb3t/Erdt systems [37].

Additionally, to determine the mechanism of photon activation
during the upconversion process, the upconversion spectra of BTBO:
Yb3*/Er3* powder and ceramic samples were measured as a function of
the density of the excitation power P of laser diode emitted at 975 nm
(Fig. 6).

The dependences of the logarithm of integral intensity I of the
emission bands on the logarithm of density of the laser excitation power
P, calculated for the emission at 523, 540 and 653 nm (the Hj; /2= I 5/
2 453/2 - 4115/2 and 4F9/2 - 4115 /o transitions) for the investigated
BTBO:Yb3*/Er®* powder and ceramic samples, are presented in Fig. 7.

The integral intensity of the upconversion emission band I can be
expressed as I ~ P", where P is the pump intensity and n is the number of
photons involved in the upconversion process [43]. The slope coefficient
of the corresponding linear fit is equal to the number of photons n
participating in the upconversion processes ie. to the number of
absorbed low energy infrared photons required for the emission of one
photon with higher energy (in VIS spectral range). The slope coefficients
determined for the mentioned above emissions for BTBO:Yb®*/Er®*
powder and ceramics are collected in Table 3.

Considering the results presented in Table 3 for the BTBO:Yb>*/Er3*
powder sample (n equals to 1.85, 1.54 and 1.37 for the emission bands at
523, 540 and 653, respectively) we can conclude that the upconversion
process involves two pumped photons, which produce photons in VIS
spectral range, by the energy transfer from the excited Yb>" ions to the
excited states of Er’* ions. In particular, two excited Yb>' ions
(Yb3T-Yb3* pairs) transfer their energy to the excited states of Er>* ions.
The upconversion process for the BTBO:Yb>*/Er®* ceramics is also
related to generation of one photon in the VIS spectral range produced
by two lower energy NIR photons. However, it should be noted that the
lower values of n for the corresponding upconversion emission bands of
BTBO:Yb%*/Er®" ceramic samples result from their lower integral in-
tensity of upconversion emission bands due to heating of the samples by
the laser (with increasing power), with less heat dissipation in com-
parison to the process for the BTBO:Yb3*/Er®* powder samples.

Kinetics of the upconversion luminescence of BTBO:Yb®'/Er®*
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Fig. 8. The decay curves for 523 (a), 540 (b) and 653 (c) nm emissions of
BTBO:Yb*>"/Er** samples measured upon excitation at 975 nm at room
temperature.
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Table 4
The lifetimes monitored for 523, 540 and 653 nm upconversion emissions of
BTBO:Yb®>'/Er>" samples and some other crystalline materials.

sample BTBO:Yb>*/Er®*(5/1 %) average decay lifetime (7)/us

*Hyp = *S32 = s, *Fop > “Iis,
Lis/2 2 2

powder 71 69 106
2 GPa 155 153 159
4 GPa 167 165 173
6 GPa 170 167 174

8 GPa 174 172 175
sample average decay lifetime (t)/ps

*Hyyp = Ss2—> s, “Fopp = *Ins,
Lis/2 2 2

KMgF3:Yb®"/Er®*(1.0/0.5 %) 135.6

[45]
Sr3Y(POg4)s: Yb*t/Er*(10/2 %) 52+2

[46]
LaNbO4:Yb®*/Er3*(10/2 %) [47] 171.62 233.66
GdyZnTiOg: YD /Er®* (5/4 %) 240

[48]
Gd,ZnTiOg:Yb>*/Er®* (20/4 %) 31

[48]
La,0,S: Yb*'/Er**(9.0/1 %) [49] 120 160

powder and ceramics was analyzed based on the decay time measure-
ments for the 2H11/2 — 4115/2, 4S3/2 — 4115/2 and 4F9/2 — 4115/2 transi-
tions of Er®" ions, which correspond to the upconversion emission at
523, 540 and 653 nm, respectively, upon excitation at 975 nm (Fig. 8).
The average lifetimes of the particular emissions were calculated
from the measured decay time curves, using the following equation:

()= / %dt @

where (7) is the average lifetime, I(t) denotes the measured intensity of
photoluminescence decay curve as a function of time and I(0) is the
initial intensity (at t = 0 s) [44]. The average lifetime (z) values deter-
mined for all samples monitored for the emission at 523, 540 and 653
nm after the excitation at 975 nm, calculated from Eq. (1), are presented
in Table 4.

As follows from the data given in Table 4, the lifetimes of the above-
mentioned emissions/transitions are shorter for BTBO:Yb®*/Er** pow-
der sample than those of BTBO:Yb>*/Er®" ceramics. Moreover, it should
be noted, that BTBO:Yb>*/Er®* ceramics obtained under increased
pressure, show longer lifetimes of the emissions at 523, 540 and 653 nm.
The longest lifetimes were detected for the ceramics obtained under 8
GPa and were equal to 174, 172 and 175 ps for emissions at 523, 540 and
653 nm, respectively. Moreover, additional analysis of particular decay
time curves revealed the single or double exponential character of the
decay of the considered upconversion emissions of BTBO:Yb>*/Er®*
ceramic samples sintered under different pressures (2, 4, 6 and 8 GPa),
while the three-exponential function was the best fit for the decay time
curves of the powder sample. The three decay times determined for
BTBO:Yb>*/Er®* powder sample can be a result of the presence of Er®*
active ions in the bulk (in well-coordinated positions) and surface of
micro-crystals as well as the presence of some nano-crystals in BTBO:
Yb3*/Er®t powder sample, along with the presence of some surface
molecules (H,0, CO,, etc.). For BTBO:Yb3t/Er®* ceramic samples sin-
tered under different pressures (2, 4, 6 or 8 GPa) the decay times are
related only to the bulk and surface positions of Er®* active ions, which
show a higher crystallinity of BTBO:Yb®*/Er®" ceramics in comparison
to powder sample. Moreover, the lifetime of above-mentioned emissions
of Er®" ions were reported for many various crystalline materials con-
taining Yb®* and Er" ions. Some examples were collected in Table 4.
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4. Conclusions

The structural, vibrational and upconversion luminescence proper-
ties of BTBO:Yb®*/Er®" ceramics are presented for the first time. BTBO:
Yb3*/Er®* ceramics were prepared using the HPLT technique by sin-
tering BTBO:Yb®t/Er® powder under different pressures (2, 4, 6 and 8
GPa). The hexagonal structure of P63 space group of BTBO:Yb>*/Er®*
ceramic and powder samples was confirmed by XRD measurements.
Moreover, analysis of XRD data of BTBO:Yb®*/Er®* samples revealed
differences in the intensity, width and position of the diffraction peaks as
well as the small differences in unit cell parameters between BTBO:
Yb3*/Er®* powder and ceramic samples. The mentioned differences
were generated due to the simultaneous application of high pressure and
temperature in the technological process of obtaining the ceramics.
These structural modifications have proved to be crucial for the reported
improved luminescence properties of prepared ceramics in comparison
to as-synthesized BTBO:Yb>*/Er3* powder sample.

The p-Raman spectroscopy measurements confirmed that the doping
concentration as well as the sintering processes during the production of
the ceramics do not cause changes in the vibrational properties of BTBO:
yb3*/Erdt samples. Moreover, the low phonon energy of BTBO matrix
allows efficient energy transfer between active Yb3* and Er>* ions.

The emission spectra of BTBO:Yb>*/Er®* powder and ceramic sam-
ples excited at 975 nm (by Yb®* ions absorption) show relatively strong
upconversion luminescence associated with green and red emission at
about 523, 540 and 653 nm arising from the 2H11 2 = 4115/2, 453/2 N
4115/2 and 4F9/2 — 4115 /2 transitions of Er®" ions, respectively. Further-
more, calculations of the number of photons responsible for the
upconversion emission for the above-mentioned transitions of Er’* ions
indicate that the upconversion process in BTBO:Yb>*/Er®* powder and
ceramic samples involves two pumped NIR photons that produce pho-
tons in the VIS spectral range by transferring energy from the excited
Yb3* ions to the excited states of the Er’* ijons. The upconversion
luminescence lifetimes of particular emissions at about 523, 540 and
653 nm assigned to the 2H11/2 — 4115/2, 453/2 — 4115/2 and 4F9/2 — 4115/2
transitions of Er>* ions were calculated from the measured decay time
curves upon excitation BTBO:Yb>/Er®" powder and ceramic samples at
975 nm. The determined lifetimes of these emissions are shorter for
BTBO:Yb>*/Er®* powder sample in comparison to those for BTBO:Yb>*/
Er’* ceramics. Moreover, it should be noted, that BTBO:Yb>t/Er®™ ce-
ramics obtained under increased pressure, show the increasing lifetimes
of the emissions at 523, 540 and 653 nm. The longest lifetimes were
detected for the ceramics obtained under 8 GPa and are equal to 174,
172 and 175 ps for the emissions at 523, 540 and 653 nm, respectively.

As a result, we obtained very promising BTBO:Yb®"/Er®* ceramics
with effective upconversion emission in the VIS spectral range, which
can be potentially used as optical converters in new generation semi-
conductor solar cells.
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ABSTRACT: An efficient near-infrared emission of Yb®" ions sensitized by Bi** ions was
revealed in Bi;TeBOy:Yb®>" microcrystalline powders. BiyTeBO,:Yb** doped with different
concentrations of Yb** ions (0.5, 1.0, 2.5, 4.0, and 7.5 at %) were synthesized by means of the
modified Pechini method. The structure, morphology, and elemental composition of samples
were investigated using X-ray diffraction, scanning electron microscopy, and energy-dispersive
X-ray spectroscopy techniques. The y-Raman spectroscopic measurements of Bi;TeBO,:Yb**
allowed us to determine the energy vibrations of characteristic molecular groups BO; and
TeOjg present in the Bi;TeBO, matrix. Emissions of Bi;TeBOy:Yb** powders were measured
upon excitation at 330 nm by Bi** ions (the 'S, — P, transition) in VIS (Bi** ions emission
assigned to the °Py — 'S, transition) and NIR (Yb** ions emission assigned to the *Fs, —
’F,/,) spectral ranges. In particular, the strongest emission band of Yb** ions at 975 nm was
observed in the spectrum of Bi;TeBOy:Yb** doped with 4.0 at % of Yb*" ions. This suggests
that Bi** ions present in the Bi;TeBO, matrix can be used as a UV absorption sensitizer for
Yb** ions in the considered systems. Moreover, the decay times of *Py — 'S, transitions of Bi** ions (emission in VIS with maximum
at 550 nm) and °Fs/, — °F,, transitions of Yb** ions (emission in NIR at 975 nm) upon excitation at 330 nm were measured. The
calculated energy transfer efficiency and quantum efficiency coefficients confirmed the effective energy transfer from Bi** to Yb**
ions in the Bi;TeBO,:Yb** system. The obtained results show that Bi;TeBOy:Yb*>" powders, as efficient UV to NIR spectral
converters, can be potentially used in ¢-Si solar cell technology, enhancing the photovoltaic effect.

1. INTRODUCTION solar cells consisting of more than one junction, to achieve
higher efficiency.' ™ The third generation solar cell technology
provides the possibility of making the following types of
multijunction solar cells: CZTS solar cells, dye sensitized solar
cells, organic and polymeric solar cells, quantum dot solar cells,
or perovskite solar cells.' > The fourth generation photovoltaic
solar cells are combinations of those based on the previous
generations of materials with, e.g, graphene as a potentially
very promising component to enhance solar cells efficiency.’
Nowadays, the solar cell market is based on c-Si solar cells
(about 80%), which are used all over the world with the
highest commercial ei’ﬁciency,1 related to their low cost,
relatively high photovoltaic efficiency, low toxicity, well-known
fabrication process, and long lifetime (more than 20 years).”
However, according to the Shockley—Queisser detailed-
balance model, the efficiency of c¢-Si solar cells cannot exceed
a limit of 32—339%.'~> An important parameter of photovoltaic
semiconductors used in solar cells is the energy band gap,

Besides many nonconventional sources of energies, such as
tides, wind, or biomass, the sun is one of the most important
sources of sustainable energy that can be repeatedly obtained
and easily converted into electric energy. The sun provides
large amounts of energy in the form of solar radiation,
generated in the fusion of hydrogen nuclei.' Although solar
energy is available all over the world, its use is limited by many
factors, in particular, geographical location, which determines
the time of potential use of solar energy as it is available during
the day, not at night. Solar energy is available without any costs
and can be easily converted into electric energy by using
photovoltaic solar cells. The efficiency of solar energy
conversion into electric energy strongly depends on the type
of solar cells. Nowadays, much effort is directed to improving
the efficiency of different types of photovoltaic solar cells to
make solar energy harvesting more efficient.”~* The first
generation solar cells were based on single crystalline silicon c-
Si (wafers) or polycrystalline silicon mc-Si (wafers).'” The

second generation solar cells are the thin-film solar cells based Received: June 22, 2024
on the following materials: c-Si, amorphous silicon a-Si:H, Revised:  August 9, 2024
copper indium gallium diselenide Cu(In,Ga)(Se), (CIGS), Accepted:  August 9, 2024

Published: August 15, 2024

cadmium telluride (CdTe), copper zinc tin sulfide Cu(Zn,Sn)-
(S), (CZTS), or compounds of groups III-V (for example,
GaAs, InP, or GalnP), which permit creating multijunction

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.jpcc.4c04134
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which corresponds to the selected wavelength range of solar
radiation absorbed and converted into the electric energy. The
major problem with efficiency loss in c-Si solar cells is the
mismatch between the solar spectral range and the energy
corresponding to the band gap energy of Si (1.12 eV).” One of
the possible ways to enhance the efficiency of ¢-Si solar cells is
to use optical converters in solar cell technology, which
concentrate the solar radiation into the spectral range
corresponding to the energy band gap of Si. Such optical
converters can concentrate the solar radiation into the required
spectral range by the quantum cutting (QC) process, in which
one photon with high energy is cut into two ones with lower
energies,” from which solar energy can be easily absorbed and
next converted into electric energy by the photovoltaic effect.”
Moreover, the QC process effectively minimizes the energy
losses due to the thermalization of electron—hole pairs in
semiconductors.” It is possible to increase the maximum
theoretical conversion efliciency from 30.9 to 39.6% for a c-Si
solar cell by the QC process.” Crystalline materials doped with
rare earth (RE) elements are often used as optical/spectral
converters due to their unique structure of electronic energy
levels, which allows easy absorption or emission of radiation in
ultraviolet (UV), visible (VIS), or near-infrared (NIR) range
and energy transfer (ET) processes between active RE ions by
up- or down-conversion processes.””'’ Moreover, to enhance
the photovoltaic efficiency in conventional solar cells,
spectrally converted layers obtained from such RE-doped
crystalline materials can be placed on the upper surface of a
solar panel/cell, enabling more efficient utilization of solar
radiation.’

Among other RE ions, Yb*" ions are particularly attractive
due to their characteristic two-quantum-level structure (the
ground °F;, and excited °F;, states), which allows using them
as optically active ions. The energy absorption by Yb*>" ions,
through the ’F;, — °F,, transition, at about 975 nm
(equivalent to 1.26 eV) perfectly matches the band gap of c-Si
solar cells (1.12 eV).” Recently, the pair of optically active ions
Bi**~Yb?* has been reported as a good candidate for the QC
process, possibly applicable for solar spectrum modifica-
tion."'™'® In many crystalline materials, Bi** ion acts as an
energy donor and Yb*" ion as an energy acceptor.''® The
Bi** ion has the outer electronic configuration of 6s* with the
ground state of 'Sy, while its excited state features a 6s6p
electronic configuration, split into the *Py, *P,, °P,, and 'S,
energy states.' Typically, Bi** ions exhibit a transition from
'P, to the ground state in the vacuum ultraviolet region, while
the emissions from °P, and 3P, states are observed in the UV
or VIS range, depending on the host matrix."® Consequently,
with the use of a Bi**~Yb*" system, the solar energy from the
shorter wavelength range UV could be efliciently converted
into the NIR spectral range, from which it could be absorbed
by c-Si solar cells.

This work continues our research on the Bi;TeBO, (BTBO)
matrix, which is doped and codoped with rare earth ions."”~**
The nonlinear properties of the matrix and the efficient energy
transfers between its constituent ions suggest a wide range of
potential applications. Therefore, in this work, we focused on
using these matrix ions to enhance the emission of luminescent
ions. Our study revealed a novel effect: enhancing the infrared
emission of Yb*" ions through ultraviolet (UV) excitation,
facilitated by efficient energy transfer from Bi** ions within the
Bi;TeBOy matrix. Previous research has typically focused on
materials where Bi** ions function as optically active centers

emitting in the visible range. In contrast, we discovered that
the excited states of Bi’" ions can effectively engage in energy
transfer, thus efficiently pumping Yb** ions and enhancing
their emission in the infrared range. We measured the emission
of Bi;TeBOy powders under 330 nm excitation, corresponding
to the Bi** ions’ 'S, — P, transition, and observed emissions
in both the visible range (attributed to the Bi’* °P, — 'S,
transition) and the NIR range (attributed to the Yb** °F;,, —
’F,, transition).

Our findings indicate that Bi** ions within the Bi;TeBO,
matrix can serve as effective UV absorbers and sensitizers for
Yb** ions in the system. The calculated energy transfer
efficiency and quantum efliciency coeflicients confirmed the
effective energy transfer from Bi’* to Yb’' ions in the
Bi;TeBO, system. Consequently, Bi;TeBO, powders can be
used as efficient UV-to-NIR spectral converters, with potential
applications in enhancing the photovoltaic effect in ¢-Si solar
cell technology.

2. EXPERIMENTAL METHODS

X-ray diffraction (XRD) measurements of BTBO:Yb**
powders were made using the BRUKER D2 PHASER
diffractometer equipped with a CuK, radiator (Ag, =
1.54056 A, Ay, = 1.54443 A, Siemens KFL CU 2 K, 30 kV
voltage, and 10 mA current in operating mode) and 1D
LYNXEYE detector. The Bragg—Brentano diffraction geome-
try was applied. The diffraction angle 265 ranged from 10 to
80° with a step of 0.015° and acquisition time of 3 s per step.
All the measurements were carried out at room temperature
(RT). The DIFFRAC.SUITE EVA application (supported by
diffractometer producer) was applied for data processing. The
phase analysis was performed with support of the ICDD PDF-
2 and COD databases in Match! program by Crystal Impact.
The FullPROF ver. 3.0 program managed with EdPCR editor
was used for Rietveld refinement and precise calculations of
entire diffraction profiles along with refined unit cell
parameters. The crystallite sizes of as-prepared powders were
estimated by means of the Debye—Scherrer method.

The scanning electron microscopy (SEM) analysis of
BTBO:Yb*" powders was performed with a SEM/FEI Quanta
250FEG microscope. The samples were analyzed in the low-
vacuum mode at a pressure of 70 Pa. The images were
recorded in the secondary electron mode at an accelerating
voltage of 10 kV. The energy-dispersive X-ray spectroscopy
(EDX) analysis was performed with the EDAX Octane SDD
system at an accelerating voltage of 30 kV.

The Raman investigations were performed in the back-
scattering geometry using the Renishaw InVia Raman
microscope equipped with the confocal the DM 2500 Leica
optical microscope and the CCD detector. The unpolarized
Raman spectra were excited with the Ar laser emitting light of
488 nm wavelength and recorded in a single scan with 30 s
exposure time and 1 mW of the applied power. The positions
of the Raman peaks were calibrated before data collection
using the Si reference sample as an internal standard with the
peak position at 520.3 cm™'. The diffraction-limited optical
spatial resolution depended on the excitation wavelength, and
for the used S0X LWD objective, it was approximately equal to
1.5 ym. The instrumental resolution of the spectrometer was
better than 2 cm™". Spectral analysis was performed with the
software packages WiRE3.4/Renishaw.

The excitation and emission spectra as well as the decay
kinetics of BTBO:Yb®" crystalline powders were recorded
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Figure 1. Set of experimental XRD patterns of BTBO:Yb*>" powders.

Table 1. Calculated Unit Cell Parameters of BTBO:Yb** Powders

unit cell parameters [A]

compound a c
BTBO™ 8.7510(12) 5.8981(12)
BTBO 8.7538(4) 5.8971(3)
BTBO:Yb* (0.5 at %) 8.7505(4) 5.8869(3)
BTBO:Yb** (1.0 at %) 8.7521(1) 5.8863(1)
BTBO:Yb*> (2.5 at %) 8.7542(1) 5.8801(1)
BTBO:Yb* (4.0 at %) 8.7497(2) 5.8705(2)
BTBO:Yb** (7.5 at %) 8.7536(1) 5.8687(2)

v [A%] a/c D [nm] Rirage
391.16 1.484

391.35 1.484 170 1.399
390.38 1.486 182 0.997
390.48 1.487 179 1.700
390.25 1.489 135 1.490
389.22 1.490 103 1.681
389.44 1.492 127 1.780

using the FLS980 Fluorescence Spectrometer (Edinburgh
Instruments) equipped with the holographic grating of 1800
lines/mm, blazed at 300 mm focal length monochromators in a
Czerny Turner configuration. The excitation and emission
spectra were obtained using a 450 W xenon lamp. For decay
times measurements, the 450 W excitation source was replaced
with a 150 W lamp (uF2) with external triggering. The
emission spectra and decay times in the visible range were
recorded on the Hamamatsu CS5680 streak camera with time
resolution below 50 ps and effective spectral range from 200 to
1000 nm. The Coherent Libra-S-laser (femtosecond laser,
wavelength 800 nm, pulse width of less than 100 fs, and energy
of 1 mJ at 1 kHz repetition rate) paired with the Coherent
OPerA Solo Optical Parametric Oscillator (two-stage amplifier
of white continuum) was an excitation source that allows the
generation of pulses in the range of wavelengths from 230 to
2800 nm.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Crystal Structure. Polycrystalline
powders of BTBO:Yb*" were synthesized via the modified
Pechini method,*® described in detail in our previous work."
The only difference implemented in this approach was to
increase the last stage of annealing temperature to 700 °C to
ensure high phase homogeneity. The XRD data of the obtained
powders are listed in Figure 1.

All of the presented diffraction patterns of undoped BTBO
and BTBO:Yb*" powders are in good correlation with the
reference COD card (no. 96-412-5286). They all correspond
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to a hexagonal crystal system with a noncentrosymmetric P6;
(no. 173) space group (with the number of formula units per
unit cell equal to Z = 2). The obtained results showed that the
hexagonal crystal structure remains stable when Yb** ions of
the applied concentrations are incorporated into the BTBO
host matrix. Each diffraction profile was adjusted by using
Rietveld refinement. The unit cell parameters of each sample
are presented in Table 1. All the obtained results were
provided with a statistical parameter of the Bragg correlation
coefficient (Rp;,g,)-

The results given in Table 1 show a direct correlation
between the Yb®" ion content in the BTBO lattice and the
changes in its unit cell volume. The values of effective ionic
radius for Bi** and Yb>* are 1.030 and 0.985 A, respectively.”®
The similarity in their size may indicate that the isovalent
substitution of Bi** ions with Yb* may occur, causing the
compression of BTBO unit cell volume with increasing Yb**
ions concentration. One can then conclude that the unit cell
geometry is slightly changed within BTBO doping but does
not disturb the original symmetry. The a/c ratio increases
noticeably with increasing Yb** dopant concentration (a very
similar effect was also observed by us for the Nd**-doped
BTBO system).'” With an increasing amount of Yb*" dopant,
the unit cell shrinkage is more pronounced. Average crystallite
sizes, calculated using the Debye—Scherrer method, were in
the range of 100—200 nm, and their relatively big dimensions
were caused by long-term heat treatment during pyrolysis at
elevated temperatures.

https://doi.org/10.1021/acsjpcc.4c04134
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3.2. SEM and EDX Analysis. Morphology of the
BTBO:Yb* samples was determined by SEM. SEM images
revealed that all investigated powders had different irregular
microstructures (Figure 2).

b,

' "« r
PR 4.0 2t

Figure 2. SEM images of BTBO:Yb** powders doped with different
concentrations of Yb®* ions: 0.5 at % (a), 1.0 at % (b), 2.5 at % (c),
4.0 at % (d), and 7.5 at % (e) in a magnification of 10 000X.

BTBO:Yb** (0.5 at %) sample (Figure 2a) is composed of
relatively large-size grains, ranging from a few to several tens of
microns. Large grains’ sizes range from S to 20 ym, while the
size of smaller ones ranges between one and a few microns.
Moreover, it should be noted that most of the large grains have
a monolithic shape, although some agglomerations of much
smaller grains were also detected. For the BTBO:Yb>" (1.0 at
%) sample (Figure 2b) most of the grains are between 1 and §
pm in size and have sharp edges. Larger grains are also visible,
but comparing to the previous sample, it can be concluded that
small grains are predominant. The microstructure of sample
BTBO:Yb**(2.5 at %) is slightly different (Figure 2c). On the
background of the image, there are large grain agglomerations
of 20—30 um, on whose surface small sharp edges are
chaotically distributed. Comparing the SEM image of the

BTBO: Yb**(4.0 at %) sample (Figure 2d) with those of the
previously mentioned samples, a large monolithic grain of a
few ten microns in size is located in the center of the sample
area imagined. In addition, small grains of sizes between one
and 10 ym can be observed next to it. Also visible are grains
smaller than 1 ym in size. Finally, there is one large grain of the
size of about 20 ym in the middle of the SEM image of the
BTBO:Yb**(7.5 at %) sample (Figure 2e) and many small
grains of sizes of a few micrometers. Nevertheless, smaller
grains of nanometer sizes were also observed on the surface of
larger ones or in the empty space between large grains for all
investigated samples.

For all considered BTBO:Yb** powders, the EDX analysis
was performed. In Figure 3, the EDX spectrum of a selected
BTBO:Yb*" (1.0 at %) sample is presented.

The EDX characterization was applied in order to evaluate
the element content of BTBO:Yb’* systems and confirm
whether their segregation on the grain boundaries had
occurred. The weight and atomic contents of individual
elements in the selected sample are given in Table 2.

Table 2. Elements Content in the BTBO:Yb>*(1.0 at %)
Sample

BTBO:Yb*" (1.0 at %) element  weight % atomic % error %
B 3246 75.50 3.19
(] 10.79 16.96 9.41
Te 8.95 1.76 3.65
Yb 0.75 0.11 9.18
Bi 47.04 5.66 2.62

In the investigated BTBO:Yb** samples, doped with Yb in
concentrations of 0.5, 1.0, 2.5, 4.0, or 7.5 at %, the Yb and Bi
stoichiometric contents within the Bi(;_,)Yb,TeBO, formula
are as follows: x = 0.015, 0.030, 0.075, 0.120, and 0.225 and (3
— x) = 2.985, 2.970, 2.925, 2.880, and 2.775, respectively. The
theoretical and experimental (according to EDX data) atomic
contents of Yb and Bi elements (with respect to the whole 14
atoms in the BTBO formula) and the atomic ratio Yb/Bi
determined for the studied BTBO:Yb** samples are presented
in Table 3.

The theoretical Yb/Bi atomic ratios were determined for all
considered samples by comparison of the number of Yb atoms
which can occupy the Bi positions to that of Bi atoms in
relation to all 14 atoms (3 Bi, 1 Te, 1 B, and 9 O), which are
present in the Bi;TeBOy structure unit. The experimental Yb/
Bi atomic ratios were calculated from the experimental EDX

220K
198K
176K
154K
132K
110K

Count

0.0 2.0 4.0 6.0 8.0

10.0 12.0 14.0 16.0 18.0

Energy / keV

Figure 3. EDX spectrum for the BTBO:Yb** (1.0 at %) sample.
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Table 3. Theoretical and Experimental Atomic Contents of Yb and Bi as well as Their Ratio Yb/Bi

atomic content theor. [%]

atomic content exp. [%]

compounds Yb Bi Yb Bi Yb/Bi theor. Yb/Bi exp.
BTBO:Yb** (0.5 at %) 0.1071 21.3214 0.05 + 0.01 643 + 0.17 0.0050 0.0078 + 0.0012
BTBO:Yb** (1.0 at %) 02143 21.2143 0.11 + 0.01 5.66 + 0.15 0.0101 0.0194 + 0.0019
BTBO:Yb** (2.5 at %) 0.5357 20.8929 0.10 + 0.02 5.65 + 0.16 0.0256 0.0177 + 0.0020
BTBO:Yb** (4.0 at %) 0.8571 20.5714 0.24 + 0.02 5.74 £ 0.15 0.0417 0.0417 + 0.0027
BTBO:Yb** (7.5 at %) 1.6071 19.8214 0.26 + 0.02 5.76 £ 0.15 0.0811 0.0451 + 0.0026
250000 —
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Figure 4. Unpolarized Raman spectra of BTBO:Yb*" powders, detected at 300 K.

data given in Table 3 for the Yb and Bi atoms for all
investigated BTBO:Yb** samples. Moreover, the analysis of the
data presented in Table 3 allows concluding that the contents
of individual Yb and Bi elements obtained from experimental
data differ significantly compared to the theoretical values. The
observed difference can be a result of the typical morphology
of the powder materials that is responsible for significant
fluctuations in the EDX signal within the area of a single grain,
especially when the particle size is characterized by a large
dispersion. However, it should be noted that the tendency of
increasing Yb and decreasing Bi content as well as increasing
atomic Yb/Bi ratio with increasing concentration of Yb from
0.5 to 7.5 at % in BTBO:Yb*" is observed for theoretical as well
as experimental values, except for the experimental value of
Yb/Bi ratio for the BTBO:Yb** (2.5 at %) sample. Moreover,
the best agreement between the theoretical and experimental
values of the Yb/Bi atomic ratio (0.0417) was observed for the
BTBO:Yb* (4.0 at %) sample. As already mentioned, the
volume location of Yb** ions is preferred to the surface one in
higher Yb**-doped samples. Finally, the EDX measurements
confirmed the presence of the expected elemental composition
of the investigated BTBO:Yb>* powder samples.**™>*

3.3. p-Raman Investigation. The unpolarized Raman
spectra of BTBO:Yb®" powders were measured in the 100—
1500 cm™ spectral range at RT (Figure 4). As shown in Figure
4, the detected Raman spectra of BTBO:Yb** powders
correspond to those recorded by us for pure BTBO
microcrystalline powder and those doped with other RE ions
(BTBO powders, BTBO:Nd** powders, and BTBO:Yb**/Er**
powders and ceramics).'”~** BTBO has a hexagonal structure
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of the P6; space group (Z = 2). The primitive unit cell of the
BTBO crystal contains 28 atoms, which generate 84
fundamental vibrations, from which 28 Raman active bands
were detected in the relevant spectra.'”*” Most of the Raman
active bands arise from stretching and bending vibrations of
BO; and TeOg groups. In the low wavenumber range, the
bands assigned to the lattice vibrations of Bi(Yb) or Te atoms
and TeOg and BO; groups were detected.

As follows from the spectra (Figure 4), very weak peaks at
1375 and 927 cm™!, a weak band at 833 cm™!, and medium
modes at 1297, 1283, 1263, and 1248 cm™" correspond to the
stretching vibrations of the BO; group. It should be noted that
the peak at 833 cm™' was observed only for the BTBO:Yb**
(7.5 at %) sample, which is probably due to the random
orientations of the microcrystals in the powder sample and the
local not global homogeneity of the powder sample. One of the
most intensive modes recorded at 691 cm ™' and a strong peak
at 650 cm™! are assigned to the stretching vibrations of the
TeOg4 group. In the spectral range of 630—590 cm™’, the
bending vibrations of the BO; group were observed: in
particular, a very weak mode at 620 cm™', a medium peak at
603 cm™', and a medium shoulder 594 cm™. In the spectral
range 570—350 cm™!, strong bands at 494 cm™!, two weak
modes at 565 and 537 cm™}, and a medium mode/shoulder
410 with medium 401 cm™" peaks, which can be assigned to
the bending vibrations of the TeO4 group, were detected.
Finally, below 350 cm™Y, a very strong band at 125 cm™}
strong modes at 248 and 154 cm™', medium intensity peaks at
306, 275, and 224 cm™! with shoulders at 322 and 163 cm™!
and also weak peaks at 205, 187, and 177 cmt appeared,
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Figure 5. Excitation spectra of BTBO:Yb*" powders recorded by monitoring the emission of the Yb** ions at 975 nm, detected at 300 K.
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Figure 6. Emission spectra of BTBO:Yb** powders, assigned to Bi** ions emission, upon excitation at 330 nm recorded at 300 K and the integral
intensity of the emission spectra of BTBO:Yb** powders determined in the 425—650 nm range (inset).

which correspond to the lattice vibrations of Bi(Yb) or Te
atoms and TeOg and BO; groups (librational or translational
motions). A detailed description of the Raman bands and their
assignment to individual modes is presented in Table S1
(Supporting Information). Furthermore, spectral analysis of
the Raman spectra of BTBO:Yb** powders and previously
investigated pure BTBO powder”’ leads to a conclusion that
the concentrations of doped Yb®" ions does not affect the
vibrational properties of the BTBO matrix. It means that the
obtained results indicate a low phonon energy of the BTBO
matrix, which is crucial in ET processes between the active Bi**
and Yb*' ions.

3.4. Luminescence Properties. The excitation and
emission spectra measured for BTBO:Yb** powders are
presented in Figures S to 7. The bands appearing in the
spectra were assigned to the energy levels of Yb*" active ions
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according to Dieke’s diagram.”
spectra of BTBO:Yb** powders recorded in the spectral range
270—800 nm by monitoring the *Fs/, — °F,, transition of

In particular, the excitation

Yb** ions are shown in Figure S.

As follows from Figure 5, the strong and broad bands
present in the excitation spectra of BTBO:Yb*" powders in the
range from 280 to 370 nm with the maximum at about 330 nm
were detected for samples with all considered Yb**
concentrations. Moreover, the intensity of the bands in the
spectra depends on the Yb** concentration. The intensity of
excitation bands increases gradually starting from 0.5 at %, but
reaches a maximum for 4.0 at % concentration of Yb** ions in
BTBO:Yb* powder, and for the sample with the highest
concentration of Yb** ions 7.5 at %, the intensity of the
excitation band is already weaker than that for 4.0 at %.
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Figure 7. Emission spectra of BTBO:Yb** powders, assigned to Yb*" ion emission, upon excitation at 330 nm recorded at 300 K and the integral
area of the emission spectra of BTBO:Yb** samples determined in the 925—1075 nm range (inset).

The emission spectra of BTBO:Yb** powders excited in the
UV spectral range by Bi** ions (the 'Sy, — P, transition) were
detected for Bi** ions emission (the *P, — 'S transition) and
Yb** ions emission (the *Fs/, — *F,, transition) in VIS and
NIR spectral ranges, respectively, which are presented in
Figures 6 to 7.

As shown in Figure 6, the broad emission bands with the
maximum at about S50 nm, assigned to the ‘P, — 'S,
transition of Bi** ions, were recorded for BTBO:Yb** powders
with all concentrations of Yb** ions. The determined integral
area of emission spectra of BTBO:Yb** samples, presented in
the inset of Figure 6, is the highest for the sample with the
lowest concentrations of Yb** ions (0.5 at %). For other
samples, the integral area is significantly lower, but with
increasing concentrations of Yb3* jons from 1.0 to 7.5 at %, it
gradually increases.

The emission spectra of BTBO:Yb** powders presented in
Figure 7 show broad and intense bands in the range of 925—
1075 nm with a maximum intensity at about 975 and 995 nm,
which are related to the *Fg, — °F,/, transition of Yb*" ions.
This suggests that Bi*" ions present in the BTBO matrix can be
used as a UV absorption sensitizer for Yb*" ions in the
considered systems. Interestingly, the highest intensity
emission bands in NIR spectral range were detected in the
spectra of BTBO:Yb*" powders doped with Yb* ions in a
concentration of 4.0 at %. For the highest concentration of
Yb** ions (7.5 at %), we observed the higher intensity in
comparison to that for other samples, except for the sample
with a concentration of 4.0 at %. The observed effect is due to
the luminescence concentration quenching (LCQ) resulting
from the high concentration of Yb®* ions in the BTBO:Yb*"
(7.5 at %) sample. The determined integral area of the
emission spectra of BTBO:Yb*" samples, presented as the inset
in Figure 7, increases for the samples with Yb®" ions
concentration from 0.5 to 4.0 at % and then decreases for
the sample with Yb*" ions concentration 7.5 at %.

The luminescence lifetimes of BTBO:Yb** powders
measured for the emission of Bi** and Yb*" ions for the P,
— 'S, and *F;,, — ’F,, transitions, respectively, were used for
analysis of the kinetics of the luminescence processes in
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BTBO:Yb*" systems. The luminescence decay time curves of
BTBO:Yb** powders monitored for the abovementioned
emissions at 550 and 975 nm upon the excitation at 330 nm
are presented in Figure 8.

From the decay curves shown in Figure 8, the average
lifetimes were calculated using the following formula

N (O]
<T>_fo 1(0)dt )

where (7) is the average lifetime, I(t) denotes the measured
intensity of the photoluminescence decay curve as a function
of time, and I(0) is the initial intensity (at t = 0 $).° The
luminescence decay times of the emissions of BTBO:Yb**
powders at 550 and 975 nm determined by using formula 2 are
presented in Table 4.

As follows from Table 4, the average lifetimes calculated
from the experimental decay curves reveal the influence of the
dopant concentration on the kinetics of the luminescence
processes in the BTBO:Yb** systems. The short lifetimes of the
emission of Bi** ions (*P, — 'S, transitions) and relatively
long lifetimes of the emission of Yb*" ions (°F;, — °F,,
transitions) result from the ET mechanisms between Bi** and
Yb** ions in the studied BTBO:Yb>" systems. After excitation
at 330 nm of BTBO:Yb*" samples, some energy is transferred
to the lower lying energy levels of Bi** ions, which relax in a
very short time, showing the emission at 550 nm (Figure 6)
and a significant part of energy is transferred to the Yb3* ions,
which relax for a long time with a relatively high intensity
emission band at 975 nm (Figure 7). In particular, as it is also
seen from Table 4, the lifetimes assigned to the *P, — 'S,
transitions of Bi** ions decrease for BTBO:Yb*" samples with
increasing concentration of Yb** ions, which means that
simultaneously Yb** ions accept part of the energy from the
excited Bi** ions that can be observed as increasing lifetimes of
the °Fy;, — ’F,), transitions of Yb®>" ions with increasing
concentration of Yb®" ions in BTBO:Yb*" samples. Moreover,
the lifetimes of Yb** emission (°Fs,, — °F,/, transitions)
increase from 248 to the maximum value 381 us with respect
to Yb*" ions’ concentration in the BTBO matrix, increasing
from 0.5 to 4.0 at %, which corresponds to increasing intensity
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Figure 8. Luminescence decay time curves of BTBO:Yb** powders
recorded at RT by monitoring the emission of (a) Bi** ions at $50 nm
and (b) Yb* ions at 975 nm upon the excitation at 330 nm.

Table 4. Decay Times of the Emissions at 550 and 975 nm
of BTBO:Yb*" Powders

average decay lifetimes

(7)/ns (7)/ s

compounds 3P0 - 150 transitions 2F5 12— 2F7 /» transitions
BTBO 2.89
BTBO:Yb*" (0.5 at %) 2.65 248
BTBO:Yb*" (1.0 at %) 2.66 276
BTBO:Yb*" (2.5 at %) 2.56 313
BTBO:Yb*" (4.0 at %) 2.50 381

BTBO:Yb*" (7.5 at %) 2.46 344

of this emission (Figure 7). For the BTBO:Yb** sample with
the highest concentration of Yb** ions (7.5 at %) the emission
lifetime is shorter (344 us) and the corresponding intensity of
emission band of Yb*" ions is weaker (Figure 7) due to a weak
Yb**—Yb** interaction resulting in the LCQ_effect. A possible
mechanism of energy transfer from Bi** to Yb®* active ions in
BTBO:Yb*" systems after UV excitation is illustrated schemati-
cally in Figure 9.

The energy level diagram for the BTBO:Yb*" system was
constructed on the basis of the excitation and emission spectra.
After the absorption of UV energy (at 330 nm), Bi** ions are
excited from the 'S, ground to the *P; excited state. A part of
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Figure 9. Schematic energy level diagram showing the possible ET
from Bi** to Yb*" ions upon the excitation at 330 nm.

the energy from the excited state of Bi** ions can relax to its 'S,
ground state by emitting photons in the VIS (wide bands in
the 425—650 nm spectral range with maximum intensity at
about 550 nm, presented in Figure 6) and the remaining
energy from the P, excited state can be transferred to the
nearest Bi**or Yb*" ions. In particular, the energy of the excited
Bi** ions can be transferred by the energy migration process to
the unexcited Bi** ions. This process leads to the quenching of
luminescence of Bi** ions and it is very possible for undoped
and Yb**-doped BTBO systems due to a short distance
between the nearest Bi** ions in the BTBO matrix. Another
possible mechanism is the ET process from the P, level of Bi**
ions to the excited levels of Yb3* ions. Since the P, level of
Bi** ions is located at higher energy than the *F;, level of Yb**
ions, the ET process from excited Bi** to two Yb** ions can be
realized to achieve the NIR emission of Yb** (at 975 nm). This
corresponds to the observed high intensity emission of Yb** for
the BTBO:Yb®" samples presented in Figure 7.

The mentioned above luminescence lifetimes of BTBO:Yb**
powders were used for the calculation of the energy transfer
efficiency (ETE) determined by the gy coefficient and the
total quantum efficiency (QE) determined by the 5qg
coefficient of the ET process from Bi** to Yb** ions.'>

As mentioned above, the ETE and QE were calculated for
the ET from Bi** to Yb®* ions, where Bi*" is a donor and Yb**
is an acceptor of energy. The ETE can be obtained by dividing
the integrated intensity of the experimentally measured
luminescence decay curves of BTBO:Yb*" samples containing
donor and acceptor ions by the luminescence decay curves of
the undoped BTBO containing donor ions. In particular, for
calculations, only the lifetimes determined for the *P, — 'S,
transitions of Bi** ions for undoped and Yb*'-doped BTBO
samples were considered (Table 4).

The ngp coefficients for the mentioned above ET were
calculated from the following equation

<T>Bi/Yb
=] - —
et (O 3)

where (7)p;/yy, is the average lifetime of decay curves recorded
for the powders containing donor (Bi**) and acceptor (Yb*")
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ions, and (7)y; is the average lifetime of decay curves recorded
for pure BTBO powder.

The corresponding #7qg coefficients were calculated using the
following equation

e = Mg (1 = Mgp) + 200y (4)

where 75, and #y;, stand for the luminescent QE of the donor
(Bi** ions) and acceptor (Yb®' ions), respectively, assuming
that all the excited Bi** ions and the residual excited Yb** ions
decay radiatively, ie, 75 = 7y, = 1."° The complete set of
coefficients determined for all investigated BTBO:Yb*
samples is included in Table S.

Table 5. Calculated Values of ET and Total QE Coefficients
for ET from Bi** to Yb>* of BTBO:Yb** Powders

compounds Ner/% Nqe/%
BTBO:Yb* (0.5 at %) 8.5 108.5
BTBO:Yb** (1.0 at %) 8.0 108.0
BTBO:Yb* (2.5 at %) 115 111.5
BTBO:Yb*" (4.0 at %) 13.5 113.5
BTBO:Yb* (7.5 at %) 15.0 115.0

As follows from Table S the values of ET and total QE
coefficients for ET from Bi*" to Yb®" increase with increasing
concentration of Yb*" ions in BTBO:Yb** samples. The highest
values of QE coefficients calculated to be 7qg = 115.0% were
obtained for the BTBO:Yb** sample with the highest
concentration of Yb*" ions (7.5 at %). However, as already
mentioned, the emission lifetime is shorter and the
corresponding intensity of the emission band of Yb®" ions is
weaker for the BTBO:Yb*" sample doped with 7.5 at % in
comparison to that determined for the BTBO:Yb*" sample
doped with 4.0 at % concentration of Yb®" ions due to the
LCQ_effect.

Some examples of the total QE calculated for Bi’* to Yb**
ions ET determined for other systems are given in Table 6.

Table 6. Total QE Calculated for Bi** to Yb** Ions ET in %

samples Qe
Y;ALO,,:Bi** (1%)/Yb* (5%)"* 158.49
Gd,04:Bi** (1%)/Yb* (5%)" 134.47
YNbO,:Bi** (1%)/Yb** (8%)'° 121.00
Lu,GeOg:Bi** (1%)/Yb* (1%)°* 111.00
Lu,GeO4:Bi** (1%)/Yb*" (3%)* 120.00
Lu,GeOs:Bi** (1%)/Yb* (5%)°* 132.00
Y,0,:Bi** (1%)/Yb** (2%)** 113.80
Y,0,:Bi* (1%)/Yb* (5%)> 135.40
BiyTeBOy:Yb** (5%)* 122.65

As follows from Tables S and 6, the values of the total QE
coefficient for ET from Bi*" to Yb* of the investigated
BTBO:Yb*" (4 at %) system are comparable to the values
obtained for other crystalline matrices doped with Bi** and
Yb** ions at the corresponding concentration level, which
suggests that BTBO:Yb** (4 at %) can be a good alternative as
an efficient optical converter from UV to NIR.

4. CONCLUSIONS

Efficient Yb** emission of BTBO:Yb®" microcrystalline
powders in the NIR spectral range with a maximum at 975

nm was sensitized by Bi’* ions at 330 nm. A series of
BTBO:Yb*" powders doped with different concentrations of
Yb** ions (0.5, 1.0, 2.5, 4.0, and 7.5 at %) were prepared by the
modified Pechini method. The hexagonal structure with the
P6, space group of BTBO:Yb** powders was determined by
XRD measurements. The morphology of BTBO:Yb*" powders
investigated using the SEM technique revealed the variety of
grain sizes: from about 5 to 30 um, while the size of smaller
ones ranges between one and a few microns. The results of the
u-Raman investigation of BTBO:Yb** powders indicate a low
phonon energy of the BTBO matrix, which allow for effective
phonon-assisted energy transfer between Bi** and Yb** ions.
The analysis of results of luminescence measurements allows
us to conclude the ET mechanism from the excited Bi** to
Yb** ions. Upon the excitation of BTBO:Yb** systems by Bi**
ions (at 330 nm), the lowering intensity of Bi** ions emission
in the VIS and increasing intensity of Yb** ions emission in
NIR for increasing concentration of Yb** ions from 0.5 to 4.0
at % in BTBO:Yb*" systems was observed. Moreover, the
lifetimes of Yb*" emission in NIR increase from 248 to the
maximum value 381 us with increasing from 0.5 to 4.0 at %
concentration of Yb®* ions in the BTBO matrix. For the
BTBO:Yb*" sample with the highest concentration of Yb** ions
(7.5 at %), the emission lifetime is shorter (344 us), and the
corresponding intensity of the emission band of Yb*" ions is
weaker due to the LCQ_effect. The ETE and the upper limit
values of the total QE coeflicients were obtained for the
BTBO:Yb* sample doped with the optimal concentration of
Yb>* ions of 4.0 at % as gy = 13.5% and 5qg = 113.5%,
respectively. The efficient conversion of energy from the UV to
NIR range is desired in many advanced applications in various
fields. In the field of optoelectronics, this phenomenon can be
employed to produce more efficient LEDs and improved
photodetectors that cover a wider range of wavelengths. In
solar energy harvesting, it is crucial to increase the efficiency of
solar panels by converting a wider spectrum of sunlight into
electrical energy since traditional solar cells mainly absorb
visible light. As a result, the investigated BTBO:Yb** powders
with effective energy conversion from the UV to NIR spectral
range can be potentially used as optical converters in a new
generation of silicon-based solar cells.
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