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W publikacjach wchodzacych w sktad rozprawy doktorskiej, [P1] - [P3], [P5], [P6], badania
strukturalne zostaly przeprowadzone przez wspédtautorow z National Taiwan University,
natomiast badania wlasnosci magnetycznych zostaty przeprowadzone przez wspotautorow
z Zachodniopomorskiego Uniwersytetu Technologicznego w Szczecinie. Wszystkie badania
spektroskopowe zostaly zaplanowane i przeprowadzone przeze mnie, z wyjatkiem badan
podstawowych przedstawionych w publikacji [P2] (widma wzbudzenia luminescencji oraz
widma emisji, niektore zaleznosci temperaturowe). Opracowatam wszystkie wyniki pomiarow
spektroskopowych oraz odegratam znaczaca rolg w ich interpretacji. Napisatam wstepne wersje
manuskryptow w czgsciach dotyczacych wilasnosci optycznych oraz udzielatam pomocy w

przygotowaniu odpowiedzi dla recenzentow.

W publikacji [P4] zaplanowatam i przeprowadzitam wszystkie badania eksperymentalne.
Ponadto, samodzielnie opracowalam oraz zinterpretowatam otrzymane  wyniki.
Przeprowadzitam kalkulacje dotyczace stanow energetycznych, napisatam manuskrypt oraz
prowadzitam korespondencj¢ z edytorem i recenzentami. Kalkulacje dotyczace widma Ramana

zostaly przeprowadzone przez profesora A. Mufioza, wspotautora z University of La Laguna.
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Wykaz skrétéw uzywanych w rozprawie doktorskiej

NIR - ang. Near Infrared Region, zakres bliskiej podczerwieni

LED - ang. Light Emitting Diode, dioda elektroluminescencyjna

WLED - ang. White Light Emitting Diode, dioda elektroluminescencyjna emitujaca biate
Swiatto

pc-LED - ang. phosphor converted Light Emitting Diode, dioda elektroluminescencyjna
z luminoforem

DAC - ang. diamond anvil cell, komora z kowadtami diamentowymi (komora diamentowa)
FWHM - ang. Full Width at Half Maximum, szeroko$¢ potowkowa

CN - ang. Coordination Number, liczba koordynacyjna

EPR - ang. Electron Paramagnetic Resonance, elektronowy rezonans paramagnetyczny

p - ang. pressure, ci$nienie

GOC - Gay,99403:0,006Cr*

GAOC - Gay g8 xAlx03:0,02Cr*

GSOC - Gax,994-xS¢x03:0,006Cr3*

GIOC - Gay gs x(Alo,eslne32)x03:0,02Cr3*

SAGOC - SrAly1 gs-xGaxO19:0,12Cr3*
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Abstract

This doctoral thesis consists of six scientific publications. The research therein focuses
on the influence of the crystal matrix and high pressure on the spectroscopic properties of the
Cr* ion to optimize the luminescent properties of the obtained materials for use as phosphors
for infrared diode emitters (750-1100 nm). The studies were conducted on solid solutions, such
as Gai.9s-xAl03:0.02Cr3* (GAOC), Gai.994xScx03:0.006Cr3* (GSOC),
Gar.os x(Alo.eslne.32)x03:0.02Cr** (GIOC), and SrAl;1 g5 xGax019:0.12Cr** (SAGOC). The aim
of the research included in this doctoral thesis was to determine and understand the luminescent
properties of the aforementioned solid solutions, model the energy structure of the Cr®* ion, and
compare the influence of mechanical and chemical pressure on the luminescent properties of
the Cr3* ion.

In the case of GSOC material, subtle changes in the microstructure were demonstrated
through luminescence measurements, while for GIOC, the influence of controlled crystal
disorder on the luminescent properties was shown. Thanks to the unique technique of high-
pressure spectroscopy, the position of the Cr3* ion states was determined as a function of the
crystal field strength, and energy diagrams were constructed as a function of pressure, taking
into account the Racah parameter variation. The influence of the phase transition on the
luminescent properties of the Cr** ion was demonstrated. Under high pressure in a diamond
anvil cell, a new material with more favorable luminescent properties for infrared emitter
applications was produced. The influence of external mechanical pressure and internal chemical
pressure on the luminescent properties of Cr3* was compared using the examples of GAOC and
GSOC materials. These pressures were found to be equivalent for GAOC but not for GSOC.
The nature of the broadband luminescence of magnetoplumbites was explained using the
SAGOC as an example. The belief that this luminescence is connected to the transition from
the excited state “T> to the ground state “A; has been unequivocally rejected. Instead, it has been

established that luminescence is associated with the creation of Cr3*-Cr* ion pairs.
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Streszczenie

Podstawe niniejszej rozprawy doktorskiej stanowi sze$¢ publikacji naukowych. Zawarte
w nich badania koncentrujg si¢ na wptywie modyfikacji matrycy krystalicznej oraz wysokiego
ci$nienia na wiasnosci spektroskopowe jonu Cr**. Badania te maily na celu optymalizacje
wilasno$ci luminescencyjnych otrzymanych materialdow do zastosowan jako luminofory do
diodowych emiterow bliskiej podczerwieni (750-1100 nm). Przeprowadzono badania na
roztworach stalych, takich jak GaigsxAl03:0,02Cr* (GAOC), GaigesxScx03:0,006Cr3*
(GSOC), Ga s x(Aloeslng32)x03:0,02Cr3* (GIOC) oraz SrAli18s-xGax019:0,12Cr3* (SAGOC).
Celem prac badawczych zawartych w niniejszej rozprawie doktorskiej bylo okreslenie
I zrozumienie wiasno$ci luminescencyjnych ww. roztwordéw statych, okreslenie struktury
energetycznej Cr¥*, a takze poréwnanie wpltywu ci$nienia mechanicznego i chemicznego na

luminescencje jonow Cré*,

W przypadku materiatu GSOC, poprzez pomiary optyczne, udato si¢ wykaza¢ subtelne
zmiany w mikrostrukturze krystalicznej. Natomiast dla GIOC, okre§lono wplyw
kontrolowanego nieuporzadkowania krysztatu na wlasnosci luminescencyjne. Dzigki unikalnej
technice, jakg jest spektroskopia wysokoci$nieniowa, wyznaczono potozenie stanéw jonu Cr3*
w zaleznosci od sity pola krystalicznego oraz skonstruowano diagramy energetyczne w funkcji
ci$nienia, uwzglgdniajac zmiang parametrow Racah. Zademonstrowano wplyw przejscia
fazowego na wlasnosci optyczne jonow Cr¥*. W komorze diamentowej pod wysokim
ci$nieniem, wytworzono nowy material o korzystniejszych wtasnosciach luminescencyjnych
do zastosowan jako emiter podczerwieni. Na przykladzie materialow GAOC oraz GSOC
poréwnano wplyw zewnetrznego ci$nienia mechanicznego 1 wewngtrznego cisnienia
chemicznego na wlasnoéci luminescencyjne jonow Cr®*. Stwierdzono, ze te cinienia sg
rownowazne dla GAOC, jednak nie sa réwnowazne dla GSOC. Ponadto, na przyktadzie
SAGOC wyjasniono natur¢ szerokopasmowej luminescencji magnetoplumbitow
domieszkowanych jonami chromu. Jednoznacznie odrzucono poglad, Zze luminescencja ta
zwigzana jest z przejsciem ze stanu wzbudzonego “T, do stanu podstawowego “A,. Zamiast

tego, ustalono, e jest ona powigzana z kreacja par jonéw Cr**-Cr3*,
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1. Wprowadzenie

Znaczacg grupe Materiatdbw luminescencyjnych (luminoforow) stanowig zwigzki
nieorganiczne, domieszkowane aktywnymi optycznie jonami lantanowcoéw oraz metali
przejsciowych, 0 niewielkiej koncentracji. Te domieszki sg nazywane aktywatorami lub
centrami luminescencji. Nieorganiczne materialy luminescencyjne znajdujg szerokie
zastosowanie w produkcji laserow,! wyswietlaczy, pigmentéw, luminoforéw do diod

elektroluminescencyjnych,?  scyntylatorow®

dozymetrow oraz warstw luminoforowych
wykazujacych przedtuzona luminescencje.*> Jednym z najlepiej zbadanych oraz najczesciej
stosowanych aktywatoréw jest jon Cr®*. W zaleznosci od matrycy krystalicznej, w ktorej sie
znajduje, wykazuje on luminescencj¢ sktadajaca si¢ z waskich linii lub/i szerokiego pasma,
zarbwno w zakresie widzialnego §wiatta czerwonego, jak i bliskiej podczerwieni (NIR-ang.
Near Infrared Region). Najbardziej znanym materiatem aktywowanym jonami Cr3* jest
krysztat Al,O3, znany jako rubin. To wiasnie na bazie rubinu w 1960 roku skonstruowano

pierwszy laser na ciele statym.®

Mimo wieloletnich intensywnych badan i szeregu juz istniejacych zastosowan,
podczerwona luminescencja jonu Cr®* nadal budzi duze zainteresowanie $wiata nauki, przede
wszystkim ze wzgledu na pojawiajace si¢ nowe mozliwosci aplikacyjne. W szczegolnosci
uwage przyciagaja zastosowania biologiczne i medyczne, takie jak biosensory, markery
biologiczne, analizatory sktadu oraz §wiezosci jedzenia.”** Promieniowanie NIR ma zdolno$¢
do przenikania przez skore, co pozwala na stosowanie go w diagnostyce medycznej.'? Jednym
z glownych zastosowan luminoforow emitujacych promieniowanie podczerwone jest
znakowanie i1 obrazowanie substancji wprowadzanych do wnetrza zywych organizmow. W tym
celu wykorzystuje si¢ rowniez zjawisko przedtuzonej luminescencji, czyli $wiecenia, ktore po
wzbudzeniu moze trwaé nawet do kilkunastu godzin.***® Nanoczastki wykazujace przedtuzona
luminescencj¢ podczerwona, natadowane przez promieniowanie ultrafioletowe lub widzialne
przed wstrzyknieciem do zywych organizmow, moga emitowac¢ Swiatlo przez dtugi czas bez
wzbudzania in situ, dlatego nadaja sie do optycznego obrazowania in vivo.**® Luminescencja
jonow Cr** w bliskiej podczerwieni jest réwniez obiecujagca w termometrii optycznej,
wykorzystujacej zalezng od temperatury ewolucje wlasnosci optycznych, takich jak widmo,
czy kinetyka luminescencji.l®?? Luminescencja Cr®* jest zlokalizowana w tzw. oknie
biologicznym, ktore obejmuje zakres dlugosci fal, w ktorym $wiatto ma najwiekszg zdolno$¢

przenikania przez tkanki biologiczne. Dzigki temu, materiaty aktywowane jonami Cr* moga

15



by¢ skutecznie wykorzystywane jako luminescencyjne markery, na przyktad do zdalnego
pomiaru temperatury w obiektach biologicznych. Luminescencja jonow Cr¥* ma roéwniez
zastosowanie w manometrii optycznej, ktora polega na bezkontaktowym monitorowaniu
I pomiarze cis$nienia za pomocg luminescencji. W ramach tych badan analizuje si¢ wpltyw

ci$nienia na wtasnosci luminescencyjne jonu Cr* 2324

Materiaty aktywowane jonami Cr¥* moga by¢ wydajnymi emiterami bliskiej podczerwieni,
charakteryzujgcymi si¢ szerokopasmowg luminescencja przy wzbudzeniu §wiatlem niebieskim
(np. niebieska diodg LED-ang. Light Emitting Diode). Emitery podczerwieni znajduja
zastosowanie w spektrometrii optycznej, umozliwiajac identyfikacje i charakterystyke roznych
substancji na podstawie ich charakterystycznych wilasnoséci optycznych, takich jak widma
odbicia, transmisji badz rozpraszania $wiatla. Obecnie stosowane zrodta promieniowani
podczerwonego, takie jak tradycyjne zarowki, lampy wyladowcze czy halogenowe,
charakteryzuja si¢ duzymi rozmiarami oraz posiadaja niska sprawno$¢ i wysoka temperature
pracy.?® W celu zwickszenia mozliwosci aplikacyjnych, konieczne jest znalezienie mniejszych
I bardziej wydajnych rozwigzan, bazujacych na technologii LED. Diody NIR-pc-LEDs
(ang. pc-phosphor converted) to miniaturowe urzadzenia podobne do powszechnie
stosowanych diod emitujacych $wiatto biate WLED (ang. White LED). W przypadku diod
WLED, na niebieskg diode nanosi si¢ warstwe zottego luminoforu, co pozwala na uzyskanie
Swiatla biatego. Natomiast w przypadku diod NIR-pc-LED, na diod¢ nanosi si¢ warstwe
materiahu, ktéry emituje promieniowanie w zakresie podczerwonym.?® Konstrukcja wydajnych
i miniaturowych NIR-pc-LED pozwoli na zastosowanie ich w urzadzeniach przenos$nych,
takich jak smartfony. Takie rozwigzania otwieraja szerokie spektrum zastosowan, takich jak
monitorowanie stanu zdrowia czy analizy $wiezosci oraz jako$ci jedzenia w warunkach
domowych.?” Przy uzyciu smartfonéw bedzie mozliwe monitorowanie stanu skory,
diagnozowanie sktadu tkanki ttuszczowej oraz ocenianie poziomu nawodnienia organizmu. W
przypadku zywnosci, przeno$ne urzadzenia umozliwiga ocen¢ zawartosci skladnikéw
odzywczych, takich jak weglowodany, biatka, tluszcze i inne. Bedzie rowniez mozliwe
identyfikowanie obecnosci substancji niepozadanych, takich jak pestycydy czy

zanieczyszczenia.

Idealny luminofor NIR, pod wzgledem aplikacyjnym w spektrometrii, powinien
charakteryzowac¢ si¢ Wysoka wydajnoscig kwantowa, stabilnoscig temperaturowg i pasmem
emisji o duzej szerokosci potowkowej (FWHM - ang. Full Width at Half Maximum) w zakresie
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widmowym 650-1350 nm. Jednak, dotychczas opracowane materialy wciaz nie spetniajg tych

wymagan.'2

Chociaz w ostatnim czasie osiggnieto znaczny postep naukowy W tym popularnym obszarze
badan, wickszos¢ dotychczasowych badan skupia si¢ na zsyntezowaniu jednego rodzaju
materiatu lub zmianie aktywatorow luminescencji. Brakuje natomiast systematycznego
podejécia do dopasowania struktury krystalicznej i wtasnosci luminescencyjnych poprzez
cze$ciowe podstawianie kationow matrycy.?83! Synteza roztworéw stalych, w tym czesciowe
podstawienie kationow matrycy, stanowi skuteczng metode pozwalajaca na dopasowanie
np. widma emisji materiatu do potrzeb aplikacyjnych. Mimo mozliwosci przewidywania
wiasnosci strukturalnych oraz luminescencyjnych, wynikajacych z domieszkowania matrycy
jonami aktywnymi optycznie, istnieje mozliwos¢ nieoczekiwanych zmian spowodowanych

pewnymi lokalnymi znieksztatceniami struktury lub przejsciami fazowymi.

Wszystkie prace zawarte w niniejszej rozprawie doktorskiej koncentruja si¢ na
badaniu wlasnos$ci luminescencyjnych jonéw Cr3* w roztworach stalych, ktéore moga

postuzy¢ jako emitery promieniowania w zakresie bliskiej podczerwieni (NIR-pc-LED).

Elektronowa struktura energetyczna materiatlow dielektrycznych domieszkowanych jonami
lantanowcow lub metali przejsciowych sktada si¢ zarowno ze zdelokalizowanych stanow
elektronowych atomow matrycy krystalicznej (tworzacych pasmo walencyjne oraz
przewodnictwa), jak i ze zlokalizowanych stanéw energetycznych centréw luminescencji.
Struktura energetyczna swobodnego jonu jest zdeterminowana przez oddziatywanie
kulombowskie elektronow z jadrem oraz wzajemnym oddziatywaniem elektronow
walencyjnych jonu. Oddziatywania te sg opisane odpowiednim hamiltonianem, skad otrzymuje
si¢ siatke stanéw (terméw atomowych) jonu. Umieszczenie jonu w matrycy krystalicznej
skutkuje poddaniem stanéw swobodnego jonu na oddziatywanie pola krystalicznego,

powodujacego rozszczepienie terméw atomowych na poziomy pola krystalicznego (subtermy).

Powszechnie stosowany model opisujacy strukture energetyczng centrum luminescencji
w matrycy krystalicznej opiera si¢ na diagramie wspotrzednych konfiguracyjnych. Wplyw
matrycy krystalicznej na stany energetyczne domieszki Cr** mozemy modelowaé
jednowymiarowym kwantowym oscylatorem harmonicznym, w ktorym kazdy stan

elektronowy reprezentowany jest przez parabole (potencjal harmoniczny odpowiedzialny za
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Rys. 1 Przyktadowe diagramy przedstawiajace jon Cr3*w matrycy krystalicznej (a) diagram
konfiguracyjny (b) diagram Tanabe-Sugano dla jonu Cr3+ w otoczeniu oktaedrycznym.

drgania sieci).>? Pomimo tego, ze model ten uwzglednia tylko jeden mod oscylacji, jest on
niezwykle przydatny w wyjasnianiu  wielu mechanizméw przejs¢  promienistych
i bezpromienistych. Rys. 1 a przedstawia przyktadowy diagram konfiguracyjny dla domieszki
Cr*. Parabole reprezentuja wybrane stany elektronowe jonu Cr3*. Najnizej potozona parabola
“A reprezentuje stan podstawowy, natomiast wyzej potozone parabole reprezentuja dwa stany
wzbudzone: 2E oraz “T,. Jednym z kluczowych aspektow opisanych przez model
wspotrzednych konfiguracyjnych, przedstawionym na Rys. 1 a, jest relaksacja sieci wywotana
sprzezeniem elektron-sie¢. Relaksacje sieci mozna opisa¢ za pomocg wartosci Shaw, gdzie Ao
jest efektywna czestotliwoscig fononowa, a S jest bezwymiarowym parametrem Huanga-Rhys,
ktory jest miarg sprzezenia stanu elektronowego z siecia.>*® Znajac réznice energii miedzy
pasmem absorpcji oraz emisji (przesunigcie Stokesa), energi¢ Sam mozna okresli¢ jako potowe
tego przesuni¢cia. Ponadto zmiang minimum energii elektronowej w przestrzeni

konfiguracyjnej 4Q mozna obliczy¢ jako:

2S5hw
AQ = ’T (D

gdzie k odpowiada stalej sprezystosci Sieci.
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Jon Cr** ma trzy elektrony na powtoce d (konfiguracja 3d®). Typowo lokuje sic on
w pozycjach krystalograficznych z sze$cioma najblizszymi sgsiadami w symetrii oktaedrycznej

z ewentualnymi znieksztalceniami obnizajacymi symetrie.

Gdy jon metalu przejSciowego znajduje si¢ w sieci krystalicznej (matrycy), elektrony
walencyjne domieszki oddziatuja z sgsiednimi jonami matrycy (ligandami). Oddziatywanie to
nazywane jest oddziatywaniem pola krystalicznego i znaczaco wplywa na wlasnosci

elektronowe jonu.

Dla domieszki posiadajacej jeden elektron d (d'), odzialywanie pola krystalicznego
powoduje rozszczepienie stanéw energetycznych domieszki, a warto$¢ rozszczepienia
pomigdzy nimi wynosi 10Dq. Natomiast, energie stanéw elektronowych jonu d", n > 1, sg
zdeterminowane poprzez parametr sity pola krystalicznego Dq oraz parametry Racah B i C,
ktore opisuja wzajemne odziatywanie elektronowe w jonach metali przejsciowych.
Poszczegbdlne subtermy pola krystalicznego konfiguracji d" sg zaprezentowane na tzw.
diagramie Tanabe-Sugano w funkcji Dq, przy ustalonych warto$ciach parametrow
Racah B i C.3* 0§ x reprezentuje parametr sity pola krystalicznego Dg, natomiast
0$ y przedstawia energi¢ stanow energetycznych jonow metali przejsciowych, E. Obie wartosci
sg znormalizowane przez parametr Racah B. Przyktadowy diagram Tanabe-Sugano dla
konfiguracji d*, odpowiadajacej jonom Cr** w otoczeniu oktaedrycznym przedstawiono na
Rys. 1 b. Oznaczenia z lewej strony pokazujg termy atomowe jonu swobodnego o konfiguracji
3, ktére pod wplywem pola krystalicznego rozszczepiaja sie na subtermy pola krystalicznego.
Stanem podstawowym konfiguracji d® w otoczeniu oktaedrycznym jest zawsze stan “A..
Zaleznie od wartoéci parametru Dg/B najnizszym stanem wzbudzonym jest stan T, lub 2E.
Punkt przecigcia tych stanéw rozgranicza centra Cr3* na stabopolowe oraz silnopolowe,
w ktorych odpowiednio najnizszym stanem wzbudzonym jest stan “T2, badz 2E. Zwyczajowo
wyroznia si¢ rowniez centra luminescencyjne, ktore znajduja si¢ W tzw. ,,posrednim” polu
krystalicznym. Tak naprawde, to stwierdzenie odnosi si¢ do obszaru silnego pola
krystalicznego w przedziale Dg/B, ktory jest blisko punktu przecigcia sie stanow “T2 oraz °E.
W tym obszarze, energia termiczna w temperaturze pokojowej jest wystarczajaca, aby
nastepowato termiczne obsadzanie stanu *T, z najnizszego stanu wzbudzonego 2E. Strzalki na
Rys. 1 b przedstawiaja przejscia elektronowe dla jonow Cr>*: odpowiednio w silnym (czerwona

strzatka), ,,po$rednim” (niebieskie strzatki) oraz stabym (zielona strzatka) polu krystalicznym.
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Parametr pola krystalicznego Dq oraz parametry Racah B i C mozna wyznaczy¢ z potozen

stanow “To, *T1 i 2E. Wartos¢ 10Dq jest rowna energii maksimum pasma wzbudzenia

luminescencji “Az — *T,. Parametry Racah mozna obliczy¢ z nastepujacych rownan:3

AE71? AE
p— _10_
B = Dg [Dq] Dq, 2)
15(A—E—8)
Dq
=2 ECE - ") 79+182 (3)
3,05 B ’ "“Dq)’

gdzie AE jest roznicg energii pomiedzy przejéciami optycznymi ‘Az — 4T1 i ‘A — “Ta.

Parametry Racah dla swobodnego jonu Cr3* wynosza: Bo = 918 cm™ i Co = 3850 cm™.¥’

W polu krystalicznym o odpowiednio wysokiej symetrii, zgodnie z tzw. reguta Laporte’a,
wszystkie przejscia elektryczne dipolowe wewnatrz konfiguracji d” (przejscia d-d) swobodnego
jonu Cr®* sa wzbronione. Wynika to z faktu, ze funkcje falowe wszystkich stanow
energetycznych w konfiguracji d" majg t¢ samag parzystos¢. W wiekszosci przypadkow reguta
Laporte’a jest zniesiona ze wzgledu na wystepujace w matrycy krystalicznej zaburzenia,
znoszace symetrie pola krystalicznego ze wzgledu na operacje inwersji (tj. zniesienie istnienia
srodka symetrii uktadu Cr** - ligandy). Dodatkowo przejécia optyczne ze zmiana Spinu sa
formalnie wzbronione. Jednakze, w przypadku jonow Cr**, obserwuje sie przejicia ze zmiang
spinu 2E—%A,. Jest to spowodowane mieszaniem si¢ Wyzszego stanu “T, ze stanem 2E, na

skutek oddziatywania spin-orbita.

W materiatach nieorganicznych domieszkowanych jonami Cr** istniejg trzy glowne
przejscia ze stanu podstawowego Az do stanow wzbudzonych: *T2, “Ti(*F) i *T1 (*P).
Najwyzsze pasmo absorpcji/wzbudzenia *A; — “T1(*P) znajduje sie w zakresie ultrafioletu,
natomiast pasma absorpcji/wzbudzenia o nizszej energii zwigzane z przejéciem ‘Az — “To,
“T1(*F) znajduja sie zazwyczaj w zakresie widzialnym (przejscie *A2 — “Ti(*F) niekiedy
w bliskim ultrafiolecie).® Dodatkowo, jony metali przejsciowych wykazuja zwykle silna
szerokopasmowa absorpcj¢ w obszarze ultrafioletu. Zwigzane jest to z przejsciem
absorpcyjnym z przeniesieniem ladunku miedzy poziomami domieszki, a stanami

pasmowymi. 3940
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Ze wzgledu na bezpromienista relaksacj¢, najbardziej prawdopodobne jest przejscie
emisyjne z najnizej potozonego stanu wzbudzonego. Kiedy pole krystaliczne jest silne, najnizej
potozonym stanem wzbudzonym jest stan 2E. W takim przypadku widmo emisji w temperaturze
pokojowej sktada sie typowo z waskich linii, w czerwonym obszarze promieniowania
widzialnego, nazywanych w literaturze liniami Ry oraz R2.3 Emisji tej moga towarzyszyé
pewne slabe przejscia wibracyjne (Struktura fononowa). Poniewaz przejscie ze Stanu
wzbudzonego 2E do stanu podstawowego “A; zachodzi ze zmiang spinu, czas zaniku
luminescencji zwigzanej z tym przejsciem (odwrotnie proporcjonalny do prawdopodobienstwa

przejscia) jest w zakresie milisekundowym.

Dla jonéw Cr¥* w stabych polach krystalicznych, stan *T jest polozony nizej niz stan
2E 5334143 \W tym przypadku obserwuje si¢ szerokopasmowa emisje zwiazana z przej$ciem bez
zmiany spinu “T>.—%A; , typowo w zakresie NIR.* Takie przejicie charakteryzuje si¢ czasem

zaniku w zakresie mikrosekundowym.

W niektorych zwigzkach, mimo ze stan 2E jest nizej potozonym stanem niz *To, stan T,
moze by¢é termicznie obsadzany przez elektrony z blisko lezacego stanu 2E (,,poérednie” pole
krystaliczne).*> W takim przypadku obserwujemy zaréwno liniowa, jak i szerokopasmowa,
emisj¢ W temperaturze pokojowej oraz silng zalezno$¢ temperaturowg ich wzglednych
intensywnosci. Czas zaniku luminescencji Cr®* w ,,posrednim” polu krystalicznym réwniez
silnie zalezy od temperatury. W niskich temperaturach, kiedy gtownie obserwuje si¢ emisje
liniowa ze stanu 2E, typowy czas zaniku jest w zakresie milisekundowym i wraz ze wzrostem
temperatury nastepuje skrocenie si¢ czaséw zaniku ze wzgledu na termiczne obsadzanie stanu
“Ta.

Strukture elektronowa, a co za tym idzie energic stanow E oraz *T», mozna zmienia¢ za
pomoca ci$nienia hydrostatycznego, otrzymujac szereg nowych informacji.*® Poddajac materiat
dziataniu wysokiego cis$nienia zmniejszamy jego objetos¢, a o wielkosci tej zmiany decyduje
wielko$¢ przytozonego cisnienia oraz modutl spr¢zystosci objetosciowej (ang. bulk modulus,
Bo), ktory jest cechg charakterystyczng materiatu. Aby znaczaco wptynaé na wlasnosci ciata
statego, ze wzgledu na duze oddziatywania migdzyczasteczkowe, konieczne jest zastosowanie
wysokiego ci$nienia, rzedu kilku lub nawet kilkudziesigciu GPa
(1 GPa = 10 kbar). Do osiggniecia tak wysokich ci$nien wykorzystuje si¢ komory diamentowe

(DAC - ang. diamond anvil cell).*”~*° Przyktadajac wysokie cisnienie hydrostatyczne mozemy
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obserwowa¢ makroskopowe zmiany zachodzace w krysztale, ktore sa konsekwencja zmiany
objetosci, takie jak: zmiana energii pasm energetycznych, zmiana fazy krystalicznej, czy tez
zmiana energii drgan sieci krystalicznej (fonondéw). Mozemy réwniez obserwowaé zmiany
mikroskopowe, ktore ograniczajg sie do lokalnego otoczenia centrum luminescencji. Zaliczamy
do nich zmiang¢ energii stanow elektronowych centrow luminescencji, zmian¢ oddzialywan
pomiedzy jonami, zmiang katow, dhugosci oraz charakteru wigzan (np. w kierunku bardziej

kowalencyjnym, efekt nefeloauksetyczny)*® oraz zmiane sity pola krystalicznego.

Przedstawione w niniejszej pracy badania skupiaja sic na luminescencji jonéw Cr®*
w nieorganicznych matrycach krystalicznych typu (Ga,Al,Sc,In).03 (Ga.O3 modyfikowany
przez czgsciowe podstawienie kationow matrycy) oraz SrAl12-xGaxO19. Oprocz standardowych
metod spektroskopii optycznej (widma wzbudzenia i luminescencji), istotng i wiodaca metoda
badawcza byly pomiary luminescencji stacjonarnej oraz czasowo — rozdzielonej w wysokich

ci$nieniach hydrostatycznych do 30 GPa (300 kbar).

W  celu generacji wysokiego ciSnienia hydrostatycznego wykorzystano komory
diamentowe typu Merrilla-Bassetta,®! wytwarzajace cinienia do 40 GPa (400 kbar). Sercem
tego urzadzenia sg dwa umieszczone naprzeciw siebie i odpowiednio oszlifowane kowadta
diamentowe. Rozmiar powierzchni roboczych diamentéw wynosit 500 um. Pomig¢dzy
kowadtami umieszczano metalowa uszczelke (gasket) o grubosci, po wstepnym zagnieceniu,
okoto 70 um. W uszczelce wywiercano otwor (obszar aktywny komory) o srednicy 200 pm,
w ktorym umieszczano probke oraz czujnik ci$nienia, a nastgpnie wypetniano substancja
zapewniajacg hydrostatyczno$¢ cisnienia. Substancjg przenoszaca ci$nienie byt olej silikonowy
- poli(dimetylosiloksan), a jako materiat referencyjny do odczytu warto$ci ci$nienia postuzyt
KMgF3:0,5%Eu?".%
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2. Omowienie celu naukowego cyklu prac skladajacych si¢ na rozprawe doktorska

W cyklu publikacji stanowiacych podstawe rozprawy doktorskiej skoncentrowano sie

na doglebnym badaniu wplywu matrycy Krystalicznej oraz wysokiego ciSnienia na

wlasnos$ci luminescencyjne jonow Cr3* (inzynieria wlasnosci luminescencyjnych) za

pomoca zaawansowanych metod spektroskopowych. Celem tych badan byto poszukiwanie

nowych materiatow, ktore moga znalez¢ zastosowanie jako emitery Swiatta w zakresie bliskiej

podczerwieni (750-1100 nm). Szczegotowymi celami prac badawczych zawartymi

w niniejszej rozprawie doktorskiej byly:

okreslenie wlasnosci luminescencyjnych roztworow stalych domieszkowanych
jonami Cr3, takich jak: (Gais—~Alx03:0,02Cr3"; Gai,e4-xScx03:0,006Cr3;
Gaz,98-x(Alo,es1N0,32)x03:0,02Cr3*; SrAl118s-xGax019:0,12Cr%*);

wyznaczenie struktury energetycznej badanych ukladéw w celu zrozumienia
ich mechanizmu luminescenciji;

okreslenie prawdopodobienstw przej$¢ promienistych i bezpromienistych, co
pozwolilo na lepsze zrozumienie procesow luminescencyjnych zachodzacych
w tych ukladach;

polempiryczne okreslenie struktury energetycznej jonow Cr3* w funkcji
ciSnienia chemicznego i mechanicznego, dla grupy materialéw
Gau,98-xAlx03:0,02Cr3;

poréwnanie wplywu ciSnienia mechanicznego oraz chemicznego na wlasnosci
luminescencyjne  Cr3* w matrycach (Gaigs-xAlx03:0,02Cr¥*  oraz
Gar,994-xScx03:0,006Cr3.

Wszystkie materiaty, bedace przedmiotem rozprawy doktorskiej, zostaly pozyskane

w ramach wspotpracy z grupa prof. Ru-Shi Liu z Materials Chemistry Laboratory, Department

of Chemistry, National Taiwan University. W pracy doktorskiej zaprezentowano i omowiono

wyniki badan nastepujacych materiatlow:
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o Gay9405:0,006Cr3*;

e Gais-xAlx03:0,02Cr3 (0 < x < 1,98; krok 0,2);

e Ga1094-xScx03:0,006Cr3*(0 < x < 0,87; krok 0,2);

e Gai s x(Alosslng32)x03:0,02Cr3* (0 < x < 0,8; krok 0,1);
e SrAli183xGax019:0,12Cr3" (0 < x < 12; krok 2).

W sumie przebadano 36 réznych materiatow, otrzymanych za pomoca syntezy w ciele
statym, charakteryzujacych si¢ wydajnoscia kwantowa powyzej 75 %, gdzie dla wickszosci

z nich osigga ona warto$¢ powyzej 90 %.

Badania spektroskopowe jonu Cr®* w matrycy Ga;Os opisano w publikaciji [P1]. Nastepnie,
w publikacjach [P2], [P3] oraz [P5], przedstawiono wplyw modyfikacji matrycy Ga>O3
(wspotdomieszkowania jonami AI%*, Sc®* oraz In®*) na wtasnoéci luminescencyjne jonéw Cr3*.
W szczegolnosci skupiono si¢ na sprawdzeniu relacji pomiedzy wewnetrznym ci$nieniem
chemicznym, a zewngtrznym ci$nieniem mechanicznym, a doktadniej ich wptywem na stany
elektronowe jonow Cr®*. Wewnetrzne cisnienie chemiczne powstaje wskutek oddziatywania
jonu Cr** z polem krystalicznym pochodzacym od ligandéw, pod wptywem modyfikacji
zwigzanej z podstawieniem kationow matrycy jonami o wigkszym lub mniejszym promieniu
jonowym. Zewngtrzne cisnienie mechaniczne (hydrostatyczne) jest wytwarzane
w wysokoci$nieniowych komorach diamentowych, gdzie Sciskajac material w catej objetosci
zmieniamy odleglosci miedzyatomowe. Szczegétowa analiza tego problemu zostata
przedstawiona w publikacji [P4]. Dodatkowo, w publikacjach [P2], [P4] oraz [P5]
przedstawiono wpltyw przemiany fazowej indukowanej cisnieniem chemicznym, jak
i mechanicznym na luminescencje jonu Cr* w modyfikowanym zwigzku Ga2Os. W publikacji
[P6] pokazano szerokopasmowa luminescencje zwiazana z kreacjg par jonow Cri*-Cr3*
w materiatach o strukturze magnetoplumbitu. Udowodniono, ze w tych materiatach
szerokopasmowa luminescencja, blednie przypisywana w literaturze przejéciu optycznemu “T>
— %A,, jest tak naprawde luminescencja par Cr3*-Cr3*. Zaskakujace jest, ze obserwowana
luminescencja charakteryzuje si¢ szerokopoasmowg 0raz wysoce wydaja emisjg, podczas gdy
wlasno$ci luminescencyjne par zwyczajowo objawiaja si¢ stabo intensywng, waskoliniowa

emisj3.
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3. Oméwienie osiggnietych wynikéw w cyklu prac skladajacych si¢ na rozprawe

doktorska

3.1. Luminescencja jonu Cr3* w matrycy Ga,Os modyfikowanej jonami Al, Sc oraz In

3.1.1 Podstawowe wfasnosci spektroskopowe

Przedstawione w publikacji [P1] widmo wzbudzenia Gai,99403:0,006Cr3* (GOC) (x = 0 na
Rys. 2 a) jest typowe dla jonow Cr®* znajdujacych sic w miejscach krystalograficznych
o sze$ciokrotnej koordynacji (zdeformowany oktaedr). Widmo sktada si¢ z dwdch szerokich

pasm, z maksimami przy 440 i 610 nm, przypisanym przejéciom *A; — 4Ty oraz *A; — *To.

Widmo luminescencji w temperaturze pokojowej sktada si¢ z waskich linii przy dlugosci
fali 688,8 oraz 695,5 nm oraz szerokiego pasma w zakresie 650-950 nm z maksimum przy
730 nm. Szerokie pasmo luminescencji jest zwigzane ze spinowo dozwolonym przejSciem ze
stanu wzbudzonego “T. do stanu podstawowego “A, Emisja waskoliniowa jest zwigzana
z przejéciem ze zmiang spinu 2E— “A;. Dodatkowo, zaohserwowano rozszczepienie stanu 2E
na dwa stany Ei, oraz Esp, z ktorych przejécia do stanu podstawowego “A; nazywa sie

odpowiednio liniami Ry oraz R>.

Podstawienie jonu AI**, o mniejszym promieniu jonowym (0,39 A; CN = 4; 0,54 A;
CN =6, CN - ang. Coordination Number, liczba koordynacyjna), w miejsce Ga®* (0,47 A, CN
=4; 0,62 A, CN = 6) powoduje zmnigjszenie sredniej odleglosci migdzy atomami w sieci
krystalicznej, zwiekszajac site pola krystalicznego wokot jonu Cr3*. Zgodnie z diagramem
Tanabe-Sugano (Rys. 1 a), zwigkszenie sity pola krystalicznego (Dq) dziatajacego na jon Cr*,
prowadzi do zwickszenia energii pomiedzy stanami wzbudzonymi “T1 oraz *T2, a stanem
podstawowym “A,. Domieszkowanie Ga;Os jonami AI** prowadzi wiec do oczekiwanego
przesuni¢cia widma wzbudzenia luminescencji w kierunku wyzszych energii (krétszych
dhugosci fal), co jest przedstawione na Rys. 2 a i ¢ oraz w publikacji [P2] dla serii
Gai 08-xAlx03:0,02Cr3* (GAOC), x =0 - 1,98. Zaréwno w przypadku wzbudzenia, jak i emisji,
zaobserwowano nieciggtos¢ przesunigcia widm wraz ze wzrostem Xx. Jest to spowodowane
przemiang fazowag z fazy f-Ga0Os3 (X < 1,6) o strukturze jednosko$nej (grupa przestrzenna
C2/m) do fazy a-Ga20s, 0 strukturze trygonalnej (R3c), obserwowang rowniez w dyfrakcji

rentgenowskiej.
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Rys. 2 (a) Widma wzbudzenia luminescencji rejestrowane dla maksimum luminescencji (Aem)
oraz (b) widma luminescencji rejestrowane przy dtugosci fali wzbudzajacej Awz = 442 nm, dla
GAOC, x = 0 - 1,98 w temperaturze pokojowej. (c) Wyznaczone przesuniecia maksimum pasm
wzbudzenia luminescencji zwigzanych z przej$ciami A, — 4T oraz *4; — *T», oraz luminescencji
waskoliniowej 2E — 44;.

Domieszkowanie Ga203:Cr** jonami AP* prowadzi rowniez do wydluzenia czasow
zanikow wraz ze wzrostem x do x = 1,4, jak pokazano w publikacji [P2] dla serii GAOC.
Wydtuzenie czaséw zaniku spowodowane jest mniejszym wptywem stanu “T, na stan 2E
(wynikajagcym z mieszania si¢ tych dwoch stanéw poprzez odziatywanie spin-orbita), ze
wzgledu na zwigkszenie energii pomigdzy tymi stanami. Dla probek x > 1,6 nastapito natomiast
znaczne skrocenie CzasOw zanikow ze wzgledu na wspomniang juz wczesniej przemiang

fazowa.

Odwrotne zachowanie parametrow sieci krystalicznej, niz w przypadku domieszkowania
AI**, obserwujemy, gdy Ga®" jest zastepowane jonami Sc3*, 0 wiekszym promieniu jonowym
(0,745 A; CN = 6).5% Wraz ze wzrostem koncentracji Sc* zwiekszaja sie odlegtosci Cr-O, tym
samym zmniejszajac site pola krystalicznego wokoét jonu Cr**. To skutkuje przesunigciem
w kierunku dtuzszych fal szerokopasmowej emisji oraz pasm wzbudzenia luminescencji, co
pokazano w publikacji [P3] dla serii Gai gesxScx03:0,006Cr** (GSOC), x = 0 - 0,87.

Podstawiajac  (Alosslnos2)®* w miejsce jonu Ga®>* mozemy wytworzy¢ strukture
z zaburzeniami kationowymi, o znieksztalconej oraz nieuporzadkowanej sieci krystalicznej.
Efekt ten moze wzmocni¢ sprzg¢zenie elektron-fonon oraz stopien rozszczepienia stanow
energetycznych, prowadzac do poszerzenia widma emisji luminoforu Ga,03:Cr3*.>* Badania
dla serii Gaz o8 x(AlosslNo32)x03:0,02Cr3* (GIOC), x = 0 - 0,8, przedstawione w publikacji [P5],
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pokazatly poszerzenie oraz przesunigcie widm emisji W Kierunku dtuzszych fal przy
domieszkowaniu Aloeglnos2, zachowujac niezmienng objgtosci krysztatu (objeto$¢ sieci

krystalicznej V zmienia si¢ o mniej niz 1%).

Dodatkowo, w publikacjach [P1]-[P3] wyznaczono parametry pola krystalicznego Dq oraz
parametry Racah B i C (opisane za pomocg rownan (2) oraz (3)) oraz opisano potozenie stanow
energetycznych dla domieszki Cr¥* w danej matrycy krystalicznej, za pomoca diagramow
konfiguracyjnych. Parametry Dq, B i C, oraz diagramy konfiguracyjne dla trzech réznych
matryc: matrycy o stabym polu krystalicznym (GSOC), ,,posrednim” polu krystalicznym
(GOC) oraz silnym polu krystalicznym (GAOC), zostaly przedstawione odpowiednio
w publikacjach [P3], [P1] oraz [P2]. Dla materiatu GSOC, x = 0,87, najnizej potozonym Stanem
wzbudzonym jest stan “T, natomiast dla probki GOC, x = 0, stan 2E. Wraz ze zwiekszeniem
sity pola krystalicznego Dq, roznica pomigdzy tymi stanami, wzrasta, co zostato

zademonstrowane dla materialtu GAOC, x = 1,2.
3.1.2 Wphw temperatury na wilasnosci luminescencyjne

Przedstawione w publikacji [P1] badania widm emisji w funkcji temperatury materiatu
GOC wykazaly, ze catkowita intensywno$¢ luminescencji (°E + *T2 — “Az) spadta jedynie
W nieznacznym stopniu wraz ze wzrostem temperatury od 10 do 400 K. Wskazuje to na wysoka
stabilno$¢ temperaturowg emisji w badanym zakresie temperatur. Dodatkowo, w niskich
temperaturach zaobserwowano wytacznie emisje waskoliniowa, co pokazuje, ze wszystkie jony

Cr¥* w matrycy Ga,Os znajduja si¢ w silnym polu krystalicznym.

Kolejnym interesujacym zjawiskiem, ktére zaobserwowano, jest zalezno$¢ stosunku
intensywnosci linii R2 do Ry w funkcji temperatury. W niskiej temperaturze (10 K) tylko nizej
potozony stan wzbudzony jest obsadzony, skutkujac tylko jedna linig R (R1) w widmie emisji.
Wraz ze wzrostem temperatury nastepuje termiczne obsadzenie wyzszego Stanu, co powoduje
pojawienie si¢ emisji pochodzacej od wyzej potozonego stanu (linia Rz). Co ciekawe,
w badanym zwigzku lina R2 zaczyna dominowa¢ nad Ri przy temperaturze okoto 200 K.
Ten nietypowy efekt jest spowodowany wysokim prawdopodobienstwem przejscia dla linii
emisyjnej Ry, charakterystycznym dla jonéw Cr** okupujacych miejsca krystalograficzne
0 silnym, trygonalnym znieksztalceniu.®® Na podstawie dopasowania wynikow

eksperymentalnych stosunku R2/R1 wykazano, ze energia rozszczepienia linii Ry oraz Rz (9),
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wynosi 162 + 8 cm™, a prawdopodobienstwo przejscia (q) linii emisyjnej R jest ok. cztery razy
wigksze niz Ri. Dodatkowo, wyznaczono stosunek intensywnos$ci stokesowskich powtorzen
fononowych (Isg) do linii R(R1+R2) (Ir), Ise/lr = 0,7 oraz stosunek prawdopodobienstwa

przej$é promienistych stanéw °E oraz *To, e/t = 125 + 40.

W publikacji [P2] wyznaczono zalezno$é potozenia stanéw “T. od koncentracji AIP".
Przyjeto, ze réznica energii pomiedzy wyzszym stanem “T, a stanem 2E stanowi energic
aktywacji 4 w procesie skracania czasu zaniku pod wplywem wzrostu temperatury. Energia
aktywacji 4 dla fazy p-Ga,Os jest duzo mniejsza (614-602 cm™) niz dla fazy a-Gaz0s3
(1012-1581 cm™) ze wzgledu na wieksza réznice energii pomiedzy stanami *T, oraz 2E dla
fazy a.

Z zaleznosci temperaturowej luminescencji wynika dodatkowo, ze probki 0 wyzszej
koncentracji AIP* (x > 1,6) sa bardziej stabilne temperaturowo, a ich energia aktywacji przej$é
bezpromienistych Ea wynosi 3640-4390 cm™. Dla probek o niskim x (x < 1,2), Ea wynosi
w przyblizeniu 2700-2870 cm™. Natomiast dla serii GIOC, energia aktywacji Ea maleje wraz
ze wzrostem x (Algeslno,s2)*, z 3760 cm™ (x = 0,1) do 1700 cm (x = 0,8) (publikacja [P5]).

3.1.3 Subtelne zmiany w mikrostrukturze krystalicznej, ujawnione za pomocq

spektroskopii czasowo-rozdzielczej

W publikacji [P3], za pomoca pomiarow optycznych, pokazano subtelne zmiany
w mikrostrukturze krystalicznej serii GSOC. Pomiary luminescencji rozdzielonej w czasie,
w temperaturze 10 K, wykazaly, ze dla probki niedomieszkowanej Sc3* (x = 0), widma
luminescencji rozdzielonej w czasie, wzigte w dwoch réznych odstepach czasowych po
wzbudzeniu, sg takie same. Pokazuje to, ze w tym materiale wystepuje tylko jedno centrum
luminescencji. Natomiast dla probek x = 0,2-0,6 widmo luminescencji zmienia si¢ znaczgco
w czasie. Wskazuje to na ciagly rozktad wartosci sity pola krystalicznego w poblizu przecigcia
sie stanow °E i *T», gdzie centra luminescencji Cr3* znajdujg sie zaréwno w silnym, jak i stabym,
polu krystalicznym. W zwigzku z tym obserwujemy jednoczesnie emisj¢ szerokopasmows, jak
i emisje liniowg, nawet w bardzo niskich temperaturach (10 K). Dla probek o wyzszej
koncentracji Sc3* (x = 0,8 i 1,0) wszystkie centra luminescencji Cr®* znajduja sic w stabym polu

krystalicznym (Dg/B < 2,4). Powoduje to naktadanie si¢ widm luminescencji o zblizonych
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czasach zaniku. Podobny efekt zaobserwowano dla serii GIOC, co zostatlo przedstawione
w publikacji [P5].

3.1.4 Wphw wysokiego cisnienia na wlasnosci luminescencyjne jonéw Cr3*

Rys. 3 a przedstawia widma luminescencji materialtu GOC w funkcji ci$nienia
mechanicznego. Zgodnie z oczekiwaniami, ze wzgledu na silng zalezno$¢ przejsé *A; — “Ta,
T, od parametru Dg, emisja szerokopasmowa dla GOC, zwigzana z przejéciem “T2 — %A,
przesuwa si¢ silnie w kierunku niebieskim (wyzszych energii) wraz ze wzrostem cisnienia. Dla
pewnego cisnienia (okoto 44 kbar dla x = 0), emisja szerokopasmowa zanika, a obserwuje si¢
tylko emisje waskoliniowa (linie R). Jest to wywotane przesunieciem ci$nieniowym stanu *T>
w kierunku wyzszych energii oraz jednoczesnym przesunieciem sie stanu 2E w kierunku
nizszych energii. W efekcie energia termiczna jest zbyt mata, by obsadzi¢ stan *T», ze stanu 2E,
ktory staje si¢ jedynym emitujagcym stanem. Ponadto, widoczna jest znaczna zmiana widma
luminescencji pomiedzy cisnieniem 123 a 140 kbar, gdzie widoczna jest tylko jedna linia.
Zmiana widma emisji jest spowodowana przejsciem fazowym z f-Ga>03 do a-Ga.03. Warto
przypomnie¢, ze zaobserwowano rowniez t¢ samg przemiane fazowa wywotang

domieszkowaniem jonami AI** (ci$nienie chemiczne) w serii GAOC.

Podobne wyniki ci$nieniowe pokazano dla GAOC (x = 0,4; 1,6) w publikacji [P2], GSOC
(x=10,87) w publikacji [P3] oraz dla GIOC (x = 0,1; 0,8) w publikacji [P5], z tym, ze dla probki
GAOC, x = 0,4, pasmo zanika juz w 18 kbar (ze wzgledu na wicksza réznice energii stanéw 2E
oraz *T, w poréwnaniu zZ probka x = 0). Dla x = 1,6 nie obserwuje sie szerokiego pasma nawet
w ci$nieniu atmosferycznym. Natomiast, dla materiatow GSOC (x = 0,87) oraz GIOC (x = 0,8)
szerokie pasmo zanika w duzo wyzszych ci$nieniach, odpowiednio, 136 oraz 94 kbar, ze

wzgledu na wieksza réznice energii stanow °E oraz *T, w poréwnaniu do probki x = 0.

Z zaleznosci cisnieniowej Kinetyki luminescencji przedstawionej w publikacji [P1] dla
GOC wynika, ze zanik luminescencji jest jednowyktadniczy dla wartosci cisnien do 88 kbar,
podczas gdy dla wyzszych ci$nien staje si¢ niewykladniczy, gdzie zmiana ta jest wywolana
przejsciem fazowym. Na Rys. 3 b przedstawiono czasy zaniku, wyznaczone z dopasowania
funkcja jednowyktadniczg profili zanikow do 88 kbar. Dla ci$nien powyzej tego zakresu, ze
wzgledu na niewyktadniczos¢ profili zanikéw, obliczono $rednie czasy zaniku luminescencji.

Indukowany ci$nieniem wzrost sity pola krystalicznego zwigksza rdznice energii pomiedzy
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Rys. 3 (a) Widma luminescencji w funkcji ci$nienia zarejestrowane przy dtugosci fali
wzbudzajacej 442 nm, dla GOC w temperaturze pokojowej. (b) Czasy zaniku luminescencji
w funkcji ci$nienia wyznaczone z dopasowania profili zaniku funkcja jednowyktadnicza do
88 kbar, oraz wyliczone S$rednie czasy zaniku do wyzszych wartosci cisnien. (¢) Widma
wzbudzenia luminescencji w funkcji ci$nienia zarejestrowane dla maksimum luminescencji.

stanami “T. oraz 2E oraz zmniejsza termiczne obsadzenie wyzszego stanu “T.. Biorac pod
uwage, ze przejscie 2E — *A; jest przejsciem ze zmiang spinu, liniowa emisja zachodzi gtéwnie
ze wzgledu na sprzezenie spin-orbita migdzy stanami 2E i “T,. Sprzezenie to zmniejsza sie wraz
ze wzrostem ci$nienia. W konsekwencji, oba efekty prowadza do wydtuzenia si¢ czasu zaniku

luminescencji przej$cia wraz ze wzrostem cisnienia.

Jak pokazano na Rys. 3 b wydluzanie si¢ czaséw zaniku nastepuje do pewnego ci$nienia,
rownego 88 kbar. Powyzej tego ci$nienia, czas zaniku luminescencji skraca si¢ ze wzgledu na
wspomniang wczesniej przemiane fazowa. Czas zaniku jonu Cr®* w nowej fazie trygonalnej
jest krotszy. Dla cisnien w zakresie powyzej 88 kbar wystepuje mieszanina obydwu faz:
[-Gax03 oraz a-Gax03. Skrocenie czaséw zaniku w tym obszarze spowodowane jest wzrostem
sktadnika fazy a-Gaz03, o krotszym czasie zaniku. Z dopasowania zalezno$ci czasu zaniku od
ci$nienia przed przemiang fazowa (ciaglta r6zowa linia na Rys. 3 b) otrzymano zmiang

ci$nieniowa energii aktywacji stanu *T2, d4/dp réwna 10 £ 0,5 cm™/kbar.
W publikacji [P4] oraz na Rys. 3 ¢ przedstawiono wyniki unikatowych pomiaréw widm

wzbudzenia luminescencji w funkcji cisnienia dla GOC (X = 0). Jak si¢ spodziewano, obydwa

szerokie pasma w widmie wzbudzenia luminescencji przesuwajg si¢ w kierunku wigkszych
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Rys. 4 (a) Widma luminescencji probki Gai,18Alo544110,25603:0,02Cr3+ w ci$nieniu atmosferycznym
oraz temperaturze pokojowej, w fazie f (przed przemiang fazowg) oraz a (po przemianie
fazowej). (b) Profile zaniku luminescencji obserwowanej dla emisji w zakresie 750-850 nm, wraz
z wyznaczonymi Srednimi czasami zaniku.

energii wraz ze wzrostem cisnienia, tak samo jak emisja szerokopasmowa, natomiast emisja

waskoliniowa (linie R) przesuwa si¢ w kierunku mniejszych energii.

Podobne zachowanie wtasnosci optycznych w wysokich ci$nieniach obserwuje si¢ dla
probek GAOC, GSOC oraz GIOC, pokazanych w publikacj [P2], [P4] oraz [P5].

3.1.5 Wiasnosci luminescencyjne nowego materialu Wytworzonego w komorze

diamentowej pod wysokim cisnieniem

Jak juz wczeéniej wspomniano, dla przebadanych materiatow pod wptywem wysokiego
ci$nienia zachodzi przemiana fazowa z fazy f- do a-Ga>,O3. Warto jest tutaj podkresli¢, ze
przemiana ta jest nieodwracalna. Po odpuszczeniu ci$nienia probka pozostaje w nowej fazie a,
co zostato zilustrowane na Rys. 3 a dla materiatu GOC, gdzie obserwuje si¢ znaczgca zmiang
w widmie luminescencji (czerwona krzywa). Innymi stowy, pod wptywem wysokiego ci$nienia
uzyskano nowy material luminescencyjny. Podobny efekt zaobserwowano rowniez

w przypadku materialu GIOC.
W publikacji [P5] przedstawiono charakterystyke spektroskopowa nowego materiatu,

a-Gaz,18Al0,5441N0,25603:0,02Cr3*, wytworzonego w komorze diamentowej pod wysokim

ci$nieniem. Probka w nowej fazie a Wykazuje luminescencije jonu Cr*, korzystniejsza z punktu
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widzenia zastosowan jako luminofor do diodowych emiteréw podczerwieni. Luminescencja
probki w fazie a jest przesunigta ku czerwieni o okoto 30 nm oraz znacznie poszerzona o 325
cm™, w poréwnaniu z probka w fazie f, jak pokazano na Rys. 4 a. Co wiecej, jej $redni czas
zaniku jest znacznie krotszy (0,2 ms) niz dla probki w fazie g (0,5 ms), co pokazano na
Rys. 4 b. Probka w nowej fazie znajduje si¢ w stabszym polu krystalicznym (Dg = 1 612 cm™)
niz probka w fazie f (Dq = 1 638 cm™).

3.1.6 Struktura energetyczna jonu Cr3* w funkcji cisnienia

Znajomos¢ sity pola krystalicznego Dq oraz parametréw Racah B i C daje mozliwos¢
wygenerowania catej struktury energetycznej jonu Cr*, czyli obliczenia energii wszystkich
subtermow pola krystalicznego w konfiguracji d® jonu Cr¥*. Co wigcej, znajomo$¢ zachowania
tych parametréw wzgledem X oraz ci$nienia (p), przedstawionych w publikacji [P4], pozwolita
na okreslenie ewolucji struktury energetycznej jonéw Cr®* wzgledem ci$nienia

chemicznego oraz mechanicznego, dla serii GAOC.

Na Rys. 5 przedstawiono wyniki obliczen struktury energetycznej wybranych subterméw
pola krystalicznego w funkcji x i p dla fazy f oraz . Dodatkowo, przedstawiono wyniki
obliczen wykonanych przy zatozeniu statosci B i C w funkcji x oraz p (linie przerywane na
Rys. 5), co jest rownowazne wykresowi Tanabe-Sugano dla parametrow B i C

odpowiadajacych danemu materiatowi w ci$nieniu atmosferycznym.

W strukturze energetycznej jonu Cr3* w GAOC dla cisnienia chemicznego (Rys. 5 a)
obserwuje si¢ tylko niewielka zmiang Standéw energetycznych, poniewaz zmiana pola
krystalicznego jest niewielka w rozpatrywanym obszarze x. W przypadku zewnetrznego
ci$nienia mechanicznego zmiany te sg znaczace w rozpatrywanym zakresie ci$nienia, zarOwno
dla fazy f (Rys. 5 b) oraz o (Rys. 5 ¢). Dodatkowo, obserwuje si¢ wigksza zmiang ciSnieniowa
potozen standw “To, 4T i %E dla fazy S, niz o (wicksza zmiana ci$nieniowa parametréw Dq, B
oraz C, a w konsekwencji szybsza zmiane stanoéw elektronowych jonu Cr®"). Jest to
spowodowane mniejszg $cisliwo$cig materiatu a-Ga203z w poréwnaniu z f-Ga,0s. Potwierdza
to wyznaczony w publikacji [P4] modut sprezysto$ci objetosciowej (Bo) dla obu faz. Bo dla fazy

B i a wynosi odpowiednio 154,5 oraz 364,4 GPa, co zgadza si¢ z literaturg.>®%°
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Rys. 5 Schemat struktury energetycznej wybranych subterméw konfiguracji d3 jonu Cr3+ w funkgcji
(a) x dla Gai9s8-xAl03:0,02Cr3+ (GAOC) oraz p dla GOC (x = 0) w fazie (b) a i (c) B, wraz
z obliczeniami przeprowadzonymi przy zatoZeniu, ze parametry B i C sg niezalezne od Dq (linie

kreskowane), co jest rownowazne diagramom Tanabe-Sugano dla parametréw B i C w ci$nieniu
atmosferycznym.

Warto zauwazy¢, ze przedstawione diagramy struktury energetycznej pokazuja spadek
energii stanéw wzbudzonych nalezacych do konfiguracji pola krystalicznego t2® (°E, 2T, 2To)
wraz ze wzrostem Dq (zaro6wno dla p jak x). To zachowanie jest zgodne z obserwowang zmiang
energii przejécia emitujagcego E — %Az, JednakZe, nie jest zgodne z przewidywanym
zachowaniem na podstawie standardowego diagramu Tanabe-Sugano. Fakt ten jednoznacznie
potwierdza konieczno$¢ uwzglednienia zmian parametrow Racah przy opisywaniu wynikow
badan spektroskopowych materiatow domieszkowanych jonami metali przejsciowych
w funkcji cisnienia. Kierunek zmian stanéw nalgzacych do pozostatych konfiguracji jest taki
sam dla obu diagramow, jednak szybko$¢ zmian tych standw w zaleznosci od ci$nienia rozni
si¢ od siebie. Jedynie zmiana stanu “T jest identycznie opisywana przez oba sposoby we

wszystkich przypadkach, poniewaz zalezy on wylacznie od wartosci D (10Dq = E(*Az — *T2)).

3.1.7 Porownanie wplywu wewnetrznego cisnienia chemicznego z zewnetrznym

cisnieniem mechanicznym na wlasnosci optyczne jonéw Cr>*

Powszechnie przyjmuje si¢, ze oddziatywanie zewnetrznego cisnienia mechanicznego jest
rownowazne oddziatywaniu wewnetrznego ci$nienia chemicznego. Jednakze, na przykladzie
wlasno$ci luminescencyjnych jonow Cr3* zaprezentowanych w publikacji [P4], pokazano,

ze wplyw ten moze by¢ zasadniczo rézny.
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Rys. 6 przedstawia pordwnanie wptywu ci$nienia mechanicznego oraz chemicznego na
wlasno$ci luminescencyjne jonéw Cr3* w matrycy krystalicznej Ga,0Os modyfikowanej jonami

AIP* czy Sc3*. Poréwnano wartosci parametrow Dq, C i B oraz zmiany energii stanow E i *T;.

Zastegpowanie jonow Ga®* mniejszymi jonami AIP* w materiale GAOC powoduje wzrost
natezenia pola krystalicznego (zmniejszanie odlegtosci Ga/Al-O), podobnie jak przy
zastosowaniu ci$nienia mechanicznego. W publikacji [P2] pokazano, ze zmiana wartosci x od
0,0 do 1,6 (cisnienie chemiczne), jest rtOwnowazna zmianie objetosci komodrki elementarne;j
z 209,7 na 192,4 A% To odpowiada zmianie Dg o okoto 70 cm™ (cyjanowe punkty na
Rys. 6 a) od wartosci Dq = 1642 cm™ do 1710 cm™. Jest to rownowazne zmianie ci$nienia
mechanicznego z atmosferycznego do 55 kbar. To pokazuje, ze w badanym materiale zmiana

X 0 0,1 jest rtbwnoznaczna zwigkszeniu ci$nienia mechanicznego o okoto 3,4 kbar.

Zmiany wartoéci parametréow C oraz B (Rys. 6 b), jak rowniez stanéw “T: oraz %E
(Rys. 6 c) od Dq, nie zaleza od tego, czy byly wywotane ci$nieniem, Czy zmiang koncentracji
1

jonow AI°™ (x), co wskazuje na podobne dziatanie ci$nienia mechanicznego i chemicznego na

wiasnoéci luminescencyjne Cr** dla serii GAOC.

W przypadku zastepowania jonow Ga®* wiekszymi jonami Sc** w materiale GSOC,
nastepuje spadek nat¢zenia pola krystalicznego (zwigkszenie odlegtosci Ga/Sc-O), przeciwnie
do zastosowania cisnienia mechanicznego. Odwracajgc rozumowanie, zmiana x z 0,87 na
0,00 powoduje zmniejszenie objetoéci komorki elementarnej z 231,9 na 209,5 A3 czemu
towarzyszy zmiana wartosci Dg o okoto 160 cm™ (cyjanowe punkty na Rys. 6 d). Jest to
rownowazne przylozonemu cisnieniu o wartosci 110 kbar. Zmiana x o 0,1 jest wigc
roOwnowazna zmianie cisnienia 0 12,6 kbar. Jest to prawie cztery razy wigksza zmiana cisnienia
w stosunku do X, niz w przypadku domieszkowania AI%*.

Z poréwnania parametréow B i C (Rys. 6 €) oraz stanéw “T1 oraz E (Rys. 6 f) dla GSOC
wynika, ze zachowanie parametru C oraz stanu “T: jest podobne zaréwno dla ci$nienia
chemicznego, jak i mechanicznego, podczas gdy zmiana parametru B oraz stanu 2E jest
przeciwna. W przypadku cis$nienia chemicznego mamy odwrotne do oczekiwanego zachowanie
stanu E wraz z domieszkowaniem Sc3*. Zaskakujaco, wraz ze wzrostem wartosci Dg
(zmniejszeniem x), obserwuje si¢ przesuniccie stanu 2E w kierunku wyzszych energii.

Zmniejszajac koncentracje janéw Sc®* odlegtoéci migedzy atomami maleja, ale zmienia si¢ tez
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lokalne otoczenie. Ta zmiana lokalnego otoczenia silnie wptywa na zachowanie sie stanu °E,
powodujac zmniejszenie efektu nefelauksetycznego, pomimo ze samo zmniejszanie odlegtosci

prowadzitoby do zwickszenia tego efektu.
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Rys. 6 Poréwnanie warto$ci parametru sity pola krystalicznego Dq, parametréw Racah B oraz C
oraz stanéw 4T7 i 2E dla ciSnienia zewnetrznego mechanicznego oraz wewnetrznego ciSnienia
chemicznego dla serii (a-c) GAOC oraz (d-f) GSOC.

Podsumowujac, dla serii GAOC wplyw ci$nienia chemicznego i mechanicznego jest
réwnowazny, co oznacza, ze modyfikacja matrycy przez jony AI** nie wptywa znaczaco na
katy wigzan chemicznych. Najprawdopodobniej podstawianie jonéw zachodzi w sasiedniej
komorce elementarnej, ktora zmienia objetos¢ krysztatdéw 1 charakter wigzania chemicznego,
podobnie jak w przypadku ci$nienia mechanicznego. W przypadku probek domieszkowanych
Sc3* cisnienie mechaniczne i chemiczne nie jest rownowazne. Domieszkowanie jonami Sc3*
zmienia lokalne otoczenie wokét jonow Cr*, co jest rowniez potwierdzone poprzez znaczaca
zmiane w widmach Ramana, przedstawionych w publikacji [P4], dla probek o x > 0,8. Sciskajac
materiat GSOC, x = 0,87, zmniejszamy objetos¢ komorki, ale nie mozemy odwroci¢
znieksztalcen spowodowanych domieszkowaniem. Ci$nienie mechaniczne w tym przypadku

nie jest rownowazne ci$nieniu chemicznemu.
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3.2. Wydajna szerokopasmowa luminescencja par Cr3*-Cr3*

W opisywanych dotychczas badaniach, zawartych w niniejszej rozprawie doktorskiej,
skoncentrowano si¢ na luminescencji podczerwonej pochodzacej od izolowanych jonow Cr3*.
W tym podrozdziale skupiono si¢ na luminescencji podczerwonej pochodzgcej od par jonow
Cr3*-Cr¥*, ktora jest ciekawym i malo przebadanym dotad zjawiskiem. Zazwyczaj,
luminescencje pochodzaca od par Cr¥*-Cr3* traktuje sie jako pasozytnicza, ktora jest staba

i czesto niewykrywalna w temperaturze pokojowe;j.51%2

W materialach o strukturze magnetoplumbitu (o wzorze sumarycznym A[B12]O19)
wystepuje pig¢ niezaleznych miejsc krystalograficznych dla kationu B. W tych materiatach dwa
atomy M4 oraz trzy atomy M5 znajduja si¢ blisko siebie (Rys. 7 a), a ich znieksztatcone
oktaedry potaczone sg $ciankami (M4) lub krawedziami (MS5), tworzac wieloSciany
o odleglosciach M4-M4 oraz M5-M5, wynoszacymi odpowiednio 2,650 i 2,756 A. Z tego
wzgledu tworzenie si¢ par jonow Cr** (mogacych lokowaé si¢ w miejsca M4 oraz M5) w tych

materiatach jest wysoce prawdopodobne. 534

W  publikacji  [P6] przedstawiono  badania  spektroskopowe  materiatow
SrAl11,88 xGax019:0,12Cr3* (0 <x < 12, krok 2, SAGOC) obejmujace badania widm wzbudzenia
luminescencji oraz luminescencji wraz z analizg kinetyki luminescencji, widma luminescencji
czasowo rozdzielone i stacjonarne w funkcji temperatury oraz ci$nienia. Probki x = 0 oraz 12
odpowiadaja materiatom SrAl12019:Cr¥* oraz SrGai2010:Cr¥*, natomiast pozostale s

roztworami statymi tych zwigzkow.

Widmo luminescencji SAGOC (Rys. 7 b) sktada si¢ z waskich linii, (Crl) okoto 700 nm
oraz szerokiego pasma w zakresie spektralnym od 650 do 950 nm (Cr2). Typowo,
luminescencje liniowa jonu Cr¥* przypisuje sie przejéciom optycznym ze zmiang spinu
2E — A, podczas gdy emisje szerokopasmowa przypisuje si¢ przejsciom bez zmiany spinu
4T, — %A,. Zaskakujaco, czas zaniku luminescencji Cr2 jest w zakresie 1,1-2,4 ms, podobnie
jak w przypadku luminescencji Crl. Luminescencja zwigzana z przejSciem optycznym
T, — *A,, powinna zanikaé znacznie szybciej, w zakresie mikrosekundowym. Milisekundowy
czas zaniku luminescencji Cr2 wskazuje na to, ze luminescencja ta najprawdopodobniegj nie jest
zwigzana z przej$ciami optycznymi bez zmiany spinu *T. — %A, jak pokazano w pracach,%-57

a z przej$ciami ze zmiang spinu o mniejszym prawdopodobienstwie. Podobny, milisekundowy
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czas zaniku, okoto 2 ms, zaobserwowano dla par Cr3*—Cr3* w materiale o strukturze perowskitu

LaAlO; domieszkowanym Cr3* 8

M5-M5—2.756 A
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Rys. 7 (a) (po lewej) Struktura krystaliczna magnetoplumbitu. Sfery o kolarze brazowym,
czerwonym, niebieskim, r6zowym oraz zielonym reprezentuja Al, Ga odpowiednio w miejscach
od M1 do M5, pomaranczowe sfery to atomy tlenu. (po prawej) Lokalna struktura miejsc
krystalograficznych M4 oraz M5 w magnetoplumbitach. (b) Widma luminescencji wzbudzane
dtugoscia fali 442 nm. (c) Empirycznie wyznaczone, ciSnieniowe przesuniecie luminescencji Cr1
oraz Cr2,dlax=0.

Pomiary ci$nieniowe dla probek x = 0, 6 1 12 przedstawione w publikacji [P6] i naRys. 7 ¢
(x = 0) pokazaty, ze we wszystkich testowanych przypadkach wzrost ci$nienia prowadzit do
liniowego przesuniecia emisji Crl i Cr2 w kierunku nizszych energii (dtuzszych dtugosci fal)
Z przesunieciem ci$nieniowym typowym dla przej$é optycznych ze zmiang spinu 2E — *A,,
okoto -1,5 cm™/kbar.?®*™ To jednoznacznie potwierdzito, ze luminescencji Cr2 nie mozna
przypisaé przejsciu “T2 — *Ag, ktore przesunetoby sie w kierunku wyzszej energii W znacznie
szybszym tempie.3**>"* Podsumowujac, emisja Crl pochodzi od luminescencji izolowanych

jonow Cr¥*, podczas gdy szerokopasmowa emisja Cr2 pochodzi od par jonéw Cr**-Cr",

37



Wystepowanie par jonéw Cr®* w materiatach o strukturze magnetoplumbitu, zostato
rowniez potwierdzone przez pomiary EPR (ang. Electron Paramagnetic Resonance), co

przedstawiono w publikacji [P6].

W tym miejscu nalezy zauwazy¢, iz kreacja par Cr3* prawdopodobnie tyczy si¢ wickszosci
materialtdw o strukturze magnetoplumbitu. Liu i wsp.®>®% przypisali luminescencje
szerokopasmowg przej$ciom “To—*A, w materiale LaMgGai1019:Cr¥*, mimo Ze w tych pracach
pokazano zwigkszenie si¢ udziatu szerokopasmowej luminescencji w stosunku do
luminescencji linii R, wraz ze zwiekszeniem koncentracji Cr®* oraz milisekundowy czas zaniku
dla szerokiego pasma. Prawdopodobnie, luminescencja ta rowniez zwigzana jest z kreacja par
Cr¥*. Wraz ze zwickszeniem koncentracji Cr*, rosnie prawdopodobienstwo podwdjnego
obsadzenia miejsc krystalograficznych M4 oraz M5, prowadzac do zwigkszonego udzialu
luminescencji par Cr®* w stosunku do jonu izolowanego, co whasciwie zostato pokazane w tych

pracach.
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4. Podsumowanie

Podstawe rozprawy doktorskiej stanowi sze$¢ publikacji naukowych, w ktorych
przedstawiono wyniki badan spektroskopowych dotyczacych luminescencji Cr3* w roztworach
statych: (Gau,e8-xAl03:0,02Cr3* (GAOOC); Ga,994 xSCx03:0,006Cr3 (GSOQC);
Gay,os x(Alo,sslNo32)x03:0,02Cr3*  (GIOC) oraz  SrAli1ssxGax019:0,12Cr3*  (SAGOC)).

W ramach tych badan, nalezy wskazac¢ kilka kluczowych osiagniec¢:

e Pokazano subtelne zmiany w mikrostrukturze krystalicznej materialow GSOC
oraz GIOC, za pomoca badan optycznych.

e Okresleno wplyw kontrolowanego nieuporzadkowania krysztalu na wlasno$ci
luminescencyjne GIOC. Skutecznie poszerzono oraz przesunieto widma emisji ku
czerwieni, przy zachowaniu niezmiennej objetosci krysztatu.

e \Wyznaczono polozenia stanéw energetycznych jonu Cr3* w zaleznos$ci od sily pola
krystalicznego oraz skonstruowano wlasciwe diagramy energetyczne w funkcji
ciSnienia, uwzgledniajac zmiane¢ parametrow Racah. Diagramy struktury
energetycznej przedstawione w publikacji [P4] wykazuja spadek energii stanow 2E, 2Ty
oraz 2T, wraz ze wzrostem Dq (czego nie demonstruje standardowy diagram Tanabe-
Sugano). Takie zachowanie jest zgodne z obserwowang do§wiadczalnie zmiang emisji
zwigzang z przejéciem 2E — *A,. W ten sposob potwierdzono, ze nalezy przedstawia¢
stany energetyczne jonu Cr®" zgodnie z metoda i diagramami zaproponowanymi
w publikacji [P4]. Podobng interpretacje nalezy rowniez zastosowac¢ dla innych metali
przej$ciowych.

e Okreslono wartoSci ciSnienia dla przejs¢ fazowych oraz pokazano wplyw przejsé
fazowych na wlasnos$ci luminescencyjne jonéw Cr3*. W komorze diamentowej pod
wysokim ci$nieniem wytworzono nowy materiat, ktory wykazuje korzystniejsza
(szersza oraz przesunieta ku czerwieni) luminescencje jonu Cr®" z punktu widzenia
zastosowan jako luminofor do diodowych emiterow podczerwieni. Badania te
jednoznacznie  dowiodly  uzyteczno$¢  spektroskopii  wysokoci$nieniowej
w projektowaniu nowych materiatow luminescencyjnych. Zamiast skomplikowane;,
czasochtonnej oraz drogiej syntezy wielu probek, mozliwe jest sprawdzenie whasnosci
luminescencyjnych materiatow za pomocg metod wysokociSnieniowych oraz
zaproponowanie odpowiedniego materiatu do podzniejszej Syntezy. Obecnie

prowadzone sa intensywne prace majace na celu zsyntezowanie tego materiatu.
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e Porownano wplyw zewnetrznego ciSnienia mechanicznego i wewne¢trznego
ciSnienia chemicznego na wlasno$ci luminescencyjne jonu Cr3*. Dla serii GAOC
wplyw cis$nienia chemicznego i mechanicznego jest rownowazny. W przypadku probek
GASOC wplyw ten nie jest rownowazny. Domieszkowanie jonami Sc®* znieksztatca
sie¢ w lokalnym otoczeniu jonu Cr3*. Sciskajac taki materiat mozna zmniejszy¢ objetosé
komorki, ale nie mozna odwroci¢ znieksztatcen spowodowanych domieszkowaniem.

e Wyjasnieniono pochodzenie szerokopasmowej luminescencji magnetoplumbitow
domieszkowanych jonami chromu poprzez badania wysokocisnieniowe. Dzigki tym
badaniom jednoznacznie odrzucono przekonanie, ze luminescencja ta zwigzana jest
z przejSciem ze stanu wzbudzonego “T» do stanu podstawowego “A,. Emisje
waskoliniowa przypisano luminescencji izolowanych jonéw Cr** w migjscach
oktaedrycznych, podczas gdy szerokopasmowa emisj¢ przypisano parom jonow
Cr3*-Cr¥,

Materialy tlenkowe domieszkowanych jonami Cr* sa obecnie bardzo intensywnie badane,
ze wzgledu na ich potencjalne mozliwosci aplikacyjne jako wydajne materiaty luminescencyjne
o okreslonych parametrach spektralnych do zastosowan jako emitery §wiatta w zakresie bliskiej
podczerwieni. Badane w publikacjach materialy zostaly w wigkszosci wykorzystane do
konstrukcji diod pc-LED emitujacych promieniowanie podczerwone w zakresie spektralnym
750-1100 nm o wysokiej sprawnosci. Wszystkie diody pc-LED zostaty wykonane w oparciu
0 diode InGaN emitujgca $wiatto 0 dtugosci fali 450 nm i sprawdzone przy pradzie zasilajgcym
350 mA.  Wykorzystujac ~ material  Gais945C0403:0,006Cr**  ([P3])  oraz
Gau,18(Alos241N0256)03:0,02Cr3*  ([P5]), zbudowano diody charakteryzujace sie moca
promieniowania réwna odpowiednio 66,09 mW oraz 68,8 mW z FWHM réwng 160 oraz
156 nm. Wymieszanie luminoforow Gais945C0,403:0,006Cr3* i Gai18Alos03:0,02Cr** ([P2])
pozwolito na poszerzenie widma emisji 0 ponad 40 nm oraz zwigkszenie mocy promieniowania
do 118,77 mW. Natomiast, dla diody pc-LED z luminoforem SrAlsgsGasO19:0,12Cr3"
osiggnigto moc wyjsciowg 96 mW ([P6]). Dioda ta wykazuje wyzsza wartos¢ mocy
promieniowania w poréwnaniu ze znanymi luminoforami na podczerwien domieszkowanymi
jonami Cr3* takimi jak Lilnog4Si206:0,06Cr3*, Sco.9sB03:0,02Cr3*, LasGap 03Ges016:0,07Cr3*
oraz LasGasesGe014:0.05Cr3*.7427273 Otrzymane wyniki jednoznacznie dowodza duzego
potencjatu aplikacyjnego materiatow przedstawionych w pracy doktorskiej jako luminoforow

do diodowych emiterow podczerwieni.

40



5. Bibliografia

1)

)

(3)

(4)

(5)
(6)

(7)

(8)

(9)

(10)

(11)

(12)

Handbook of Laser Technology and Applications: Volume 2: Laser Design and Laser
Systems; Jones, C. W., Julian D. C., Ed.; CRC Press: Boca Raton, 2020.

Li, W.; Lv, W.; Zhao, Q.; Jiao, M.; Shao, B.; You, H. A Novel Efficient Mn*" Activated
Ca14Al10Zns03s Phosphor: Application in Red-Emitting and White LEDs. Inorg. Chem.
2014, 53 (22), 11985-11990.

Mello, A. C. S. de; Santana, G. C.; Jackson, R. A.; Macedo, Z. S.; Moreira, S. G. C.;
Valerio, M. E. G. Optical Properties of Pure and Cr** Doped BGO Ceramic Scintillators.
Phys. Status Solidi C 2007, 4 (3), 980-983.

Dai, Z.; Boiko, V.; Grzeszkiewicz, K.; Markowska, M.; Ursi, F.; H6lsé, J.; Saladino, M.
L.; Hreniak, D. Effect of Annealing Temperature on Persistent Luminescence of
Y3Al,Gaz012:Cr¥* Co-Doped with Ce** and Pr3*. Opt. Mater. 2021, 111, 110522.

Phosphor Handbook; Shionoya, S., Yen, W. M., Ed.; CRC Press: Boca Raton, 1999.

Maiman, T. H. Stimulated Optical Radiation in Ruby. Nature 1960, 187 (4736), 493—
494,

Rajendran, V.; Fang, M.-H.; Guzman, G. N. D.; Lesniewski, T.; Mahlik, S.; Grinberg,
M.; Leniec, G.; Kaczmarek, S. M.; Lin, Y.-S.; Lu, K.-M.; Lin, C.-M.; Chang, H.; Hu, S.-
F.; Liu, R.-S. Super Broadband Near-Infrared Phosphors with High Radiant Flux as
Future Light Sources for Spectroscopy Applications. ACS Energy Lett. 2018, 3 (11),
2679-2684.

Fang, Y.; Shang, J.; Liu, D.; Shi, W.; Li, X.; Ma, H. Design, Synthesis, and Application
of a Small Molecular NIR-1I Fluorophore with Maximal Emission beyond 1200 Nm. J.
Am. Chem. Soc. 2020, 142 (36), 15271-15275.

Huang, L.; Li, Z.; Zhao, Y.; Yang, J.; Yang, Y.; Pendharkar, A. I.; Zhang, Y.; Kelmar,
S.; Chen, L.; Wu, W.; Zhao, J.; Han, G. Enhancing Photodynamic Therapy through
Resonance Energy Transfer Constructed Near-Infrared Photosensitized Nanoparticles.
Adv. Mater. 2017, 29 (28), 1604789.

Phosphor Handbook: Experimental Methods for Phosphor Evaluation and
Characterization, 3rd ed.; Wang, R.-S. L., Xiaojun, Ed.; CRC Press: Boca Raton, 2022.

Phosphor Handbook: Novel Phosphors, Synthesis, and Applications, 3rd ed.; Wang, R.-
S. L., Xiaojun, Ed.; CRC Press: Boca Raton, 2022.

Smith, A. M.; Mancini, M. C.; Nie, S. Second Window for in Vivo Imaging. Nat.
Nanotechnol. 2009, 4 (11), 710-711.

41



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

Xu, J.; Tanabe, S. Persistent Luminescence Instead of Phosphorescence: History,
Mechanism, and Perspective. J. Lumin. 2019, 205, 581-620.

Basavaraju, N.; Sharma, S.; Bessiére, A.; Viana, B.; Gourier, D.; Priolkar, K. R. Red
Persistent Luminescence in MgGaz04 : Cr®*; a New Phosphor for in Vivo Imaging. J.
Phys. Appl. Phys. 2013, 46 (37), 375401.

Van den Eeckhout, K.; Smet, P. F.; Poelman, D. Persistent Luminescence in Eu2+-
Doped Compounds: A Review. Materials 2010, 3 (4), 2536-2566.

Li, Y.; Gecevicius, M.; Qiu, J. Long Persistent Phosphors - from Fundamentals to
Applications. Chem. Soc. Rev. 2016, 45 (8), 2090-2136.

Lécuyer, T.; Teston, E.; Ramirez-Garcia, G.; Maldiney, T.; Viana, B.; Seguin, J.; Mignet,
N.; Scherman, D.; Richard, C. Chemically Engineered Persistent Luminescence
Nanoprobes for Bioimaging. Theranostics 2016, 6 (13), 2488-2524.

le Masne de Chermont, Q.; Chanéac, C.; Seguin, J.; Pellé, F.; Maitrejean, S.; Jolivet, J.-
P.; Gourier, D.; Bessodes, M.; Scherman, D. Nanoprobes with Near-Infrared Persistent
Luminescence for in Vivo Imaging. Proc. Natl. Acad. Sci. 2007, 104 (22), 9266-9271.

Ueda, J.; Back, M.; Brik, M. G.; Zhuang, Y.; Grinberg, M.; Tanabe, S. Ratiometric
Optical Thermometry Using Deep Red Luminescence from T and °E States of Cr3* in
ZnGa04 Host. Opt. Mater. 2018, 85, 510-516.

Back, M.; Ueda, J.; Brik, M. G.; Lesniewski, T.; Grinberg, M.; Tanabe, S. Revisiting
Cr¥*-Doped Bi>GasOg Spectroscopy: Crystal Field Effect and Optical Thermometric
Behavior of Near-Infrared-Emitting Singly-Activated Phosphors. ACS Appl. Mater.
Interfaces 2018, 10 (48), 41512-41524.

S. Brites, C. D.; P. Lima, P.; O. Silva, N. J.; Millan, A.; S. Amaral, V.; Palacio, F.;
D. Carlos, L. Thermometry at the Nanoscale. Nanoscale 2012, 4 (16), 4799-4829.

Jaque, D.; Vetrone, F. Luminescence Nanothermometry. Nanoscale 2012, 4 (15), 4301-
4326.

Szymczak, M.; Wozny, P.; Runowski, M.; Pieprz, M.; Lavin, V.; Marciniak, L.
Temperature Invariant Ratiometric Luminescence Manometer Based on Cr* lons
Emission. Chem. Eng. J. 2023, 453, 139632.

Szymczak, M.; Runowski, M.; Lavin, V.; Marciniak, L. Highly Pressure-Sensitive,
Temperature Independent Luminescence Ratiometric Manometer Based on MgO:Cr3*
Nanoparticles. Laser Photonics Rev. 2023, 17 (4), 2200801.

42



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

Hayashi, D.; van Dongen, A. M.; Boerekamp, J.; Spoor, S.; Lucassen, G.; Schleipen, J.
A Broadband LED Source in Visible to Short-Wave-Infrared Wavelengths for Spectral
Tumor Diagnostics. Appl. Phys. Lett. 2017, 110 (23), 233701.

De Guzman, G. N. A.; Fang, M.-H.; Liang, C.-H.; Bao, Z.; Hu, S.-F.; Liu, R.-S.
[INVITED] Near-Infrared Phosphors and Their Full Potential: A Review on Practical
Applications and Future Perspectives. J. Lumin. 2020, 219, 116944,

Huang, W.; Luo, S.; Yang, D.; Zhang, S. Applications of Smartphone-Based near-
Infrared (NIR) Imaging, Measurement, and Spectroscopy Technologies to Point-of-Care
(POC) Diagnostics. J. Zhejiang Univ. Sci. B 2021, 22 (3), 171-189.

Jia, Z.; Yuan, C,; Liu, Y.; Wang, X.-J.; Sun, P.; Wang, L.; Jiang, H.; Jiang, J. Strategies
to Approach High Performance in Cr¥* -Doped Phosphors for High-Power NIR-LED
Light Sources. Light Sci. Appl. 2020, 9 (1), 86.

Pan, Z.; Lu, Y.-Y.; Liu, F. Sunlight-Activated Long-Persistent Luminescence in the near-
Infrared from Cr3*-Doped Zinc Gallogermanates. Nat. Mater. 2011, 11 (1), 58-63.

He, S.; Zhang, L.; Wu, H.; Wu, H.; Pan, G.; Hao, Z.; Zhang, X.; Zhang, L.; Zhang, H.;
Zhang, J. Efficient Super Broadband NIR Ca;LuZr,Al3012:Cr3*,Yb*" Garnet Phosphor
for Pc-LED Light Source toward NIR Spectroscopy Applications. Adv. Opt. Mater.
2020, 8 (6), 1901684.

Bai, B.; Dang, P.; Huang, D.; Lian, H.; Lin, J. Broadband Near-Infrared Emitting
CazLuScGa,Ge,012:Cr¥* Phosphors: Luminescence Properties and Application in Light-
Emitting Diodes. Inorg. Chem. 2020, 59 (18), 13481-13488.

Kittel, C. Introduction to Solid State Physics, 8th ed.; Wiley: Hoboken, NJ, 2005.

Henderson, B.; Imbusch, G. F. Optical Spectroscopy of Inorganic Solids; Monographs
on the Physics and Chemistry of Materials; Oxford University Press: Oxford, New York,
2006.

Tanabe, Y.; Sugano, S. On the Absorption Spectra of Complex lons. 1. J. Phys. Soc. Jpn.
1954, 9 (5), 753-766.

Tanabe, Y.; Sugano, S. On the Absorption Spectra of Complex lons I1. J. Phys. Soc. Jpn.
1954, 9 (5), 766-779.

Sugano, S.; Tanabe, Y.; Kamimura, H. Multiplets of Transition-Metal lons in Crystals.
Academic Press 1970.

Griffith, J. S. The Theory of Transition-Metal lons; Cambridge University Press, 1961.

43



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

Aoki, Y.; My, N. T.; Yamamoto, S.; Naramoto, H. Luminescence of Sapphire and Ruby
Induced by He and Ar lon Irradiation. Nucl. Instrum. Methods Phys. Res. Sect. B Beam
Interact. Mater. At. 1996, 114 (3), 276-280.

Chao, C.-C. Charge-Transfer Luminescence of Cr® in Magnesium Oxide. J. Phys.
Chem. Solids 1971, 32 (11), 2517-2528.

Blasse, G.; Grabmaier, B. C. Luminescent Materials; Springer: Berlin, Heidelberg, 1994.

Campochiaro, C.; McClure, D. S. Absorption and Emission Fine Structure in
ScBOs: Cr¥*. Tunable Solid State Lasers 1987, TuD21 Optica Publishing Group.

Shao, Q.; Ding, H.; Yao, L.; Xu, J.; Liang, C.; Jiang, J. Photoluminescence Properties of
a ScBO3:Cr3* Phosphor and Its Applications for Broadband near-Infrared LEDs. RSC
Adv. 2018, 8 (22), 12035-12042.

Zhao, F.; Song, Z.; Liu, Q. Advances in Chromium-Activated Phosphors for Near-
Infrared Light Sources. Laser Photonics Rev. 2022, 16 (11), 2200380.

Phosphor Handbook: Fundamentals of Luminescence, 3rd ed.; Wang, R.-S. L., Xiaojun,
Ed.; CRC Press: Boca Raton, 2022.

Walsh, C. G.; Donegan, J. F.; Glynn, T. J.; Morgan, G. P.; Imbusch, G. F.; Remeika, J.
P. Luminescence from $-Ga20s:Cr3*. J. Lumin. 1988, 40-41, 103-104.

Bray, K. L. High Pressure Probes of Electronic Structure and Luminescence Properties
of Transition Metal and Lanthanide Systems. In Transition Metal and Rare Earth
Compounds: Excited States, Transitions, Interactions I; Yersin, H., Ed.; Topics in
Current Chemistry; Springer: Berlin, Heidelberg, 2001; pp 1-94.

Dunstan, D. J.; Spain, I. L. Technology of Diamond Anvil High-Pressure Cells: I.
Principles, Design and Construction. J. Phys. E 1989, 22 (11), 913-923.

Holzapfel, W. B.; Isaacs, N. S. High Pressure Techniques in Chemistry and Physics: A
Practical Approach; Oxford University Press, 1997.

Jayaraman, A. Diamond Anvil Cell and High-Pressure Physical Investigations. Rev.
Mod. Phys. 1983, 55 (1), 65-108.

Sherman, W. F.; Stadtmuller, A. A. Experimental Techniques in High-Pressure
Research; Chichester West Sussex ; New York, 1987.

Merrill, L.; Bassett, W. A. Miniature Diamond Anvil Pressure Cell for Single Crystal X-
ray Diffraction Studies. Rev. Sci. Instrum. 1974, 45 (2), 290-294.

44



(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

Barzowska, J.; Lesniewski, T.; Mahlik, S.; Seo, H. J.; Grinberg, M. KMgF3:Eu?" as a
New Fluorescence-Based Pressure Sensor for Diamond Anvil Cell Experiments. Opt.
Mater. 2018, 84, 99-102.

Shannon, R. D. Revised Effective lonic Radii and Systematic Studies of Interatomic
Distances in Halides and Chalcogenides. Acta Crystallogr. A 1976, 32 (5), 751-767.

Wen, D.; Liu, H.; Guo, Y.; Zeng, Q.; Wu, M.; Liu, R. S. Disorder-Order Conversion-
Induced Enhancement of Thermal Stability of Pyroxene Near-Infrared Phosphors for
Light-Emitting Diodes. Angew. Chem. Int. Ed. 2022, 61 (28), e202204411.

Chang, T. S.; Holzrichter, J. F.; Imbusch, G. F.; Schawlow, A. L. Polarized Fluorescence
Study of Cr®* through a Stress-Induced Phase Transition in SrTiOs. Solid State Commun.
1970, 8 (15), 1179-1181.

Yoshioka, S.; Hayashi, H.; Kuwabara, A.; Oba, F.; Matsunaga, K.; Tanaka, I. Structures
and Energetics of Ga,O3 Polymorphs. J. Phys. Condens. Matter 2007, 19 (34), 346211.

Luan, S.; Dong, L.; Jia, R. Analysis of the Structural, Anisotropic Elastic and Electronic
Properties of f-Ga>03 with Various Pressures. J. Cryst. Growth 2019, 505, 74-81.

Varley, J. B.; Weber, J. R.; Janotti, A.; Van de Walle, C. G. Oxygen Vacancies and Donor
Impurities in f-Ga20s. Appl. Phys. Lett. 2010, 97 (14), 142106.

Caracas, R.; Cohen, R. E. Post-Perovskite Phase in Selected Sesquioxides from Density-
Functional Calculations. Phys. Rev. B 2007, 76 (18), 184101.

Wang, H.; He, Y.; Chen, W.; Zeng, Y. W.; Stahl, K.; Kikegawa, T.; Jiang, J. Z. High-
Pressure Behavior of B-Ga>Os Nanocrystals. J. Appl. Phys. 2010, 107 (3), 033520.

Derkosch, J.; Mikenda, W.; Preisinger, A. N-Lines and Chromium-Pairs in the
Luminescence Spectra of the Spinels ZnAl,04:Cr** and MgAl,04:Cr3*. J. Solid State
Chem. 1977, 22 (2), 127-133.

Vink, A. P.; Meijerink, A. Electron—Phonon Coupling of Cr¥*-Pairs and Isolated Sites in
a-Al203 and MgO. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 1998, 54 (11), 1755—
1761.

Holtstam, D.; Hélenius, U. Nomenclature of the Magnetoplumbite Group. Mineral. Mag.
2020, 84 (3), 376-380.

Li, J.; Medina, E. A.; Stalick, J. K.; Sleight, A. W.; Subramanian, M. A. Structural
Studies of CaAl12019, SrAl12019, Lazz+sAl12.4019, and CaAl1oNiTiO19 with the Hibonite
Structure; Indications of an Unusual Type of Ferroelectricity. Z. Fiir Naturforschung B
2016, 71 (5), 475-484.

45



(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

Liu, S.; Wang, Z.; Cai, H.; Song, Z.; Liu, Q. Highly Efficient Near-Infrared Phosphor
LaMgGai11019:Cr*. Inorg. Chem. Front. 2020, 7 (6), 14671473,

Liu, S.; Cai, H.; Zhang, S.; Song, Z.; Xia, Z.; Liu, Q. Site Engineering Strategy toward
Enhanced Luminescence Thermostability of a Cr*-Doped Broadband NIR Phosphor and
Its Application. Mater. Chem. Front. 2021, 5 (10), 3841-3849.

Xu, J.; Chen, D.; Yu, Y.; Zhu, W.; Zhou, J.; Wang, Y. Cr¥*:SrGai2019: A Broadband
Near-Infrared Long-Persistent Phosphor. Chem. — Asian J. 2014, 9 (4), 1020-1025.

Vink, A.; Bruin, M.; Roke, S.; Peijzel, P.; Meijerink, A. Luminescence of Exchange
Coupled Pairs of Transition Metal lons. J. Electrochem. Soc. 2001, 148.

Grinberg, M.; Barzowska, J.; Shen, Y.; Bray, K. L. Inhomogeneous Broadening of Cr3*
Luminescence in Doped LiTaOs. Phys. Rev. B 2001, 63 (21), 214104.

Grinberg, M.; Barzowska, J.; Shen, Y. R.; Bray, K. L.; Deren, P.; Hanuza, J. High-
Pressure Spectroscopy Characterisation of LiSc(WOa)2 Crystals Doped with Trivalent
Chromium. J. Lumin. 2003, 102-103, 699-704.

Galanciak, D.; Perlin, P.; Grinberg, M.; Suchocki, A. High Pressure Spectroscopy of
LLGG Doped with Cr®". J. Lumin. 1994, 6061, 223-226.

Xu, X.; Shao, Q.; Yao, L.; Dong, Y.; Jiang, J. Highly Efficient and Thermally Stable
Cr3*-Activated Silicate Phosphors for Broadband near-Infrared LED Applications.
Chem. Eng. J. 2020, 383, 123108.

Rajendran, V.; Lesniewski, T.; Mahlik, S.; Grinberg, M.; Leniec, G.; Kaczmarek, S. M.;
Pang, W.-K.; Lin, Y.-S.; Lu, K.-M.; Lin, C.-M.; Chang, H.; Hu, S.-F.; Liu, R.-S. Ultra-
Broadband Phosphors Converted Near-Infrared Light Emitting Diode with Efficient
Radiant Power for Spectroscopy Applications. ACS Photonics 2019, 6 (12), 3215-3224.

46



6. Osiagniecia naukowe

Vi.

Wykaz publikacji nie wchodzgcych w sktad rozprawy doktorskiej

Satpathy, A.; Huang, W.-T.; Chan, M.-H.; Su, T.-Y.; Kaminski, M.; Majewska, N.;
Mabhlik, S.; Leniec, G.; Kaczmarek, S. M.; Hsiao, M.; Liu, R.-S. Near-Infrared /11
Nanophosphors with Cr¥*/Ni?* Energy Transfer for Bioimaging. Adv. Opt. Mater.
2023, 2300321.

https://doi.org/10.1002/adom.202300321.

Hsu, J.-Y.; Chung, R.-J.; Kuo, Y.-L.; Lin, C. C.; Majewska, N.; Kreft, D.; Mahlik, S.;
Fang, M.-H. Concentration-Induced Hetero-Valent Partial-Inverse Occupation of
Infrared Phosphor. Adv. Opt. Mater. 2023, 2300121.
https://doi.org/10.1002/adom.202300121.

Szczodrowski, K.; Behrendt, M.; Barzowska, J.; Gorecka, N.; Majewska, N.;
Lesniewski, T.; Lapinski, M.; Mahlik, S. Lanthanide Ions (Eu®', Er¥*, Pr¥") as
Luminescence and Charge Carrier Centers in Sr.TiO4. Dalton Trans. 2023, 52 (14),
4329-4335.

https://doi.org/10.1039/D2DT04177D.

Gorbenko, V.; Zorenko, T.; Shakhno, A.; Popielarski, P.; Osvet, A.; Batentschuk, M.;
Fedorov, A.; Mahlik, S.; LesSniewski, T.; Majewska, N.; Zorenko, Y. Single
Crystalline Films of Ce**-Doped Y3MgxSiyAis—«—yO12 Garnets: Crystallization, Optical,
and Photocurrent Properties. Materials 2023, 16 (5), 1869 (16pp).
https://doi.org/10.3390/mal16051869.

Hsu, J.-Y.; Chung, R.-J.; Majewska, N.; Kreft, D.; Sheu, H.-S.; Lee, J.-F.; Mahlik, S.;
Fang, M.-H. Probing Local Structural Changes by Sharp Luminescent Infrared
Nanophosphor for Application in Light-Emitting Diodes. Chem. Mater. 2022, 34 (24),
11093-11100.

https://doi.org/10.1021/acs.chemmater.2c03224.

Tsai, Y.-T.; Huang, Y.; Majewska, N.; Mahlik, S.; Muchlis, A.; Huang, Y.-K.; Huang,
Y.; Lin, B.-H.; Su, C.; Lin, C. Shielding Effect and Compensation Defect Study on
NasSca(POa)y:Eu?* 3 (y = 2.6-3.0) Phosphor by Anion-Group-Induced Phase
Transition. J. Mater. Chem. C 2022, 10 (40), 15044-15050.
https://doi.org/10.1039/D2TC03172H.

47


https://doi.org/10.1002/adom.202300321
https://doi.org/10.1002/adom.202300121
https://doi.org/10.1039/D2DT04177D
https://doi.org/10.3390/ma16051869
https://doi.org/10.1021/acs.chemmater.2c03224
https://doi.org/10.1039/D2TC03172H

Vii.

viii.

Xi.

Xili.

Xiil.

Szczodrowski, K.; Gorecka, N.; Tojek, M.; Lazarowska, A.; Majewska, N.; Mahlik, S.
Energetic Structure of Sm®" Luminescence Centers in Sr,TiO4. Dalton Trans. 2022, 51
(9), 3713-3720.

https://doi.org/10.1039/D1DT04382J.

Barzowska, J.; Majewska, N.; Jankowski, D.; Grzegorczyk, M.; Mahlik, S.; Michalik,
D.; Sopicka-Lizer, M.; Aleshkevych, P.; Zhydachevskyy, Y.; Suchocki, A. Mechanism
of the Luminescence Enhancement of SrSioN2O.:Eu?* Phosphor via Manganese
Addition. J. Phys. Chem. C 2022, 126 (11), 5292-5301.
https://doi.org/10.1021/acs.jpcc.2c00055.

Chen, Y.-S.; Bao, Z.; Huang, W.-T.; Lazarowska, A.; Majewska, N.; Mahlik, S.;
Leniec, G.; Kaczmarek, S. M.; Huang, H.-Y.; Wu, C.-1.; Huang, D.-J.; Liu, R.-S. Effect
of Temperature and Pressure on Structural and Optical Properties of Organic—Inorganic
Hybrid Manganese Halides. Inorg. Chem. 2022, 61 (5), 2595-2602.
https://doi.org/10.1021/acs.inorgchem.1c03630.

Fang, M.-H.; Hsueh, H.-P.; Vasudevan, T.; Huang, W.-T.; Bao, Z.; Majewska, N.;
Mahlik, S.; Sheu, H.-S.; Liu, R.-S. Dual-Emission Eu-Doped Ca;xSrxPNs
Nitridophosphate Phosphors Prepared by Hot Isostatic Press. J. Mater. Chem. C 2021,
9 (26), 8158-8162.

https://doi.org/10.1039/D1TC01207J.

Mahlik, S.; Barzowska, J.; Szczodrowski, K.; Majewska, N.; Grinberg, M.; Michalik,
D.; Adamczyk, B. J.; Pawlik, T.; Rzychon, T.; Adamczyk, A.; Sopicka-Lizer, M.
Enhancement of SrSi>O2N2:Eu?* Phosphor by Means of Oxygen to Nitrogen Control. J.
Alloys Compd. 2021, 884, 161047 (14pp).
https://doi.org/10.1016/j.jallcom.2021.161047.

Bao, Z.; Hsiu, C.-Y.; Fang, M.-H.; Majewska, N.; Sun, W.; Huang, S.-J.; Yuan, E. C.-
Y.; Chang, Y.-C.; Chan, J. C. C.; Mahlik, S.; Zhou, W.; Yang, C.-W.; Lu, K.-M.; Liu,
R.-S. Formation and Near-Infrared Emission of CsPblz Nanoparticles Embedded in
Cs4Pblg Crystals. ACS Appl.Mater. Interfaces 2021, 13 (29), 34742-34751.
https://doi.org/10.1021/acsami.1c08920.

Jendrzejewski, R.; Majewska, N.; Majumdar, S.; Sawczak, M.; Ryl, J.; Sliwinski, G.
Rubrene Thin Films with Viably Enhanced Charge Transport Fabricated by Cryo-
Matrix-Assisted Laser Evaporation. Materials 2021, 14 (16), 4413 (15pp).
https://doi.org/10.3390/mal4164413.

48


https://doi.org/10.1039/D1DT04382J
https://doi.org/10.1021/acs.jpcc.2c00055
https://doi.org/10.1021/acs.inorgchem.1c03630
https://doi.org/10.1039/D1TC01207J
https://doi.org/10.1016/j.jallcom.2021.161047
https://doi.org/10.1021/acsami.1c08920
https://doi.org/10.3390/ma14164413

Xiv.

XV.

XVI.

XVil.

XViil.

XiX.

XX.

Fang, M.-H.; Lin, J.-C.; Huang, W.-T.; Majewska, N.; Barzowska, J.; Mahlik, S.; Pang,
W. K.; Lee, J.-F.; Sheu, H.-S.; Liu, R.-S. Linking Macro- and Micro-Structural Analysis
with Luminescence Control in Oxynitride Phosphors for Light-Emitting Diodes. Chem.
Mater. 2021, 33 (19), 7897-7904.

https://doi.org/10.1021/acs.chemmater.1c02990.

Fang, M.-H.; Li, T.-Y.; Huang, W.-T.; Cheng, C.-L.; Bao, Z.; Majewska, N.; Mahlik,
S.; Yang, C.-W.; Lu, K.-M.; Leniec, G.; Kaczmarek, S. M.; Sheu, H.-S.; Liu, R.-S.
Surface-Protected High-Efficiency Nanophosphors via Space-Limited Ship-in-a-Bottle
Synthesis for Broadband Near-Infrared Mini-Light-Emitting Diodes. ACS Energy Lett.
2021, 6 (2), 659-664.

https://doi.org/10.1021/acsenergylett.1c00024.

Hsueh, H.-P.; Fang, M.-H.; Vasudevan, T.; Huang, W.-T.; Majewska, N.; Lazarowska,
A.; Mahlik, S.; Sheu, H.-S.; Lee, J.-F.; Liu, R.-S. Synergetic Effect-Triggered
Performance Promotion of Sr;—xBaxPsN1oCl:Eu?* Phosphors. J. Mater. Chem. C 2021,
9 (36), 12063-12067.

https://doi.org/10.1039/D1TC03357C.

Majewska, N.; Lesniewski, T.; Mahlik, S.; Grinberg, M.; Kulesza, D.; Ueda, J.; Zych,
E. Properties of Charge Carrier Traps in Lu203:Th,Hf Ceramic Storage Phosphors
Observed by High-Pressure Spectroscopy and Photoconductivity. J. Phys. Chem. C
2020, 124 (37), 20340-20349.

https://doi.org/10.1021/acs.jpcc.0c04056.

Fang, M.-H.; Chen, P.-Y.; Bao, Z.; Majewska, N.; Lesniewski, T.; Mahlik, S.;
Grinberg, M.; Sheu, H.-S.; Lee, J.-F.; Liu, R.-S. Broadband NaK:Li[Li3SiO4]4:Ce Alkali
Lithosilicate Blue Phosphors. J. Phys. Chem. Lett. 2020, 11 (16), 6621-6625.
https://doi.org/10.1021/acs.jpclett.0c02064.

Majewska, N.; Lesniewski, T.; Mahlik, S.; Grinberg, M.; Chruscinska, A.; Michalik,
D.; Sopicka-Lizer, M. Study of Persistent Luminescence and Thermoluminescence in
SrSizN202:Eu?*,M3* (M = Ce, Dy, and Nd). Phys. Chem. Chem. Phys. 2020, 22 (30),
17152-17159.

https://doi.org/10.1039/DOCP01739F.

Fang, M.-H.; Huang, P.-Y.; Bao, Z.; Majewska, N.; Les$niewski, T.; Mahlik, S.;
Grinberg, M.; Leniec, G.; Kaczmarek, S. M.; Yang, C.-W.; Lu, K.-M.; Sheu, H.-S;
Liu, R.-S. Penetrating Biological Tissue Using Light-Emitting Diodes with a Highly
Efficient Near-Infrared ScBO3:Cr3* Phosphor. Chem. Mater. 2020, 32 (5), 2166-2171.

49


https://doi.org/10.1021/acs.chemmater.1c02990
https://doi.org/10.1021/acsenergylett.1c00024
https://doi.org/10.1039/D1TC03357C
https://doi.org/10.1021/acs.jpcc.0c04056
https://doi.org/10.1021/acs.jpclett.0c02064
https://doi.org/10.1039/D0CP01739F

XXi.

XXii.

Vi.

Vii.

https://doi.org/10.1021/acs.chemmater.0c00101.

Fang, M.-H.; Meng, S.-Y.; Majewska, N.; Lesniewski, T.; Mahlik, S.; Grinberg, M.;
Sheu, H.-S.; Liu, R.-S. Chemical Control of SrLi(Al1 xGax)sNa:Eu?* Red Phosphors at
Extreme Conditions for Application in Light-Emitting Diodes. Chem. Mater. 2019, 31
(12), 4614-4618.

https://doi.org/10.1021/acs.chemmater.9b01783.

Majewska, N.; Gazda, M.; Jendrzejewski, R.; Majumdar, S.; Sawczak, M.; Sliwinski,
G. Organic Semiconductor Rubrene Thin Films Deposited by Pulsed Laser Evaporation
of Solidified Solutions. Third International Conference AOP; International Society for
Optics and Photonics, 2017; Vol. 10453, p 104532H.
https://doi.org/10.1117/12.2276250.

Prezentacje na konferencjach naukowych

12-15/07/2022 plakat w ramach konferencji The 7" International Workshop on
Advance Spectroscopy and Optical Materials (IWASOM), The NIR emission from Cr3*
ions in modified Ga>03 matrix, Gdansk, Polska.

24-29/06/2022 plakat w ramach konferencji CimTec 9th Forum on New Materials, The
Broadband Emission from Cr®* lon in Near-Infrared Phosphors for Light-emitting
Diodes Perugia, Wtochy.

12-17/09/2021 prezentacja w ramach konferencji 11" International Conference on
Luminescent Detectors and Transformers of lonizing Radiation, The broadband IR
emission from Cr3* ions in Magnetoplumbite, Bydgoszcz, Polska

4-6/09/2019 plakat w ramach 8" International Workshop on Photoluminescence in
Rare Earths: Photonic Materials and Devices, Study of persistent luminescence in
SrSizN202:Eu?*, M (M=Ce, Cr, Er, Dy, Nd), Nicea, Francja.

9-14/06/2019 plakat w ramach 8™ International Symposium on Optical Materials, Study
of optically stimulated luminescence in Lu2O3:Th, Hf ceramic, Wroctaw, Polska.
16-18/05/2018 plakat w ramach International Conference on Rare Earth Materials
(REMAT), Photoluminescence properties of Narrow-Band Red-Emitting
(Sro.98EU0.02)LiAlsxGaxN4 Phosphor, Wroctaw, Polska.

8-12/05/2017 plakat w ramach International Conference on Applications in Optics and
Photonics (AOP), Organic semiconductor rubrene thin films prepared by matrix-

assisted pulsed laser evaporation, Faro, Portugalia.

50


https://doi.org/10.1021/acs.chemmater.0c00101
https://doi.org/10.1021/acs.chemmater.9b01783
https://doi.org/10.1117/12.2276250

viii.

Xi.

Vi.

16-18/12/2016 prezentacja w ramach Konferencji studentow Fizyki i Astronomii,
Synteza i badanie wlasciwosci fizycznych zwigzku CuxM0Os3, Karpacz, Polska.
18-21/11/2016 plakat w ramach Konferencji Studentow Fizyki, Synteza i badanie
wiasciwosci fizycznych zwigzku CuxMo0QOs, Poznan, Poland.

11-17/08/2016 plakat w ramach International Conference of Physics Students,
Synthesis and physical properties of CuxMoOs3, Malta.

25-27/05/2016 plakat w ramach COST HINT Training School ,,Functional Hybrid
Materials: Structure Elucidation from Molecular to Macroscopic Level”, Organic
semiconductor rubrene thin films for spintronics prepared from cryogenically cooled

solutions, Sztokholm, Szwecja.
Uczestnictwo w projektach badawczych

Kierownik: Projekt badawczy NCN Preludium 21, Analiza mechanizmu wygaszania
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Phosphors for Lighting-Emitting Diode Applications (Perowskity i szerokopasmowe
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Vii.

viii.

Vi.

Vii.

viii.

luminofory — na  podczerwien do  diod  Swiecgcych), akronim  PBIPL,
nr PL-TW/VI111/1/2021.

Wykonawca: Projekt NCBIR w pigtym konkursie na wspolne projekty bilateralne
w ramach wspolpracy polsko-tajwanskiej, Narrow Band Phosphors for the Application
in Lighting and Backlighting of Light-emitting Diodes, (Emitujgce w wagskich pasmach
luminofory do diod swiecqcych do oswietlen i podswietlen), akronim NBBPL,
nr PL-TW/V/1/2018.

Wykonaweca: Cost Action MP 1202 HINT - Rational Design of Hybrid Interfaces,
Wykonaweca: Cost Action CA 15128 MOLSPIN - Molecular Spintronics.
Wykonawca: (F.R.S.-FNRS) - PAN Bilateral Scientific Cooperation Project 2015-17:
Nanostructuration and properties of spin switching thermochromic and photochromic

thin films.
Uczestnictwo w stazach zagranicznych oraz Krajowych

12-30/04/2023 wyjazd naukowy: National Taiwan University, Department of
Chemistry, prof. Ru-Shi Liu, Taipei, Tajwan.

1/09-30/11/2022 staz maukowy: University of Hawai’i at Manoa, Institute of
Geophysics and Planetology, prof. Przemystaw Dera, Honolulu, Stany Zjednoczone.
31/01-21/02/2022 wyjazd badawczy: University of La Laguna, prof. Alfonso Muifioz,
Teneryfa, Hiszpania.

1/07-31/08/2019 staz naukowy: Utrecht University, Debye Institute for Nanomaterials
Science Condensed Matter and Interfaces, prof. A. Meijerink, Utrecht, Holandia.
15/07-05/08/2018 praktyki studenckie: Zjednoczony Instytut Badan Jadrowych (Joint
Institute for Nuclear Research, JINR), Dubna, Rosja.

07-14/04/2017 wyjazd badawczy: Aalto University, Department of Applied Physics,
Helsinki, Finlandia.

01/10/2016-30/06/2017 staz naukowy: Instytut Maszyn Przeptywowych Polskiej
Akademii Nauk, Zaktad Fotofizyki, Gdansk, Polska.

24-29/10/2016 wyjazd naukowy: Instytut Materii Skondensowanej i Nanonauki
(Institute of Condensed Matter and Nanosciences Université catholique de Louvain)
(UCL), Louvain-La-Neuve, Belgia.

1-30/09/2015 staz naukowy: Instytut Niskich Temperatur i Badan Strukturalnych
Polskiej Akademii Nauk, praktyki studenckie, Wroctaw, Polska.
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Patenty

Patent: ,Dwu-fazowy tlenoazotkowy luminofor o wzmocnionej i wydluzonej

luminescencji oraz sposob jego wytwarzania”, numer patentu: 238800.

Nagrody i wyroznienia

Nagroda Rektora Uniwersytetu Gdanskiego II-ego stopnia za rok akademicki
2021/2022.

Nagroda Rektora Uniwersytetu Gdanskiego I-ego stopnia za rok akademicki
2020/2021.

Nagroda Rektora Uniwersytetu Gdanskiego I-ego stopnia za rok akademicki
2019/2020.

Nagroda za najlepszy poster na konferencji IWASOM 2022.

Wyroéznienie w dwudziestym siddmym Ogoélnopolskim Konkursie im. Profesora
Adama Smolinskiego na najlepsze prace dyplomowe z zakresu optoelektroniki,
Komitetu Optoelektroniki SEP (stowarzyszenie Elektrykow Polskich).

Ukonczenie studiow drugiego stopnia z wyréznieniem: Nanoszenie cienkich warstw
poiprzewodnika organicznego przy uzyciu laserowego odparowania w warunkach

kriogenicznych, Promotor: dr hab. Rafat Jendrzejewski.
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Phosphor-converted light-emitting diodes (LEDs) have recently
become a promising candidate for next-generation devices used
in agriculture and horticulture. In principle, they can overcome the
limitations of regular daily sunshine. Here, the principle of LED-
promoted plant growth was demonstrated by using the Ga,05:Cr**
phosphor with an extremely high quantum yield of 92.4%. The
detailed structural and luminescent properties were characterized
using X-ray diffraction, temperature-dependent photolumines-
cence, and pressure-dependent photoluminescence. The results
reveal the unique two electronic spin-forbidden transition emis-
sions (R1 and R2) of the Ga,05:Cr** phosphor. Plant growth experi-
ments were also conducted to evaluate the practical applications of
the as-prepared phosphors, showing that they exhibit obvious
positive effects on plants. This work reveals the important role
of LEDs in agriculture and horticulture, as well as their potential
practical applications.

1. Introduction

Light is a key component of most ecosystems. One of the important
light sources, phosphor-converted light-emitting diodes (LEDs), has
been utilized in many different fields, such as lighting, backlighting,
and medical treatment."™ One of the emerging applications of
LED:s is in the field of plant cultivation.”® Given the global weather
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change, the frequency of natural disasters, such as drought or
hurricanes, has increased. These environmental phenomena
destroy plants. Thus, plant cultivation has been proposed to
overcome the effects of weather changes. However, finding a
proper lighting source that simultaneously satisfies all require-
ments, such as sufficient lighting intensity and specific lumi-
nescent wavelength, remains a challenge. To solve this
problem, the interaction between light and plants, including
phototropism and photosynthesis, which could affect the
growth rhythms of plants, should be understood. The four
important biological pigments in plants are chlorophyll A,
chlorophyll B,? red/phytochrome (Pg) and far-red/phytochrome
(Ppr).'® Each pigment possesses a specific absorption region, as
shown in Fig. 1a. Chlorophyll helps to harvest the red and blue
light to drive photosynthetic reactions, resulting in the fixation of
carbon dioxide and the production of adenosine triphosphate."*
The absorption peak of chlorophyll A is at 439 and 667 nm, and
that of chlorophyll B is at 469 and 642 nm."” Phytochrome is a
photoreceptor sensitive to red and far-red light and is classified as
Pr and Pgpr. The ground state, P, has a strong absorption at
approximately 660 nm red light, whereas the active state, Pgg, has
a strong absorption peak at approximately 730 nm far-red light, as
shown in Fig. 1b. When the plant is short, most of the sunlight
will be blocked by other leaves except for the far-red light. Once
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0.8 Chlorophyll A PR o
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Fig. 1 (a) Absorption curves of chlorophyll A, chlorophyll B, PR, and PFR.
(b) Scheme of the interaction between PR and PFR.

J. Mater. Chem. C, 2020, 8,11013-11017 | 11013


http://orcid.org/0000-0003-1475-0200
http://orcid.org/0000-0002-1933-0355
http://orcid.org/0000-0002-9514-049X
http://orcid.org/0000-0002-7980-6992
http://orcid.org/0000-0001-9561-8206
http://orcid.org/0000-0002-1291-9052
http://crossmark.crossref.org/dialog/?doi=10.1039/d0tc02705g&domain=pdf&date_stamp=2020-08-07
http://rsc.li/materials-c
https://doi.org/10.1039/d0tc02705g
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC008032

Published on 22 July 2020. Downloaded by Uniwersity of Gdansk on 12/7/2020 3:30:19 PM.

Communication

the plants are illuminated by the far-red light, Prr will then absorb
the light and transform itself into Pr. As such, plant growth is
stimulated, allowing it to harvest more sunlight. Consequently,
the height of the plant can be controlled by tuning the ratio of the
red/far-red light illumination to the plant. In 2016, Agarwal et al.'*
systematically studied the effect of LEDs on plant biomass, height,
leaf length, photosynthetic rate, and stem girth. However, a
combination of different colors of LED chips, rather than the
phosphor-converted LED, was used. Zhong and Zhou et al."*™*°
developed red to infrared phosphors and introduced their
potential effects on plant growth. Nevertheless, practical experi-
ments are lacking, and the quantum efficiency is not high
enough. The light source for chlorophyll could be provided by
the blue LED chip, whereas the one for Pgy is rare and should
be urgently developed.

In the present study, the near-infrared (NIR) Ga,O;:Cr’*
phosphor with an extremely high internal quantum efficiency
(IQE) of 92.4% is successfully synthesized. The detailed struc-
tural and luminescent properties were characterized using
X-ray diffraction (XRD), temperature-dependent photolumines-
cence (PL), and decay curves. The unique R1 and R2 emissions
of the Ga,05:Cr** phosphor under different temperatures and
pressures were analyzed. The positive effects of the Ga,05:Cr’"
phosphor on plants were demonstrated through plant growth
experiments with an LED packaged with Ga,05:Cr** phosphor.
The aim of this work is to introduce highly efficient Ga,05:Cr*>*
NIR phosphors that can promote plant growth.

2. Results and discussion

The XRD patterns of the Ga,_,O5:xCr’* phosphor synthesized
with different Cr** concentrations are shown in Fig. S1 (ESIt).
The pure phase was successfully obtained for all the as-
prepared compounds. Ga,O; belongs to the monoclinic
structure with the space group of C2/m. The two kinds of
Ga-coordinated environments are the octahedral one, coordi-
nated by six oxygen ions, and the tetrahedral one, coordinated
by four oxygen ions, as shown in Fig. 2a. Given the similar
ionic radii of Ga®* (0.62 A; CN = 6) and Cr** (0.615 A; CN =6),
Cr’* can incorporate into the octahedrally-coordinated Ga**
site causing distortion, which could lead to a lowering of the
local symmetry. To determine the best compound for further
analysis, the IQE of all the as-prepared samples was measured and
the results are collected in Table S1 (ESIt). The extremely high IQE
of 92.4% for x = 0.006 was revealed; therefore, Ga, 99,05:0.006Cr>"
was chosen for the following characterization. The Rietveld
refinement utilizing synchrotron XRD was used to determine the
structural information, as shown in Fig. 2b and Tables S2, S3
(ESTt). The morphology of Gay .ge,05:0.006Cr*" was determined
using scanning electron microscopy (SEM). Most of the primary
particle sizes of Gaj.g940;:0.006Cr*" are smaller than 2 pm,
as shown in Fig. S2a (ESIf). Transmission electron micro-
scopy (TEM) and high-resolution TEM (HRTEM) were used to
elucidate the crystal structure from another perspective,
as shown in Fig. S2b and c¢ (ESIt). The (001) and (110)
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Fig. 2 (a) Crystal structure of Ga,Os. (b) Rietveld refinement of
Gay 99403:0.006Cr**.

diffraction patterns can be clearly observed. The calculated
d-spacing between (001) and (110) is 5.67 and 3.04 A, which is
close to the theoretical value of 5.64 and 2.95 A, as shown in
Table S4 (ESIt).

To realize the preliminarily luminescent behavior, the room-
temperature PL and PL excitation (PLE) were determined
(Fig. 3a). The PLE spectrum is composed of two excitation
bands, with the maximum at 440 and 608 nm, typical for Cr**
ions in sixfold coordination (distorted octahedral). The high
energy band (440 nm) corresponds to the ‘A, — *Ty, whereas
the low energy band (610 nm) corresponds to the ‘A, — *T,
electronic spin-allowed transitions of Cr** ions. Upon excitation
at 442 nm, the narrow-line emission and broadband emission
of Cr’" were observed simultaneously. The line emissions at
695.5 and 688.8 nm correspond to the *E — “A, electronic spin-
forbidden transition, R; and R, lines, respectively. The broad-
band emission extending from 650 nm to 950 nm corresponds
to the *T, — “A, electronic spin-allowed transition of Cr’*
ions."® From the discussion above, the PL spectrum can be
well fitted with the absorption band of Prg. On the basis of the
presented spectral characteristics, the configurational coordi-
nate diagram can be constructed. Such a diagram is important
for the advanced analysis of luminescent properties. The Shw
quantity was calculated using the energy of the emission band
related to the T, « “A, transition, thereby allowing the
estimated location of the zero-phonon lines for these

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) PL upon excitation at 442 nm and PLE upon the observation at
740 nm of Ga1,99403:O.OO6Cr3+A (b) Configurational coordinate diagram of
the Ga,O3:Cr** system.

transitions. The Racah parameters (B and C) can be calculated
from the following equations:®

2
IR
B:Dq% (1)
(7 -¢)
B [(E(E) B
’Tos{ > —7.9+1.80—q} (2)

where the crystal field strength 10 Dg = E(*A,-"T,), AE is the
difference between the energy of the “T; and “T, states, S is
the Huang-Rhys parameter, and %o is the phonon energy. All
the obtained data are listed in Table S5 (ESIt). The configura-
tional coordinate diagram is presented in Fig. 3b. Energy 4’
(energetic distance between the R, line and a maximum of the
“A, — *T, band in the PLE spectrum) is equal to 2165 cm™ .
The A’ value is crucial for determining the luminescence life-
time at low temperatures.”” The energetic distance between
the zero-vibrational states of “T, and 2E electronic manifolds
A=A"— Sho. The A value determines the thermal occupation of
the “T, state. The spectroscopic data yield 4 = 770 & 100 cm ™/,
which agrees with the value received for the single crystal.'® The

energy A’ is estimated with better accuracy than 4 and Shw. As a

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

result, these data are considered constant, whereas A4 and Shw
are fitted.

Given the above information, the advanced characterization
of Gay.99,05:0.006Cr** can be determined on the basis of the
temperature-dependent PL (TDPL) excited at 442 nm at the
temperature range from 10 K to 400 K (Fig. 4a). The emission
consists of four features directly related to the energetic struc-
ture and the symmetry site of the Cr*" ion. The first two are the
R; and R; lines related to the splitting of the 2E state into the
low E;/, and the high E;/,. This phenomenon is caused by the
second-order effect of the spin-orbit interaction and the trigo-
nal crystal field.'® The intensity ratio of the high excited state R,
to the low excited state R, is given as

I =
T2 =g ekl (3)

where ¢ is the R;-R, line splitting energy and ¢ is the ratio of
radiative transition probabilities. The experimental data are
presented in Fig. S3a (ESIT). Fitting using relation (3) yields the
value of 6 =162 + 8 cm™ " and ¢ = 4.01 + 0.17, suggesting that
the probability of radiative transition of the R, line is four times
that of R;.
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Fig. 4 (a) TDPL spectra of Gajg9403:0.006Cr* upon excitation at
442 nm normalized to the maximum emission. (b) Integrated PL inten-
sity of 4T, + 2E — %A, T, — %A, and 2E — *A, transitions of TDPL
spectra. The Stokes band and anti-Stokes band are denoted as # and *,
respectively.
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The experimental PL spectra of ‘T, — ‘A, and E — ‘A,
transitions were deconvoluted for all temperatures into separate
T, — A, (broadband emission) and ’E — A, (line emission).
Thus, the integrated PL intensity spectra of ’E + T, — ‘A,,
‘T, — *A,, and E — “A, transitions extend from 600 nm to
950 nm (16 700-10 500 cm ') and the temperature range from
10 K to 400 K can be plotted as a function of temperature as
shown in Fig. 4b. The total emission (’E + “T, — *A,) decreased
slightly with increasing temperature. The integrated intensity of
spin-allowed “T, — ‘A, transition increased strongly with
increasing temperature up to 300 K and remained stable from
300 K to 400 K. The integrated intensity of the spin-forbidden
*E — *A, transition decreases and is close to 0 for temperatures
above 300 K. This situation can occur when the spin-forbidden
’E state is the first excited state in Cr*" and the spin-allowed T,
state is a higher state. Given the thermal occupation of the
higher excited state “T,, the intensity of this transition (broad-
band emission) increases strongly with increasing temperature.

The third feature is the sharp-line sideband consisting of the
Stokes band and a considerably weaker anti-Stokes band. This
is related to the interaction of electrons at the E state with odd
parity lattice modes. In Fig. 4a, only the Stokes band is well
seen. For simplification, all odd modes were replaced with a

. . . Isp .
single effective mode with energy Zwoqq = 400 nm. Ii; is the

ratio of the intensities of the sharp line sideband, Isg, to the
intensity of the R lines, Iy, is considered as a sum of I(R;) and

. I
I(R,). At low temperatures in our case % =0.7. Due to the
R

strong overlapping of the “T, — “A, broadband emission to
narrow line °’E — “A, emission, it is not possible to analyze the
temperature dependence of this ratio; however, typically the

. Isp . .
ratio To increases when the temperature increases."”
R
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Given that the *E — “A, transition is spin forbidden, the
radiative transition is possible due to the spin-orbit coupling
between the *E and the “T, states. Consequently, the tempera-
ture dependence of the PL intensity ratio of the “T, — *A, to
’E — 'A, transitions was analyzed, as shown in Fig. S3b (ESIf).
The simplified approach following the approximate relation-

1 1
ship between - and - can be attributed to the following
E T

L1 (Vo)
o e (@

where V,_, is the effective spin-orbit coupling constant, which

equation:*’

. . . 1 1
mixes the 2E and the “T, electronic manifolds; — and —are the
TE TT

probabilities of the radiative transitions from the ’E and the *T,
states, respectively. The PL intensities ratio, I1/Ig, related to the
‘T, —» %A, and *E — A, transitions can be written as follows:

2
It e —4 A .y
—=—-3 — | =9¢—;3 — 5
J7—— eXp(k ) {VH KP\kT (5)
Fitting the data under assumption 4’ = 4 + Sho = 2165 cm ™
for fitted 4 = 700 + 100 cm™ ' and V., = 195 + 60 cm ™,

’ 2
as shown in Fig. S3b (ESIf), eqn (4) yields LE:{ 4 } _
T Vs—o

125 £ 40. Given the co-existence of the sharp-line emission
and broadband emission, the intermediate crystal field
strength and the similar transition energy of *T, — A, and
*E — “A, can be expected. The photoluminescent properties
will significantly change when the crystal field strength is tuned
by physically adjusting the pressure of the phosphor. The
pressure-dependent PL analysis, chemical stability, and Cr**

a] o= . @ =
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3 ., 154 15
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Fig. 5 (a) Infrared part of the LED package spectrum with the absorption curve of chlorophyll A, chlorophyll B, Pg, and Pgr. Percentage of the plant
growth with and without the illumination of the IR LED in (b) Aglaonema and (c) P. amboinicus. (d) Scheme of the plant growth experiment. (e) Picture of
Aglaonema and P. amboinicus. (f) Pictures of the plants before and after the illumination of the IR LED. The Infrared part of the LED package spectrum,

Ga,O3:Cr** curve, and blue chip curve are normalized in (a).
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electron paramagnetic resonance are discussed in detail in
the ESL.{

To completely analyze the potential of Gay.g9405:0.006Cr>"
for practical applications, the plant growth experiment was
executed. The 453 nm blue LED chip with Ga; 99405:0.006Cr>*
IR phosphor was used as the lighting source, as shown in
Fig. 5a. The luminescent spectrum from the whole NIR LED can
be well-fitted with the absorption curve of Pgr and chlorophyll.
Afterward, two kinds of plants, Aglaonema and Plectranthus
amboinicus (Fig. 5e) were divided into two groups and used as
targets for evaluating the effects of the fabricated NIR LED.
Both groups were illuminated with sunlight during the day-
time. Only one group was additionally illuminated during the
night with a NIR LED for 12 h, as shown in Fig. 5d. After 11 days
of illumination, both groups grew taller, as shown in Fig. 5f.
However, the Aglaonema and P. amboinicus plants illuminated
with the NIR LED exhibited 5% and 8% higher growth, respec-
tively, than those that were not illuminated (Fig. 5b and c). In
general, this experiment provides a preliminary foundation for
light-enhancement analysis in the artificial plant growth
research field. The present study may be improved through
advanced experiments with a longer observation period and an
increased number of plants.

3. Conclusions

In conclusion, a series of Ga,05:Cr’* near-infrared phosphors
have been successfully synthesized with an extremely high IQE
of 92.4% that well fits the absorption curve of the Pggr of the
plant. The detailed structural and morphological information
were examined using synchrotron XRD with Rietveld refine-
ment, SEM, and HRTEM analysis. The pure phase and well-
crystallized powder was obtained. TDPL was also characterized
to understand the relationship between the electronic spin-
allowed transition (*T, — *A,) and the spin-forbidden transi-
tion (’E — “A,). The configurational coordinate diagram was
constructed based on the value calculated from the optical
measurements. The luminescent behavior under different crys-
tal field strength levels was revealed through pressure-
dependent PL. Finally, the LED package with Ga,05:Cr*" phos-
phors and the plant growth experiment was implemented to
evaluate the potential of Ga,0;:Cr’’. The plants illuminated
with the fabricated NIR LED grew taller than the non-
illuminated ones. The results indicate that the NIR light can
significantly transform Pjr into Pg, whereas the blue light can
be absorbed by chlorophyll. This study provides insights into
the Cr’**-doped NIR phosphor and sheds light on the practical
applications of IR LEDs in agriculture and horticulture.

This journal is © The Royal Society of Chemistry 2020
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EXPERIMENTAL METHODS

Synthesis of Ga,.,03:xCr3*. Gallium oxide (Ga,03, Gredmann, 99.99%), chromium
oxide (Cr,0s;, Merck, 99.9%) were acquired from chemical distributors and were
directly utilized for a solid-state reaction method. The starting precursors were
stoichiometrically weighed, mixed and carefully grounded in an agate mortar for 30
minutes. The finely grounded precursors were transferred into an alumina crucible
and moved into a muffle furnace for the sintering process. The samples were sintered
to 1200 °C at a rate of 5 °C for 5 hours and afterward cooled to room temperature.
The detailed characterization is listed in the Supporting Information.

Plant growth experiment. The 450 nm blue LED was used with the Ga,05:Cr3* IR
phosphors with a driving current of 300 mA. The output of the IR region was 17.5 mW.
18 pieces of LEDs are used and the illuminated area was 631.67 mm x 446.41 mm. The
plants were divided into two groups and each group had Aglaonema and P.
amboinicus. Both of the groups were illuminated by the sunlight for 12 hours from
08:00 a.m. to 08:00 p.m. The experimental group was further illuminated by our
phosphor-converted IR LED for 12 hours from 08:00 p.m. to 08:00 a.m. The control
group wasn’t illuminated by the IR LED at the night. The height of the plant was
calculated from the stem over the soil to the highest leaf.

Characterization. The phase and purity of the as-prepared powder samples were
examined by X-ray diffraction (XRD) analysis using a D2 PHASER diffractometer
(Bruker) with CuKa radiation source (A = 1.5418 A). Synchrotron powder X-ray
diffraction pattern of Ga,0;:Cr3* was acquired from the National Synchrotron
Radiation Research Center (NSRRC, Taiwan) BLO1C2 beamline with the wavelength of
0.82657 A at room temperature using Debye - Scherrer camera. The pattern then
proceeded for Rietveld analysis using Total Pattern Analysis Solutions software (TOPAS
4.2). Room temperature (RT) photoluminescence excitation (PLE) spectra were
measured with a FluoroMax-4P spectrofluorometer (Horiba) equipped with a 150 W
xenon lamp as an excitation light source and an R928 Hamamatsu photomultiplier as
a detector which records PL and PLE spectra in the spectral range of 250 — 850 nm.
The temperature dependence photoluminescence spectra (PDPL) and pressure
dependence of photoluminescence spectra (PDPL) were measured using an Andor SR-
750-D1 spectrometer equipped with a CCD camera (DU420A-0E) with the following
laser sources: He-Cd laser with 325 and 442 nm, second harmonic Nd:YAG laser with
532 nm and He-Ne laser with 629 nm. The decay profiles were measured via apparatus
for time-resolved spectroscopy which consists of a PG 401/SH optical parametric
generator pumped by a PL2251A pulsed YAG:Nd laser (EKSPLA), while the detection
part consisted of a 2501S grating spectrometer (Bruker Optics) combined with a

C4334-01 streak camera (Hamamatsu). Data were recorded in the form of the streak



images on a 640 by 480 pixel CCD array. Results were transformed into a 2D matrix of
streak image using software based on the photon counting algorithm. Decay profiles
of luminescence were acquired by integrating the streak image over specified spectral
windows. Emission spectra were evaluated by integrating the streak image over time.
The high-pressure luminescence measurements were performed in a screw-driven
Merrill-Bassett type diamond anvil cell (DAC) with a culets diameter of 0.5 mm. The
KMgF3:0.5%Eu?* was used as a pressure sensor and polydimethylsiloxane oil was used
as a pressure transmitting medium between the gaskets. High-pressure luminescence
excitation spectra were acquired using a self-made spectrofluorometer. The excitation
part of the device consists of a 150W xenon lamp, an SPM2 monochromator (Carl Zeiss
Jena) and an R928P photomultiplier for lamp reference measurement. Besides, the
detection part consists of an SPM2 monochromator and an R928P photomultiplier as
a signal detector. Scanning electron microscopy was conducted on the ZIGMA 300
Essential scanning electron microscope (ZEISS, Graduate Institute of Manufacturing
Technology, National Taipei University of Technology) along with the attached energy
dispersive X-ray spectrometer (Bruker). IR — LED was fabricated by mixing UV gel
(Norland optical adhesive 61, LOT 392; Norland product, Inc. Cranbury, NJ 08512) with
Gag.99403:0.006Cr3* phosphor and smearing the mixed gel onto the 450 nm blue chip.
Subsequently, the gel was solidified by irradiating 365 nm UV light. The internal
quantum efficiency measurement was done using UV to NIR absolute PL quantum
yield spectrometer (C1534 — 12; Hamamatsu photonics K.K.) equipped with NIR PL
measurement unit (C13684 — 01; Hamamatsu photonics K.K.) using High power Xe
lamp unit (L13685 — 01; Hamamatsu photonics K.K.) together with 475 nm filter for
excitation (A13686 — 475). The first derivative of the absorption EPR spectrum was
recorded as a function of the applied magnetic field in the range B = 10 — 1400 mT on
a conventional X-band Bruker ELEXSYS E 500 CW-spectrometer operating at 9.5 GHz
with 100 kHz magnetic field modulation. The temperature dependence of the EPR
spectrum was analyzed using nitrogen-flow cryostat Oxford Instruments ESP at the
nitrogen temperature range. EPR/NMR program was used to find spin-Hamiltonian
parameters and local symmetry of chromium ions. Optimization and normalization of

the parameters were performed using the root-mean-squared deviation method.
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Figure S1. XRD of the Ga,03:xCr3* (x =0 —0.18).

Table S1. IQE of the Ga,.,03:xCr3* (x = 0—0.18).

x= |0002 0004 0006 0008 002 006 01 014 0.18

Sflf’zl”etr‘:g’ 721 883 924 864 730 591 142 39 17
o Y| 01) (02) (01) (0.06) (0.08) (0.06) (0.01) (0.02) (0.07)
(]

Table S2. Refinement parameter of Ga; 99405:0.006Cr3*,

Crystal system  Monoclinic

Space group C2/m
Rwp 1.65%
Rp 1.19%

Pa 2.31




Table S3. Lattice parameter of Ga;.99403:0.006Cr3*,

Atoms X y z %C Beq (A?)
Gal  0.08988(12) 0 0.79457(33) 1  0.033(53)
Ga2  0.34118(11) 0 0.68562(32) 1  0.022(52)

O1  0.16045(49) 0 0.1028(13) 1  0.11(19)
02  0.49497(48) 0 0.2584(10) 1  0.03(17)
03 0.82585(47) 0 0.4259(13) 1 0.03(15)

a 12.23328(24) A

b 3.040145(57) A

c 5.80791(12) A

B 103.8331(15) °

0.2 um 200 kV X15000

Figure S2. (a) SEM image of Ga; 99405:0.006Cr3*. (b) TEM of the Gaj.99403:0.006Cr3*, (c)
HRTEM image of Ga; 99405:0.006Cr3* (the inset figure is the SAED pattern).



Table S4. Calculated and theoretical d-spacing of [001] and [110] from HRTEM.

[001] [110] Interplane angle
Experimental | 567 A 3.04 A 87.0
Theoretical | 564 A 2.95A 86.6

Table S5. Values of energy levels at ambient pressure and parameters of the crystal
field model for Ga,05:Cr3*.
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Figure S3. Temperature-dependent intensity ratio of R, and R; line emission and (b)
the TDPL intensity ratio of the 4T, > *A, and 2E - “A, transitions of Gaj.99405:0.006Cr3*.

Pressure dependence of luminescence

Room-temperature pressure-dependent PL spectra of Ga,03:Cr3* up to 190 kbar
upon excitation at 442 nm are shown in Figure S4a. The shift of the maximum of
broadband (*T,—>“A,) emission spectra towards lower wavelength is observed for low
pressure, while broadband emission disappears and only line emission is observed
above 44 kbar. This is interpreted as the result of the pressure-induced shift of the T,
level towards higher energies. In effect, the thermal energy is too low at room
temperature to induce the emission from “T, level, and ?E state becomes the only
emitting state. The change of relative intensity between R; and R, lines (Figure S4a) is
observed. The R2 line is no longer observed for pressure higher than 140 kbars.



Furthermore, the significant change of emission spectra between 123 and 140 kbars
is observed and only one line is observed at the pressure above. Such phenomena are
probably caused by the phase transition from B-Ga,0; to a-Ga,0s; which was
previously calculated at around 95 kbar.! Moreover, the experiment shows that for
nanostructured material, this transition begins at 60 kbar and the nanocrystalline
phase is a combination of both phases of gallium oxide for pressure between 60 and
150 kbar.? Energies of the R; and R, lines versus pressure are presented in Figure S4b.
When pressure increases, the R-lines emission is shifted towards a higher wavelength.
The values of pressure shifts were estimated for R-line emission, which is -0.81 + 0.04
cm/kbar for R, emission up to 124 kbar, -1.8 + 0.1 cm*/kbar for R; emission up to 90
kbar, and -0.82 cm/kbar from 90 to 190 kbar. The pressure-dependent decay profiles
taken from the whole emission range up to 190 kbars, as shown in Figure S4c. The
decay remain to be single exponential for lower pressure up to 88 kbar, while it
becomes nonexponential for higher pressure. The decay curves for lower pressures

ware fitted using for the following equation:

t

IO =1l ° (s1)

where I(t) is emission intensity at time t, Iy is the initial intensity, and t is the decay
time of the luminescence. The obtained decay time increases almost linearly and is
0.26 ms for 5 kbar and 2.90 ms for 88 kbar. According to the model presented the
previous study, luminescence lifetime of octahedrally coordinated intermediate field
Cr3* system, where the 2E state is located slightly below the “T,, can be approximated

by following formula:3

1) -A
{1 + exp( _ﬁ) + 3exp(ﬁ)}

(s2)

When pressure increases, the crystal field strength increases. As a result, the energy
of 4T, state increases, whereas the energy of 2E slightly diminishes with pressure.*>

dA dA'
Besides, the energies A and A’ increase with pressure by quantities dp and @,
respective. Pressure can change the quantity of Shw depending on the lattice and

dopant. Shw can increase or decrease with increasing pressure.® Since we have no



information on the pressure-induced changes of electron lattice coupling Sh®, we can
dA  dA'
assume that it is constant. Then, we assume that dp = dp . We can modify equation

(s2) to reproduce the pressure dependence of PL lifetime.

' P '
1+ exp( —i) + 3exp ( - dp)
kT kT
T=1, " i
0 2[1+q exp(——)] +3exp(— dp)
N+ o
' dp ! (s3)

To obtain relation (s3), we have assumed that spin-orbit interaction weakly depends

on pressure. We performed the fitting to obtain the solid and dashed red curve, as
dA

shown in Figure S4d. The fitted values for the red dashed curve were dp =13.0V cmr

TE A,

1/kbar obtained for t7= 0.027 ms, A = 630 cm™?, 't [ ] 1 6=162cm?, and g

= 4. On the other hand, the best fit for the red solid curve, it has been obtained for 6
e [ ol }2 =125

=162 cm?l, g=4"r

dA

dp=10+0.5 cml/kbar and A = 880 + 30 cm™.

S—0

S —0.

, and tr = 0.027ms, where fitting parameters were
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Figure S4. Pressure-dependent (a) emission spectra upon excitation at 442 nm, (b)
pressure shift of the Ry line and R, line vs. pressure in wavenumber scale, (c) pressure-

dependent decay profiles upon excitation at 445 nm and (d) calculated decay times of
dA

Ga,05:Cr3*. The dashed curve is convoluted by using relation S3 and A = 630 and dp
dA
=13.0 cm/kbar, and solid curve by using 880 cm™ and dp =10.0 cm/kbar.

Electron Paramagnetic Resonance

The EPR technique allows determining the nearest surroundings of paramagnetic
ions. The EPR spectrum from chromium ions is observed in the positionsg~ 4 and g~
2, depending on the crystal field surrounding these ions. The signal is observed in
strong magnetic inductions region (g ~ 2) in weaker crystal fields, while it is observed
in weaker magnetic inductions (g ~ 4) in strong crystal fields. Cr3* ions have an electron
spin S=3/2, so powder compounds can be characterized by many EPR lines depending
on the symmetry of these ions and the nearest environment (interactions between

chromium ions). Here, we observe the signal in the entire range of magnetic induction



from 10 mT to 550 mT. Several transitions in strong (g = 5.54,5.01), medium (g = 2.46)

and weak (g = 1.57) magnetic induction are clearly observed, as shown in Figure S5.

. 3+ Experimental T = RT
Ga1_9403. Cr —— Simulation

g, =2.01(2)
g =1.97(2) D=0.30(1) cm”
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Figure S5. Experimental and simulated EPR spectrum of Ga,0;:Cr3* at room
temperature. The inset shows the dependence of magnetic susceptibility, Curie-Weiss

parameters (left side), and magnetic moment (right side) on temperature.

Based on the experimental data, the parameters of spin Hamiltonian (SH) were
determined from the following equation, consisting the Zeeman (Z) and Zero Field

Splitting (ZFS) terms:
H=H,+H,.c= u,B-g- 2 _ 1 2 2
=Hz+ Hzps= ugB-g-S+ D[S, -2S(S+1) +E(S2+57)

where uz — Bohr magneton, B —induction of magnetic field, g — effective spectroscopic
splitting factor, S — electron spin, D — axial and E — rhombic distortions of octahedral.
We have obtained the following values of the Zeeman parameters g, = 1.95(2), g, =
1.97(2), g, = 2.01(2) (gx = g, # g,), indicating an axial symmetry of the chromium ion
environment. The zero-field splitting (ZFS) parameters, D = 0.30(1) cm™, £ =0.057(12)
cm indicate significant axial distortion of the C; symmetry. The results of the fitting
of SH parameters by using the least square's method are shown in Figure S5.
Temperature dependence of the integrated EPR intensity is presented in the inset
of Figure S5. The EPR integrated intensity, Xer is defined as an area under the

absorption EPR spectrum and is proportional to the magnetic susceptibility of the



investigated spin system. For many paramagnetic ions, the temperature dependence
of the integrated intensity is accurately described by the Curie-Weiss law, Xepr(T) =
C/(T-Tcw), where Tey is the Curie-Weiss constant. The Curie-Weiss law appears to be
valid at the entire temperature range. The least-square fitting of the experimental
points to the Curie-Weiss law produced T¢y =-58 K. The negative sign and a large value
of the Curie-Weiss temperature indicate a strong antiferromagnetic interaction
between chromium ions. The temperature dependence of the product of temperature
and integrated intensity, T- Xgpg, is depicted in the inset of Figure S5. In general, this
product is proportional to the square of an effective magnetic moment. For
Ga,05:Cr3*, the magnetic moment decreases with temperature in the entire
temperature range, which is in line with our expectation. This confirms the strong

antiferromagnetic interactions between the chromium ions.

Chemical Stability

The luminescent degradation is also an important issue to evaluate its potential
for the practical application. To understand the chemical stability of Ga,05:Cr3*, the
relative quantum efficiency is measured by putting the powder in the oven with the
temperature and humidity of 85 °C and 85%, respectively, as shown in Figure S6. Ga,.
03:Cr3* can maintain 95% of its original quantum efficiency after 7 days, revealing its
good stability toward the moisture and the great potential for the practical
application.

100{ 0—o o

Relative Intensity (%)

= N W OO O N O O
Q0 O O O O 0O O O O O
P P T T TP TP P T



Figure S6. Relative quantum efficiency of Ga,03:Cr3* under the condition of 85 °Cand
85% humidity.
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ABSTRACT: A chemical and mechanical pressure-induced
photoluminescence tuning method was developed through the
structural evolution and hydrostatic pressure involving phase
transition. A series of Ga,gg_,Al,05:0.02Cr** phosphors were
synthesized. Structural evolution reveals a crystal phase change
with the incorporation of Al ions. The luminescent analysis shows
the broad-to-sharp emission process with a high internal quantum
efficiency value (>90%). The high-pressure study reveals the
emission from the exchange-coupled Cr’* pairs and the phase
transition under high pressure. Electron paramagnetic resonance
indicates the distortion in the microstructures of the emission
center. Finally, an ultra-broadband phosphor-converted light-
emitting diode is achieved by utilizing the mixture of
Gay 15Al305:0.02Cr** and Ga, 5S¢ 30;:0.02Cr*" phosphors with

a bandwidth of 209 nm and an output power of 119 mW. This study provides insights into the effect of chemical and mechanical
pressure on the Cr’*-doped materials and the development of high-quality near-infrared luminescent materials.

B INTRODUCTION

Near-infrared (NIR) spectroscopy with noninvasive and real-
time monitoring has been widely utilized in food analysis,
medical diagnostics, and plant cultivation.'™® In combining
NIR spectroscopy with a smartphone or other portable devices,
compact NIR light sources with broadband emission are
indispensable because traditional NIR light sources such as
halogen lamps are bulky and energy-inefficient.” Although NIR
light-emitting diodes (LEDs) have the advantages of high
efficiency and small size, their full width at half-maximum
(FWHM) is too narrow (<S50 nm) to meet the requirements
for multifunction light sources.® With the maturity of blue LED
chips, phosphor-converted LEDs (pc-LEDs) with broadband
emission have been recently proposed as a suitable and
efficient NIR light source in portable devices.”

The Cr’" ion is a unique and ideal NIR luminescence
activator. Depending on the crystal field strength of the host
lattices, it can provide narrowband emission (700 nm) from
the spin-forbidden *E — *A, transition or the broadband
emission (650—1200 nm) ascribed to the spin-allowed *T, —
*A, transition. Distortions of the crystal structure or crystal
phase change may cause unanticipated photoluminescent
properties. Hence, adjusting the host lattices through a
solid—solution method can effectively and systematically tune
the crystal field strength and luminescent wavelength. Various

© 2021 American Chemical Society
3832
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Cr**-doped NIR phosphors are featured with the broadband
emission for LED applications, includin§ ScBO,;:Cr'Y,
La;GasGeO,:Cr’, and Mg;Ga,GeOg:Cr**. " In general,
Cr’* strongly prefers to occupy the octahedral sites. However,
research focusing on the tuning of host lattices in NIR
phosphor and the chemical and mechanical pressure-induced
photoluminescent properties remains rare. In this study, a
series of Gaj gg_,Al,0;:0.02Cr*" phosphors were synthesized,
and their unique structures and luminescence properties were
characterized. A LED package was fabricated to verify its high
potential in NIR-LED applications.

B RESULTS AND DISCUSSION

Structural Analysis. The X-ray diffraction (XRD) patterns
of Gajgg_,AlL,0;:0.02Cr** phosphors with different AI**
contents (0 < x < 1.98) are shown in Figure la. The system
of this phosphor can be divided into three parts, namely, -
Ga,0; phase, mixed phase, and Al,O; phase. The first part is
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Figure 1. Structural analysis of Gal'98_xAle3:O.02Cr3+ (x=0,02,04,0.6,0.8, 1,12, 1.4, 1.6, 1.8, and 1.98). (a) Powder XRD patterns for x = 0—
1.98, (b) occupancy of AP* in Gal, Ga2, and All sites, (c) refined lattice parameter of x = 0—1.6 and 1.6—1.98 in -Ga,0; and Al,O; phases,
respectively, and crystal structures of (d) f-Ga,0O; and (e) ALO;.
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Figure 2. RT luminescence properties of Ga,g5_,Al,04:0.02Cr*" (x = 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, and 1.98). (a) Excitation spectra
observed at 800 nm, (b) emission spectra under 442 nm excitation, (c) transition energy values depending on AI** contents, (d) Dq, B, and C
values depending on AI** contents, (¢) FWHM of emission spectra, and (f) IQE.

composed of x = 0—1.4; the second only contains x = 1.6; and Rietveld refinements of Ga,gg_,Al,0;:0.02Cr** were con-
the third consists of x = 1.8 and 1.98. The crystal phase change ducted to further define this property, and the results are

. . : shown in Figure SI1 and Tables S1 and S2."* The lattice
from Ga,0; to Al,O; occurs at x = 1.6, in which the mixed gu

parameters of the Ga,O; and AL, O; phases exhibit a linear
decrease for x = 0—1.4 and x = 1.8—1.98, respectively, as
shown in Figure lc. The octahedral environment does not

phases can be observed. The diffraction patterns shift toward
the high angles with the increment of AP’ ions because AI**
has a smaller ionic radius (0.39 A; CN = 4, 0.54 A; CN = 6) possess severe distortions when increasing the AI’* content,

than Ga® (0.47 A; CN = 4, 0.62 A; CN = 6) (CN denotes and the distortion indexes of Ga; g_,Al,05:0.02Cr** are shown
coordinated number)."" in Table S3. Therefore, the decrease in the lattice parameter
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Figure 3. Temperature-dependent photoluminescent properties for samples of different AI* concentrations. (a) x = 0.4, (b) x = 0.8, (c) x = 1.2,
(d) x = 1.6, (e) x = 1.8, (f) x = 1.98, (g) the integrated intensity, and (h) calculated decay time values of Ga, o_,AL,0;:0.02Cr* for x = 0.4, 0.8,

1.2, 1.6, 1.8, and 1.98 as a function of temperature.

can be attributed to the shrink caused by the chemical
pressure. However, the lattice parameters deviate from linearity
at x = 1.6 in Ga, 05 and AL, O, phases. For further clarification,
the crystal structure and locally coordinated environment of
Ga,0; and Al,O; must be inspected in detail. Ga,O; has a
monoclinic structure with a space group of C2/m. Two
different Ga®* sites, namely, Gal and Ga2, can be found in this
structure. Gal is coordinated by four O> -forming tetrahe-
drons, and Ga2 is coordinated by six O* -forming octahedrons
(Figure 1d). By contrast, AL,O; possesses a trigonal structure
with a space group of R3c with a single All site. All is
coordinated by six O -forming octahedrons (Figure le).
Owing to the similar ionic radius of Ga2 (0.62 A; CN = 6) and
Cr** (0.615 A; CN = 6), Cr** will be incorporated into Ga2
sites. When AI** is added into the Ga,O; structure, no
preferred occupation of AI** is observed, and the AI** ions can
occupy Gal and Ga2 sites as calculated from Rietveld
refinements (Figures 1b and S1). When the AI** concentration
increases in the structure, the host lattices shrink.
Photoluminescence. The room-temperature (RT) photo-
luminescence excitation (PLE) spectra of
Ga, g_,AlL0;:0.02Cr*" for x = 0—1.98 were analyzed with
the observed wavelength at 800 nm to explain the relationship
between the local structure and photoluminescent properties
(Figure 2a). The PLE spectrum is composed of two excitation
bands typical for Cr** ions in octahedral coordination (Ga2
and All sites). The high-energy band in the range of 350—500
nm corresponds to ‘A, — *T, and the other one in the 500—
700 nm region corresponds to the *A, — *T, spin-allowed
transitions of Cr’* ions. With the increment of AI**
concentration, both bands shift to a short wavelength (high
energy). Hence, the energy of maxima was determined and is
shown in Figure 2c (blue and red dots). When the AI** content
increases, the locations of *A, — *T, and *A, — *T, bands
shift linearly to short wavelengths (high energy). However, the
sample of x = 1.6 shows a sudden increase in the shift rate,
which coincides with the crystal phase change from the Ga,O;
to Al,O; phase, as indicated by the XRD results. This shift
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would be interpreted based on the crystal field theory and
assuming that the small AP’* substitution for Ga®' ions
enhances the crystal field strength (Dq) in the vicinity of
Cr’" ions and increases the energy of *T; and *T, states for the
ground state *A,. Meanwhile, the RT PL spectra of
Ga, gg_,Al05:0.02Cr*" were obtained under 442 nm excita-
tion, as shown in Figure 2b. The line and broadband emissions
of Cr’" ions were observed for samples with low AI** contents.
The line emission at approximately 690 nm corresponds to the
E — “*A, double-split emission line (R, and R, lines)
accompanied by a weak phonon interaction, and the
broadband emission extending from 650 to 950 nm
corresponds to the transition from the *T, state to the ground
*A, state. The energy shifts of R; and R, with respect to x are
much lower in magnitude than the shifts of *T; and *T, states
(Table S4). The lower component of the ’E — *A, emission
(R, line) shifts linearly to long wavelengths (low energy), while
the R, line shifts to high energy. Naturally, this indicates the
increase of R; and R, lines splitting caused by the low-
symmetry component of the crystal field, which is accom-
panied by a change in the relative intensity of R, and R, lines
(Figure 3). For the sample of x = 1.6, a sharp change of °E —
*A, emission occurs due to the crystal phase change, as shown
in Figure 2c (wine, purple, and pink dots). With further
increases in the AI** concentration, the ’E — *A, line emission
becomes highly prominent, and the *T, — *A, broadband
emission finally disappears. The splitting of the ’E — ‘A,
emission is no longer observed and the observed emission line
is denoted as the R-line. The presence of °E in the emission
spectra of all samples indicates that the *T, state has a higher
energy than the ’E state, and its presence in the emission
spectra is due to thermal occupation. This conclusion is
justified by the fact that the radiative transition probability of
the *E — *A, transition is much lower than that of *T, — *A,
(spin-forbidden compared with spin-allowed transitions).
Therefore, the *E — *A, transition will not occur at any
substantial rate unless the relative occupation of *E is much
higher than that of *T, (i.e, it is the lowest excited state). An
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increment in the AI’* content enhances the *T, state energy
relative to the ’E state and depopulating the *T, state by
increasing the Boltzmann activation barrier Ag = E(*T,) —
E(’E) between the two states, as shown in Figure S2b,c. This
effect is consistent with the decrease in FWHM, as shown in
Figure 2e. At the sample of x = 1.6, the FWHM drops
dramatically because the crystal phase change from Ga,0; to
AL O; leads to the R-lines from All sites dominating the
emission.

With the known location of *T, *T, and ’E states,
calculations can be performed for the crystal field parameter
(Dq), describing an interaction of 3d electrons and ligand ions
and the Racah parameters (B and C) describing the interaction
between 3d electrons in Cr*"."” The energy of the excitation
band maximum of the *A, — *T, transition is equal to 10Dgq,
and the detailed calculation can be found in the Supporting
Information. Figure 2d shows the value of these parameters for
different AI** contents of all samples. The Dq parameter
increases with the AI** concentration, indicating the increase of
the crystal field strength responsible for the shift of the *T, and
*T, energies toward a higher energy. The Racah parameter B
increases with the AI** content, whereas C decreases. However,
the observed changes are very small. This indicates that the
nephelauxetic shift of the location of the *E state with the AI**
content is small, in agreement with the observed shift of the ’E
emission in both phases.

X-ray Absorption Spectra. Cr K-edge X-ray absorption
near-edge structure (XANES) was conducted in the
fluorescence mode to confirm the oxidation state of the Cr
ions (Figure S4). The pre- and post-edge absorption spectra of
Ga, g5_,AL05:0.02Cr** phosphors were measured and normal-
ized to 0 and 1, respectively. The dominant absorption peak in
Cr K-edge XANES spectra of Ga, g5_,Al,05:0.02Cr>" ascribed
to the 1s — 4p photoelectronic transition of Cr** is located at
approximately 6010 eV.'* This absorption peak indicates that
the oxidation state of Cr ions maintains around 3+ with the
incorporation of AI** ions. This result stays in agreement with
the observed luminescent properties mentioned above. The
internal quantum efficiency (IQE) of Ga, gs_,Al,0;:0.02Cr*"
(x = 0—1.98) is also collected, as shown in Figure 2f. The IQE
values for all samples are higher than 90%, revealing that
Ga, g5_,AL,05:0.02Cr** phosphors possess promising potential
in practical applications.

Thermal Properties. To investigate thermal properties
further, this work focuses on a detailed analysis of selected
samples consisting of A’* and Ga*" ions: x = 0.4, 0.8, 1.2, 1.6,
1.8, and 1.98 because luminescence properties of Cr** in
Ga,0; (x = 0) have been well explained and described."’
Temperature-dependent normalized PL spectra in the temper-
ature range of 100—550 K for different AI** contents are shown
in Figure 3a—f. The dominant R, and the thermally occupied
R, line and phonon sidebands are observed for all samples at a
temperature of 100 K. In samples of x = 0.4, 0.8, and 1.2, the
broadband emission extending from 650 to 950 nm appear in
high temperature (above 150 K for x = 0.4 and 0.8 and above
250 K for x = 1.2). With the increasing temperature, the
intensity of the R, emission also increases compared with that
of R;. The thermal occupation of the high R, state increases up
to a point, and the R, emission starts to dominate over the R;
emission at high temperatures (150—200 K). This highly
unusual effect is interpreted as the result of the high radiative
transition probability for the R, emission line characteristic for
Cr¥" sites with a strong trigonal distortion.”> However, the
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higher intensity of the R, line than that of R; does not indicate
a population inversion between R, and R; states. For a sample
of x = 1.6 at 100 K, only R; and R, lines are visibly positioned
at 693 and 685 nm, respectively. The broadband emission
starts to appear above 400 K, but its intensity is low even at
500 K. Moreover, the R,/R; intensity ratio exhibits the
opposite temperature dependence, with R, emission diminish-
ing with temperature. For x = 1.8 and 1.98, only the R-line is
observed over the entire range of temperatures. The visible
low-temperature narrow lines of *E — *A, transition in these
samples proved that they are under high crystal field strength,
as shown in the Tanabe—Sugano diagram (Figure S2a). For
samples of x = 0.4—1.2, the R-line emission broadens when the
AP* concentration increases. This phenomenon may have
resulted from the splitting of the *E state due to the distortion
of octahedral sites for Cr’* ions. With increasing temperature,
the *T, — *A, transition becomes highly probable, leading to
the appearance of the broadband emission. Under no
exception, the energy difference of the *T, and ’E states is
smaller for samples with low AI** contents compared with that
for samples with high A" contents. Therefore, the thermal
occupancy of the *T, state occurs at lower temperatures for
samples with a high Ga* content than those for the samples
with high AP* content. Figure 3g shows the temperature-
dependent emission intensity obtained from the whole
emission range of samples for x = 0.4, 0.8, 1.2, 1.6, 1.8, and
1.98 in the temperature range of 100—570 K. The intensity is
stable up to 300 K for x = 0.4, 0.8, and 1.2 samples and is
stable up to 400 K for x = 1.6 and 500 K for x = 1.8 and 1.98
starts to decrease at high temperatures, indicating the
nonradiative quenching of luminescence. For each set of the
data point, an intensity plot was fitted using the following
equation

1) = 1(0)

1+A exp(—f—;) (1)

where I(0) is the arbitrary intensity at 0 K, E, is the activation
energy for nonradiative transition, A is the ratio of nonradiative
transition probability (p,) to radiative transition probability
(p.), and E, values are presented in Figure 3g. E, is
approximately 2700—2900 cm™" for samples of x = 0.4, 0.8,
and 1.2 and is larger for x = 1.6 (i.e, E, = 3640 cm™') and x =
1.98 is the largest, 4390 cm™". The p,,, value for all samples is
approximately 3 X 10° s™".

The decay curves in temperatures ranging from 10 to 450 K
for samples of x = 0.4, 0.8, 1.2, 1.6, 1.8, and 1.98 are depicted
in Figures S6a—f, respectively. Decay time as a function of
temperature for different AI** concentrations was calculated,
and the results are shown in Figure 3h. Decay curves become
shortened with the increase in temperature. All decay curves
are single-exponential at low temperatures but deviate from the
single-exponentiality at high temperatures, especially for the
sample of x = 1.6 where mixed phase occurs. Despite the
minimal deviation from single-exponentiality, decay time
values (7) can be obtained by applying the following formula

t
I(t) =1, exp(—;) @

where I(t) is the emission intensity at a time (t), I, is the initial
intensity, and 7 is the decay time of the luminescence. For all
samples, the decay time is stable from 10 K up to the threshold
temperature (within the 50—200 K range, increasing with AI**
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Figure 4. Pressure-dependent PL spectra for Ga, g5_,Al,0;:0.02Cr*". (a) x = 0.4 and (b) x = 1.6. Position of the R-line emission and the maximum

of the new band as a function of pressure for (c) x = 0.4 and (d) x = 1.6.

contents), above which the decay time diminishes. At 10 K, the
radiative lifetime values of the 2E — *A, transition (denoted as
7o) are unaffected by the thermal occupation of *T, and can
correspond to the radiative lifetime of the E — “A, transition.
However, the ’E — *A, transition probability is still influenced
by the presence of the *T, state due to the quantum-
mechanical mixing of the *E and *T, state from the spin—orbit
interaction.'® Hence, the 2E — *A, lifetime is not constant, and
its values change with the AP’" concentration according to
Table SS. Given that the threshold for nonradiative quenching
is above 300 K for all samples, the diminishing decay time is
ascribed to the thermal occupation of *T,. Owing to the
temperature dependence of decay time for several samples with
different AI** concentrations, the *T, location of the AI*
content can be obtained as the activation energy for the
temperature-dependent shortening of decay time. The
experimental values of 7(T) were fitted to the following
equation describing the effect of thermal activation of *T, on
decay time

1+3 exp(—%)

7+ 3 exp(—kAT)

o(T) =
3)

where 7, is the low-temperature decay time equivalent to the
’E — *A, radiative lifetime and 7y is the radiative lifetime of
the *T, — *A, transition. The above formula does not consider
the nonradiative quenching of the luminescence nor does it
involve any explicit formula for 7, (°E — *A, lifetime is treated
as a free parameter). The experimental data using formula 3
are well fitted, and the parameters resulting from the fitting
procedure are presented in Table SS.

Pressure-Dependent Photoluminescence. RT pres-
sure-dependent PL spectra were obtained by hydrostatic
pressure under excitation at 442 nm of Ga, gg_,Al,05:0.02Cr>*
for x = 0.4 and 1.6 to understand the relationship between the
luminescence and structure from the perspective of mechanical
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pressure (Figure 4a,b). Under ambient pressure, line and
broadband emissions are observed for x = 0.4. The strong
dependence of the *T), state energy on the crystal field strength
results in a strong increment in the energy of ‘T, — ‘A,
transition with pressure. This shift is observed for the
broadband emission up to a few kbar, but only line emission
is observed above 18 kbar. The same result was previously
observed for sample x = 0,'”'® in which the broadband
emission disappeared under pressure at approximately 44 kbar.

Owing to the pressure-induced shift of the *T, level toward
short wavelengths, the thermal energy is too low at RT to
induce the emission from the *T, level. Therefore, the °E state
becomes the only emitting state for this system. Simulta-
neously, the pressure-induced increase of the low-symmetry
crystal field component causes an increment in the splitting of
R, and R, lines (see Figure 4c,d) and the change of the relative
intensity of R, and R, lines (Figure 4a). For a pressure higher
than 145 kbar, the R;—R, splitting is no longer observed, and
the ’E — *A, emission is denoted simply as the R-line. A
substantial change of emission spectra between 123 and 140
kbar is also observed. Such a phenomenon is probably caused
by a phase transition from $-Ga,0; (monoclinic) to a-Ga,0,
(trigonal), which was previously calculated at approximately 95
kbar and experimentally verified for nanostructure materials."”
This transition begins at 60 kbar, and the nanocrystalline phase
is a combination of both phases of gallium oxide for a pressure
between 60 and 150 kbar. A similar phenomenon is observed
for the sample of x = 1.6. In this case, the thermal energy is too
low at RT and ambient pressure to induce the emission from
the *T, level. Hence, the “E state is the only emitting state even
under atmospheric pressure. Interestingly, after the phase
transition in both samples, a new band appears in 750—800
nm. After the phase transition, the energy difference between
the R-line emission and a new band emission is larger for
samples of x = 1.6 than for x = 0.4. The pressure shift for R;
and R, lines versus pressure before the phase transition and the
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Figure 5. (a) Selected RT EPR spectra for samples of x = 0, 1, and 1.98, experimental EPR spectra and its simulation using the EPR-NMR program
for (b) x=0and (c) x = 1.98, (d) experimental and simulated EPR spectra for coexistence samples x = 1.4 and 1.6, simulated EPR spectra for x = 0
and x = 1.98 for comparison, (e) EPR spectrum of samples of x = 0 and 1.98 at three selected temperatures T ~ 80, 150, and 290 K, and (f)
magnetic susceptibility in FC and ZFC modes, H = 100 Oe, for samples of x = 0 and 1.98 (solid red lines mark Curie—Weiss fittings).

R-line and new band after the phase transition are presented in to free electrons due to the coexistence of AI** and Ga**. This
Figure 4c,d for x = 0.4 and x = 1.6, respectively. In both cases, designation is also applicable for samples of x = 0.2—1.8. For x
the R-lines and the new band shift to low energy under = 0 and 1.98, their signals come from Cr® jons under different
increasing pressure. The rate of this shift in both cases is larger crystal field strengths at the octahedral site. The energy-level

for the new band (3.1 cm™!/kbar for x = 0.4 and 2.63 cm™!/ splitting of Cr** can be described by the following formula
kbar for x = 1.6) than for the R-lines at approximately 1 cm™/

kbar. The direction and magnitude of the pressure-induced H = Hzeeman + Hzps (4)
shift of R-lines caused by the nephelauxetic effect are in good

agreement with the typical pressure shift rate of the ’E — *A,

transition.'**”*' It is impossible to interpret the new H = pyB-¢-S + D(s,” - %S(S + 1)) + E(S. + Syz)
broadband as the *T, — *A, transition because of its pressure (s)
to shift to a long wavelength, which is inconsistent with the
behavior of the *T, state with pressure. The band is tentatively where i represents the Bohr magneton, B represents the
ascribed as a result of the emission of exchange-coupled Cr** induction of magnetic field, g represents the spectroscopic
pairs under high pressure. The appearance of the new band splitting factor, S represents the electron spin, D represents the
was not observed for the sample of x = 0 up to 230 kbar.”"’ axial distortion, and E represents the rhombic distortions of
The pressure-dependent decay time analysis is discussed in the octahedral sites (A = E/D). The following values were obtained
Supporting Information in detail. by fitting the spin-Hamiltonian (SH) parameter to the
Electron Paramagnetic Resonance. Electron paramag- experimental data using the abovementioned formula: g, = g,
netic resonance (EPR) was measured to investigate the local = 1.99(1), g = 2.00(2), and 1 = 0.20; and g, = 2.06(2), g, =
environment of Cr’* ions. This method analyzes the closest 2.00(4), g, = 1.80(4), and A = 0.06 (including measurement
surroundings of the luminescent center described by the local error) for samples of x = 0 and x = 1.98, respectively. The
crystal field, zero-field splitting, and Zeeman splitting fitting results of SH parameters by the least square’s method
parameters to indicate its symmetries and the possible are shown in Figure Sb,c.
distortion. In Ga, g5_,Al,05:0.02Cr** (x = 0—1.98) phosphor, As shown in Figure 5b,c, the SH parameters indicate C; or a
only Cr’" is a paramagnetic ion with the 3d> ground state and lower symmetry of Cr’* with an axial and rhombic octahedral
electron spin S = 3/2. The EPR signal originated from Cr’* distortion for the sample of x = 0, whereas the C, symmetry of
ions in an octahedral crystal field within the 0 mT < B < 600 octahedral sites with only a slight distortion for x = 1.98. An
mT range of magnetic induction. The RT EPR spectrum of EPR signal is found at an extremely low magnetic induction for
Gay5_,AL05:0.02Cr*" (x = 0—1.98) is depicted in Figure S7. x = 1.98. The shape of this signal indicates its origin from Cr**
For clarity, the RT EPR spectra for three selected samples of ions in octahedral sites with high distortion. However, the
different AI** contents: x = 0, 1, and 1.98 are shown in Figure intensity is extremely low to determine the SH parameters.
Sa. For the sample of x = 1, one sharp band is assigned to Cr** Moreover, the samples for the coexistence of AI** and Ga**
ions, and the other wide and Dyson-shaped signal is assigned exhibit an EPR signal originating from Cr** and a Dyson-like
3837 https://doi.org/10.1021/acs.chemmater.1c01041
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Figure 6. LED package combining one blue LED chip with phosphors composed of Ga, 5Al)505:0.02Cr** and Ga, ;5S¢ 505:0.02Cr* as well as

pure Ga, 1§5¢030;:0.02Cr** for comparison.

signal originating from conduction electrons, thereby satisfying
the following equation

AB + a(B — By) AB + a(B + B,)
4(B — B,)* + AB>  4(B + B,)* + AB’
(6)

The fitting results of the Dyson equation to the experimental
data of coexistence samples: x = 0.4, 0.8, 1.2, and 1.8 are
shown in Figure S8a—d. Relationships between the asymmetry
parameter a (Figure S8e) and the integrated intensity of the
Dyson signal versus Al** concentration of samples are also
presented (Figure S8f).

The EPR spectra of samples for x = 1.4 and 1.6 with their
simulations for Cr** ions and conduction electrons and the
simulated EPR spectra for samples of x = 0 and 1.98 for
comparison are presented in Figure 5d. The strong influence of
the substitution content of AI** and its ionic radius is revealed.
For samples with x < 1.4, a signal originating from Cr¥ s
observed at C; symmetry sites (similar to the sample of x = 0).
For the sample of x = 1.6, an EPR signal originating from Cr**
is found at C; (similar to the sample of x = 0) and at C,
(similar to the sample of x = 1.98) symmetry sites (Figure 5d).
Above x > 1.6, the signal from Cr’* ions in the C, symmetry
site dominates. This result corresponds to the XRD and
luminescent properties. Furthermore, the EPR spectra of the
samples with x = 0 and 1.98 at three selected temperatures T =
80, 150, and 290 K are shown in Figure Se. The EPR
temperature studies of magnetic susceptibility indicate
antiferromagnetic interactions between Cr’* ions in both
samples (x = 0 and 1.98).

Magnetic susceptibility measurement in zero-field-cooled
(ZFC) and FC modes with H = 100 Oe was conducted for
samples of x = 0 and 1.98 to ensure the existence of only one
behavior of isolated Cr’* ions. The fittings to the Curies—
Weiss (C—W) law are presented in Figure Sf. The results are

Poyson =
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fitted well and show no anomaly to the C—W law. The
interactions between Cr** ions in all the above samples are
weak (low values of C—W temperature, T.,) and possess
antiferromagnetic properties. The Curie constant, C, which can
be used to find the values of the effective magnetic moments,
was calculated from the magnetic susceptibility measurement
using the following equation

e = 2.8273/Cpy )

The calculated values (p.¢ = 3.80ug for x = 0 and 1.98) show
no difference from the magnetic moment of isolated Cr** ions
(~3.87ug) and therefore indicate the lack of contribution from
the pair Cr’* ion system. This finding is in agreement with the
results from the EPR method.

LED Package. Ultra-broadband pc-LED was manufactured
by utilizing the mixture of Gaj3Aly305:0.02Cr** and
Gay 155¢050;:0.02Cr*" phosphors to evaluate the potential of
these phosphors for practical application (Figure 6). The
Gay 155¢030;:0.02Cr** phosphor was synthesized using our
previous method.” The blue LED chip with a 450 nm emission
and a chip size of 40 X 40 mil was used as the light source. The
obtained LED device can provide an output power of 118.77
mW under 350 mA driven current and a bandwidth of over
200 nm. Moreover, comparing to those phosphors mentioned
above, this LED device with a relatively higher radiant flux can
prevent the noise from the background of the environment. On
the other hand, broad bandwidth over 200 nm makes the
devices possible to detect more analytes and obtain more
information. Hence, this result indicates that
Gayg5_,AL05:0.02Cr* can be a potential candidate for NIR
light sources in portable devices.

B CONCLUSIONS

In conclusion, a series of Ga,gg Al 0;:0.02Cr*" solid—
solution phosphors were synthesized. XRD refinements
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indicate the success of the solid—solution process and the
crystal phase change at x = 1.6. The luminescent analysis
shows the change of broadband to line emission covering from
650 to 950 nm. All samples are provided with high IQE
(>90%). A new emission band appearing in 750—850 nm is
observed from the high-pressure study and is attributed to the
exchange-coupled Cr*" pairs under high pressure. EPR spectra
and magnetic susceptibility measurement indicated two kinds
of octahedral sites for emission ions and confirmed the lack of
contribution of the Cr’* pair system under atmospheric
pressure. The ultra-broadband pc-LED prepared by utilizing
the mixture of Ga, ;3Al, 303:0.02Cr3* and
Gay 155¢050;:0.02Cr*" phosphors can provide the emission
spectra with a bandwidth of 209 nm and an output power of
119 mW. This study provides insights into the effect of
chemical and mechanical pressure on Cr**-doped materials and
the development of high-quality NIR luminescent materials.

B EXPERIMENTAL SECTION

Reagents. Gallium oxide (Ga,03, 99.99%) and aluminum oxide
(AL,05, 99.99%) were obtained from Gredmann. Chromium oxide
(Cry03, 99.9%) was purchased from Merck.

Synthesis of Ga,og_,Al,05:0.02Cr3*. Starting precursors were
weighed according to the stoichiometric ratio, evenly mixed, and
ground in an agate mortar for at least 20 min. The mixing precursors
were loaded into alumina crucibles and placed in a muffle furnace. All
samples were sintered at 1550 °C for 5 h with a heating and cooling
rate of S °C per minute in the atmosphere. After sintering, the
samples were cooled down to RT. Finally, Ga,gs_,Al,0;:0.02Cr>*
phosphors were obtained.

Characterization. The powder XRD patterns of
Gay g5_,A1,05:0.02Cr>" were collected by XRD analyzer (D2
PHASER, Bruker) with a Cu Ka source (4 = 1.54178 A) to
characterize the crystal phase and crystallinity of analytes.
Synchrotron powder XRD patterns of Ga; gg_,Al0;:0.02Cr> were
acquired from the National Synchrotron Radiation Research Center
(NSRRC, Taiwan) BLO1C2 beamline (4 = 0.82657 A) at RT using a
Debye—Scherrer camera. Synchrotron patterns subsequently under-
went the Rietveld refinement using Total Pattern Analysis Solutions
software (TOPAS 4.2). RT PLE spectra were measured with a
FluoroMax-4P spectrofluorometer (Horiba) equipped with a 150 W
xenon lamp as an excitation source and an R928 Hamamatsu
photomultiplier as a detector to record PL and PLE spectra in the
spectral range of 250—850 nm. The temperature and pressure
dependence of PL [temperature-dependent PL (TDPL)] spectra were
measured through an Andor SR-750-D1spectrometer equipped with a
CCD camera (DU420A-OE) and a Kimmon Koha He—Cd laser with
442 nm as the excitation source. In the TDPL measurement, the
temperature was controlled using the THMSGG600 temperature
controller Linkam stage combined with the LNP95 liquid nitrogen
cooling pump system to obtain a temperature in the range of 100—
600 K. Decay profiles were measured using the apparatus for the time-
resolved spectroscopy consisting of a PG 401/SH optical parametric
generator pumped by a PL2251A pulsed YAG:Nd laser (EKSPLA).
For detection, the equipment consists of a 25018 grating spectrometer
(Bruker Optics) combined with a C4334-01 streak camera
(Hamamatsu). High-pressure luminescence measurements were
performed in a screw-driven Merrill-Bassett type diamond anvil cell
with a 0.5 mm diamond culet diameter. The gasket for the pressure
chamber was preindented to approximately 0.08 mm. A hole with a
diameter of 0.2 mm was drilled in the center of the indentation.
KMgF;:0.5%Eu® was applied as a pressure sensor, and polydime-
thylsiloxane oil was used as a pressure-transmitting medium. IQE
measurement was conducted using a UV to NIR absolute PL
quantum yield spectrometer (C1534-12; Hamamatsu Photonics K.K.)
equipped with a NIR PL measurement unit (C13684-01; Hamamatsu
Photonics K.K.) consisting of a high-power Xe lamp unit (L13685—
01; Hamamatsu Photonics K.K.) and a 475 nm filter for excitation
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(A13686—475). X-ray absorption spectroscopy was measured at the
44A1 beamline of the National Taiwan Synchrotron Radiation
Research Center (NSRRC), Hsinchu City, Taiwan. Data analysis was
conducted using Athena software. EPR spectra were recorded in the
temperature range of 80—300 K through the conventional Bruker X-
band ELEXSYS ES00 CW spectrometer operating at 9.46 GHz and
0.63 mW microwave power. The magnetic induction ranged up to 1.4
T. The first derivative of the absorption spectrum was recorded as a
function of the applied magnetic induction. The EPR/NMR program
was applied to recognize SH parameters. Magnetic measurements
were conducted by a SQUID (Superconducting Quantum Interfer-
ence Device) magnetometer (Quantum Design MPMS-XL-7).
Magnetic susceptibility data were obtained in the ZFC and FC
modes and recorded for temperatures up to 300 K and a magnetic
field of 100 Oe. Magnetic susceptibility was simulated by applying the
C—W law. The susceptibility data were corrected due to the
diamagnetism of a sample holder and the constituent atoms by
Pascal’s constants.
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Figure S1. Rietveld refinement patterns of Ga,; 93— Al,03:0.02Cr>".

Table S1. Atomic positions derived from Rietveld refinement of Ga; o3 Al,03:0.02Cr3".

x = 0 (GapO3 phase)

x=02 fGaaOE Ehase!
z

Al1 0.08966(13) O 0.79387(32) 0.1341(26) 0.00625(48)
Ga2 0.34100(12) 0 0.68862(32) 0.7341(26) 0.00625(48)
A2 0.34100(12) 0 0.68862(32) 0.2659(26) 0.00625(48)
O1 0.16306(43) 0 0.1149(13) 1  0.01250(71)
02 0.49383(43) 0 0.25825(85) 1  0.01250(71)

O3 0.82718(42) 0 0.4215(14) 1 0.01250(71)

Site X z Occ Beg (AY) Site X Occ Beq (A%
Ga1 0.08913(34) 0 0.79008(87) 1 0.001563(16) |Ga1 0.08915(18) 0 0.79281(45) 0.9435(49)0.001563(84)
Ga2 0.34138(31) 0 0.68790(86) 1 0.001563(16) | Al1 0.08915(18) O 0.79281(45) 0.0565(49)0.001563(84)
O1 0.1637(14) 0 0.1029(53) 1 0.006250(46) |Ga2 0.34124(16) O 0.68785(45) 0.8565(49)0.001563(78]
02 0.4985(14) 0 0.2560(32) 1 0.006250(46) | Al2 0.34124(16) 0 0.68785(45) 0.1435(49)0.001563(78,
O3 0.8315(13) 0 0.4389(53) 1 0.006250(46) | O1 0.16342(65) 0 0.1064(24) 1 0.06250(20)
02 0.49938(69) 0 0.2568(15) 1 0.06250(20)
O3 0.82874(64) 0 0.4335(25) 1 0.06250(20)

x = 0.4 (Ga;03 phase) x = 0.6 (Gaz03 phase)

Site X z Occ Beq (A% Site X % z Occ Beq (A%)

Ga1 0.08966(13) 0 0.79387(32) 0.8659(26)0.00625(48)| |Ga1 0.09003(17) 0 0.79345(43) 0.7691(37)0.003125(64

A1 0.09003(17) 0 0.79345(43) 0.2309(37)0.003125(64,
Ga2 0.34129(16) 0 0.68822(42) 0.6309(37)0.003125(69)
A2 0.34129(16) 0 0.68822(42) 0.3691(37)0.003125(69)
O1 0.16324(56) 0 0.1128(17) 1 0.01250(18)
02 0.49346(57) 0 0.2504(13) 1 0.01250(18)
O3 0.82623(56) 0 0.4241(18) 1 0.01250(18)

x = 0.8 (Gaz03 phase)

Site X z Oce Beg (A%)

Ga1 0.09087(13) O 0.79443(32) 0.6804(20)0.003125(38
Al1 0.09087(13) 0 0.79443(32) 0.3196(20)0.003125(38)
Ga2 0.34112(12) 0 0.68751(31) 0.5196(20)0.003125(42,
Al2 0.34112(12) 0 0.68751(31) 0.4804(20)0.003125(42
O1 0.16377(39) 0 0.1114(12) 1 0.01250(53)
02 0.49076(39) 0 0.25861(84) 1  0.01250(53)

O3 0.82568(30) 0 0.4237(12) 1 0.01250(53)]

Site
Ga1
Al

x = 1 (Ga,0s phase)
X y iz Oce Beg (A%

0.09155(14) 0 0.79474(34) 0.5851(18) 0.01250(37)
0.09155(14) 0 0.79474(34) 0.4149(18)0.01250(37)
Ga2 0.34125(13) O 0.68665(34) 0.4149(18) 0.05341(41)
A2 0.34125(13) 0 0.68665(34) 0.5851(18) 0.05341(41)
O1 0.16417(38) 0 0.1117(12) 1 0.03392(52)
02 0.48857(38) 0 0.25745(82) 1  0.03392(52)

O3 0.82473(30) 0 _0.4235(12) 1 0.03392(52)

x = 1.2 (Ga,0a Ehase)

x=14 (Ga;O; Ehase!

Site X y z Oce Beq (A%

Ga1 0.09184(15) 0 0.79488(35) 0.4747(17) 0.01250(40)
Al1 0.09184(15) O 0.79468(35) 0.5253(17) 0.01250(40)
Ga2 0.34146(13) 0 0.68628(34) 0.3253(17) 0.03923(44)

Site X z Occ Beq (A?)
Ga1 0.09199(16) 0 0.79498(38) 0.3623(16) 0.04548(44)
A1 0.09189(16) O 0.79498(38) 0.6377(16) 0.04548(44)

Ga2 0.34147(14) 0 0.68585(36) 0.2377(16) 0.2315(51)

(Al204 phase)

Site X y z Oce Beg (A%
Al 0 0 0.35286(12) 0.8842(31) 0.0638(46)
Gat 0 0 0.35286(12) 0.1158(31) 0.0638(46)

Al2 0.34146(13) 0 0.68628(34) 0.6747(17)0.03923(44)| | A12 0.34147(14) 0 0.68585(36) 0.7623(16) 0.2315(51)
O1 0.16438(36) 0 0.1091(11) 1  0.07251(48)| | O1 0.16435(34) 0 0.1100(11) 1 0.2736(52)
02 0.48937(36) 0 0.25668(76) 1  0.07251(48)| | 02 0.48833(34) 0 0.25554(71) 1 0.2736(52)
03 0.82549(36) 0 0.4256(11) 1 0.07251148)| |03 082588(34) 0 04253(11) 1 0.2736(52) |
x = 1.6 (Ga,O3 phase) x = 1.8 (Al,O3 phase)
Site X z Occ Beq (A) Site X z Occ Beq (A)
Gat 0.09215(26) 0 0.79670(63) 0.2565(24) 0.02024(71)| | A1t 0 00.352873(63)0.9227(36) 0.4227(33)
Al 0.09215(26) 0 0.79670(63) 0.7435(24)0.02024(71)| [Ga1 0 00.352873(63)0.0773(36) 0.4227(33)
Ga2 0.34191(23) 0 0.68512(61) 0.1435(24) 0.1718(85) | | ©1 _0.30651(31) 0 0.25 1 0.4889(68)
Al2 0.34191(23) 0 0.68512(61) 0.8565(24) 0.1718(85)
O1 0.16387(48) 0 0.1090(15) 1  0.7226(80) | f— e e g .
02 0.48932(48) 0 0.2560(10) 1  0.7226(80) | | 5@ A/ S Occ  Beq (k)
03 0.82621(48) 0 04281(15) 1 0.7226(80) | [ A 0 00.352111(52) 1 0.3084(20)
01 0.30650(21) 0 0.25 1 0.2399(26) |

O1_0.30665(69) O 0.25 1 0.1135(65)
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Table S2. Refinement results derived from refinement of Ga; 93 Al,03:0.02Cr3".

Ga,0, phase Mix phase Al,O,phase
x 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.6 1.8 1.98

a(A) 12.22591(39) 12.18203(23) 12.13875(17) 12.09367(22) 12.05027(14) 12.00772(16) 11.95882(15) 11.92067(23) 11.89103(22) 4.788693(56) 4.782032(50) 4.761958(32)
b(A)  3.041178(83) 3.026081(54) 3.012894(40) 3.000698(52) 2.986317(32) 2.973260(35) 2.960104(33) 2.948851(51) 2.941952(49)
c(A)  580938(18) 579222(11) 5.771885(81) 5.75511(10) 5.735153(62) 5.716881(69) 5.697569(67) 5.66102(10) 5.67000(10) 13.05508(20) 13.04289(19) 13.00378(12)

B(e)  103.8456(22) 103.8933(12)103.93099(90)103.9658(12) 103.99135(71)104.01532(761104.03854(76) 104.0521(11) 104.0664(13)

v 209.723(12) 207.4135(68) 204.8915(50) 202.6763(64) 200.2618(39) 198.0285(42) 195.6664(41) 193.7248(62) 192.4051(60) 259.2652(72) 258.3030(66) 255.3709(41)
Ga,0,
phase (%) 100 100 100 100 100 100 100 96,97(25)  63.39(14)  63.39(14) 0 0
AlLLO,
SFaai) 0 0 0 0 0 0 0 3.03(25)  36.61(14)  36.61(14) 100 100
Xz 1.95 1.29 0.75 1.31 0.76 0.85 0.94 1.25 1.48 1.46 1.47 1.38
pr (%) 2.61 1.43 0.90 1.62 147 1.39 1.59 2.10 2.42 242 4.97 7.7
Rp (%) 1.67 0.97 0.62 1.01 0.79 0.91 1.06 1.37 1.57 1.57 3.24 5.70

Table S3. Distortion indexes in Ga; 93 xAl,03:0.02Cr3".

m Ga,0; phase (IV / VI) Al,O, phase (VI)

x=0 0.00434 / 0.03398 -
x=0.2 0.00370 / 0.03701 -
x=0.4 0.01223 / 0.04469 -
x=0.6 0.00940 / 0.04110 -
x=0.8 0.00858 / 0.03827 -

x=1 0.01066 / 0.03811 -
x=1.2 0.00797 / 0.03299 =
x=14 0.00963 / 0.03295 0.00912
x=1.6 0.00785 / 0.02897 0.03354
x=18 = 0.03345
x=1.98 = 0.03069

Table S4. Linear shift parameters for optical transitions in Ga; 93— Al,05:0.02Cr3".

x<1.6 x>1.6
Ex=0)(cm™) | dE/dx (cm™) | E(x=0)(cm™) | dE/dx (cm™)
E (*4, - *T) 22 612 433 18 595 3040
E (*4, — *Ty) 16 463 330 13 198 2326
ECE —*4;) (Ry) | 14325 145
ECE —*4;) (Ry) | 14493 58.0 14 2207 87

*The R;-R, splitting was not observed in the AL,Oj; crystal phase.
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Figure S2. (a) Tanabe—Sugano diagram for Cr** ions. The orange rectangle denotes the
approximate region of parameters spanned by Ga,sAlyO5:0.02Cr**. Configurational
coordinate diagrams for samples of x = 0 (b) and x = 1.2 (¢), blue and orange arrows
denote the *A, — 4T; and A, — T, transition from PLE spectra, and red and black

arrows denote the ?E — %A, and 4T, — *A, transition from PL spectra.

Crystal Field Calculation:

The crystal field parameter Dq describes the interactions between 3d electrons and
ligands ions. Racah parameters B and C describe the interaction between 3d electrons
in Cr’* ions. The energy of the excitation band maximum of *A,—*T, transition is equal

to 10Dq. Racah parameters B and C can be calculated from the following equations:!

[ ] -
B=Dg o ), (S1)

B (ECE) B
C=soel 5 — 7.9+ 185} (S2)

where AFE is the difference between the energy of the *A,—*T; and *A,—*T, transitions.
The energy values of the “A,—*T; and *A,—*T, transitions were obtained from the
maximum of the corresponding excitation band, and the value of 2E — #A, transition

was measured from the PL spectrum (R1 line emission).
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Figure S3. Sample appearance of Ga; o3 4Al,03:0.02Cr3".
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Figure S4. Cr K-edge X-ray absorption near-edge structure (XANES) spectra of
Gal_gg_xA1X03ZO.02CI'3+.

Pressure-dependent Decay Time Analysis:

Pressure-dependent decay profiles for samples of x = 0.4, 1.6 up to 250 kbar, and
upon excitation at 440 nm are shown in Figures S5a and S5b, respectively. The
pressure-dependent decay profiles were taken from the emission range 660—700 nm.
For x = 1.6, the decay profiles are nearly single exponential in all pressure range. For
sample x = 0.4 the decay remains as single exponential under pressure up to 145 kbar
and becomes non-exponential for higher pressure. The decay curves for the lower

pressure in the case of x = 0.4 and all considered pressure levels for the sample of x =

S5



1.6 were fitted by eq. (2). The obtained decay times as a function of pressure are
presented in Figure S5¢ for x = 0.4 (red dots) and x = 1.6 (black dots). For the sample
of x = 0.4 under pressure 145 kbar and higher, the average time decays t,, were

calculated using the following formula:

[I(®H)tdt
Tav = TiHae

(S3)

where I(¢) is the intensity of the signal. These time decay values are presented in
Figure.S5c as green dots. The pressure-induced increment of crystal field strength
increases the difference between the 4T, and 2E excited energy levels and reduces the
occupancy of the higher 4T, state from 2E. Given that the 2E — “A, transition is spin-
forbidden, the line luminescence takes place mainly due to the spin—orbit coupling
between 2E and “T), excited states. Depending on the distance between the 2E and A,
states, spin—orbit coupling will decrease with the increasing pressure. Therefore, both
effects increase the lifetime of the ?E — 4A, line luminescence (probability of transition
decrease) under increasing pressure.

This relation works until the pressure p. = 120 kbar for x = 0.4 and p. = 103 kbar
for x = 1.6 are reached. Above this pressure, the decay time starts to decrease possibly
due to the pressure-induced phase transition of Ga,O3 as mentioned in the main article.
The Cr** ions in this new trigonal phase decay relatively fast. Under the pressure
ranging from 120 kbar to 195 kbar for x = 0.4, a mixed-phase of B-Ga,0; and a-Ga,03
occurs. The shortening of decay times in this region is caused by the increase in the
component of the a-Ga,05 crystallographic phase, in which Cr3* ions decay rapidly.
Similar behavior is observed for the sample of x = 1.6. By contrast, the dropping of
decay times value occurs in low pressure (80-147 kbar) according to the phase
transition. For pressure higher than 147 kbar, the increasing decay time is observed
again. For this pressure, no mixed-phase occurs, and only a new high-pressure phase
and the increase in decay time. These results suggest that the pressure value for x = 0.4
sample to occur in the new phase was not reached. With further increase in pressure,

the time decay T would also increase again.
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Figure S5. Pressure-dependent decay profiles for samples of (a) x = 0.4 and (b) x = 1.6

under pressure 1 atm—245 kbar, (c) time decay value as a function of pressure for x =
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04 and x=1.6.
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Table S5. Fitting parameters for temperature-dependent decay time results.

X 0.4
Tr (ms) 0.089
To (ms) 3.45
A (cm™) 414

0.8
0.108
3.97
475

1.2 1.6
0.102 0.057
4.56 3.08
602 1012

S7

1.8 1.98
0.046 0.051
291 3.46
1408 1581
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Figure S7. Room-temperature electron paramagnetic resonance (EPR) spectra of

Gal _98_XA1XO310.02CI'3+.
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ABSTRACT: We aim to conduct a complete study on the unexpected structure
evolution behavior in Cr’**-doped phosphors. A series of Ga,_,Sc,0;:Cr** phosphors
are successfully synthesized and confirmed through structural studies, while the lattice
parameters change unexpectedly. The unique partial substitution (~87%) of Sc*" in the
octahedral site is demonstrated via Rietveld refinement. Therefore, the bond valence
sum calculation explains the reason for this particular Sc** concentration. The
photoluminescent bandwidth and electron—lattice coupling energy initially increase
and then decrease, implying an inhomogeneous broadening effect. Time-resolved
spectra and electron paramagnetic resonance are utilized to further examine the subtle
change in the microstructures and the second coordination sphere effect of Cr’'.
Ga; 5045€0.405:0.006Cr*" exhibits high internal quantum efficiency (99%) and high
phosphor-converted light-emitting diode output power (66.09 mW), demonstrating its
capability as an outstanding infrared phosphor. This work will motivate further
research on unexpected partial substitution during the solid solution process.
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erable attention and have been utilized in biomolecular

imaging, biomodulation, food analysis, and plant culti-
vation.' ® Recently, phosphor-converted IR light-emitting
diodes (pc-IR LEDs) have evolved into smart devices with
the advantages of high output power, high efficiency, and small
size.””? Therefore, IR phosphor materials are crucial
components of these devices, affecting the overall performance
of the resulting spectrum. Cr**, as a unique and ideal near-IR
(NIR) emitter that can produce either sharp-line or broadband
spectra, has become a promising candidate for producing IR
light. Although substantial progress has been achieved in this
popular topic, most studies have focused on a single compound
or on changing activators without systematically tunin§ the
crystal structure and the luminescent wavelength.'*~"
Consequently, understanding the control mechanism is
considered an important issue in tuning luminescent proper-
ties. A solid solution method is an efficient approach for tuning
a material’s properties by combining the characteristics of both
ends. It is widely utilized in materials science. The evolution of
the structural and photoluminescent properties within two
ends is generally predictable. Nevertheless, some local
structural distortions or phase transitions may result in
unexpected photoluminescent properties. Previous studies

Infrared (IR) luminescent materials have elicited consid-

© XXXX American Chemical Society

WACS Publications

have demonstrated some of the mechanisms that explain the
unpredictable properties of Eu**-doped phosphors, such as
Sr(LiAly),_,(SiMg;),N,:Eu**, (Sr,_,Ba,)Si,O0,N,:Eu**, and
Sr,Ba,_,SiO:Eu®;'""® however, research that focuses on
Cr**-doped IR phosphor remains rare. Compared with Eu*'-
doped phosphors, Cr**-doped phosphors exhibit completely
different structural behavior and luminescent behavior during
the solid solution process. In general, Cr’* strongly prefers
occupying octahedral coordination sites. Moreover, a subtle
change in the local structure may tune photoluminescence
between sharp-line or broadband emissions. This phenomenon
has been seldom discussed in previous studies. The overall
tuning mechanism remains vague. In the current work, a series
of Ga g94-,5¢,0;:0.006Cr** (Ga,_,Sc,03:Cr’*) phosphors are
synthesized and their unique structural and photoluminescent
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properties are characterized, demonstrating their high potential
in IR-LED applications.

The synchrotron X-ray diffraction (XRD) patterns of
Ga,_,Sc,05:Cr** phosphors with different Sc** concentrations
are shown in Figure 1la. The pure phase can be obtained at x =
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Figure 1. Structural analysis of Ga,_Sc,05:Cr** (x = 0, 0.2, 0.4,
0.6, 0.8, 1.0, and 1.2). (a) Synchrotron XRD patterns, (b) refined
lattice parameter, and (c) occupancy of Sc** ions in the Gal, Ga2,
and Gal+Ga?2 sites.

0—0.8, while Sc,0; impurities exist at x 1 and 1.2.
Meanwhile, the diffraction peaks shift toward the lower angle
with the incorporation of Sc*" ions due to the larger ionic size
of Sc* (0.745 A; CN = 6) than that of Ga** (0.47 A; CN = 6)
(CN denotes coordinated number).'” Unexpectedly, the

diffraction peaks do not shift linearly when x > 0.8. This
finding may indicate the failure of the Sc** doping process
when x > 0.8. To investigate this unique behavior in-depth,
Rietveld refinements of Ga,_,Sc,0;:Cr®* are conducted and
analyzed, as shown in Figure S1 and Tables S1 and $2.”° The
lattice parameters, namely, a, b, ¢, and V, are linearly increased
for x = 0—0.8, as shown in Figure 1b. Nevertheless, ascendant
speed slows down from x = 0.8—1.0 and even stops increasing
from x = 1.0—1.2. To understand this property, the crystal
structure and local coordinated environment of Ga,O; should
be carefully examined. Ga,O; possesses a monoclinic structure
with a space group of C2/m. Two different Ga’" sites, namely,
Gal and Ga2, are found in the Ga,O; structure. Ga2 is
coordinated by six O®” forming octahedron, and Gal is
coordinated by four O*” forming tetrahedron (Figure S2).
Given the similar ionic radii of Ga2 (0.62 A; CN = 6) and Cr**
(0.615 A; CN = 6), Cr’* can be incorporated into the Ga2 site.
When introducing Sc3 into the Gal and Ga2 sites, the actual
maximum obtainable amounts of Sc** in the Ga,_,Sc,0;:Cr**
of x = 1.0 and 1.2 are 0.880, as calculated from the Rietveld
refinement, proving that Sc** can no longer be incorporated
into the host (Table S1). Moreover, when Sc** ions are doped
into the Ga,Oj; structure, a strongly preferred occupation of
Sc** ions at the Ga2 site is observed due to the larger
polyhedral volume at the Ga2 site, as shown in Figure 1c. The
maximum doping occupation value at Ga2 is approximately
0.87, indicating that Sc** cannot completely occupy the Ga2
site. This result will lead to the random distribution of Ga**
and Sc** ions at the Ga2 site, further affecting the
photoluminescent properties.

The preferred occupation of Sc®* ions can also be observed
and explain using the bond valence sum (BVS), as shown in
Figure 2a.'%*" For x = 0, Sc*" is seriously overbonded with a
BVS value higher than +3 (~+4) in the Gal and Ga2 sites,
denoted as Sc(Gal) and Sc(Ga2). When the Sc** concen-
tration starts to increase, the BVS values of Ga(Gal) and
Sc(Gal) change minimally, and those of Ga(Ga2) and
Sc(Ga2) exhibit a continuous decrease. Therefore, Ga(Ga2)
becomes gradually underbonded and moves away from its ideal
BVS value (+3). By contrast, Sc(Ga2), which originally has an
inappropriate BVS value (~+4), gradually decreases and finally
approaches ~+3. These results further prove our assumption
that Sc®* will exhibit a highly preferred occupation at the Ga2
site. Notably, for x = 0.4—1.0, the BVS value of Sc(Ga2)
significantly decreases and finally approaches ~+3 (x = 1.0),
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Figure 2. BVS of Ga,_,Sc,0;:Cr*" (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0). (a) BVSs and (b) occupancy-corrected BVSs.

110

https://dx.doi.org/10.1021/acsenergylett.0c02373
ACS Energy Lett. 2021, 6, 109—114


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02373/suppl_file/nz0c02373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02373/suppl_file/nz0c02373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02373/suppl_file/nz0c02373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c02373/suppl_file/nz0c02373_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02373?fig=fig2&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c02373?ref=pdf

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Wavelength (nm)
500 400

Wavelength (nm)

700 600 950 900 850 800 750 700 650
a ; ; ; . — : : @ 200
x=0 A, =442nm x=0 x=06 o~ _
x=0.2 x=0.2 x=0.8 o< N
- 4A2_)4T1 :fgg - x=04 x=1.0 ;gzzooo_ _°_4Az 5 4T2 0\ \o
5 - 1 =0. E] 4 4 2= 4
s \ o s . T,>A, R E.—: A, % -@-A, - “T1 < \o
z| AT 2 £ 2100092 - A, -9
[}
5 8 216000] 9~ -0~ _g_ -9-
£ £ S 15000 ~9- -9
214000 g _
13000 i -9
12000 -9- -9
14 16 18 20 22 24 26 28 1 12 13 14 15 16 00 02 04 06 08 1.0
Wavenumber (10° cm™) Wavenumber (10° cm™) X
d] @ 2200 _ -9 @ =100 -9- -9--9- -9
145001 2100 9 T~ Iy ° N
Q- _» P ’ -9 2 o \
' g 20004 o g% °
< N < 1900 ¥ FWHM E
5144001 ( 2 1800 e 7
m E ]
o~ 2 1700+ £
w , $ 1600 Sha g 01
14300 s o- -9 <}
) = 1500 Q- - S o =
g 4 Q- -9 £ 204
14001 o £
g
14200 1— , . . . , 1300+— . . . ; . £,
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 o6 08 10
x value X x value

Figure 3. Photoluminescent properties of Ga,_,Sc,0;:Cr** (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0). RT (a) PLE spectra upon observation at
maximum luminescence, (b) emission spectra upon excitation at 442 nm, (c) position of excitation and emission band, (d) position of *E
excitation, and (e) fwhm of broadband emission (purple dots) and Sfiw (red dots), and (f) IQE.

which is the ideal value for Sc** and Ga*. If Sc** is further
incorporated into the structure, the BVS value may
continuously decrease and move away from its ideal value.
This phenomenon may explain why we cannot obtain the pure
phase of the «x 1.2 sample. Considering the practical
occupation values calculated from the Rietveld refinement
shown in Figure Ic, the adjusted BVS value with different Sc**
concentrations is then generated, as shown in Figure 2b. For all
the samples, changing the Sc**/Ga®" ratio between the Gal
and Ga2 sites can balance the deviation in their BVS value.
Neither Sc/Ga(Gal) nor Sc/Ga(Ga2) is highly overbonded or
underbonded. The occupancy-corrected BVS values are closed
to +3 throughout the entire series. This finding indicates that
Ga,_,Sc,05:Cr’* can have a rigid structure, which further
affects its thermal stability."®

To elucidate the relationship between the local structure and
photoluminescent properties, the room temperature (RT)
photoluminescence excitation (PLE) spectra of
Ga,_,Sc,05:Cr** for x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0 upon
observation at the maximum luminescence and excitation at
442 nm are obtained, as shown in Figure 3a. The PLE
spectrum of each compound is composed of two excitation
bands that are typical for Cr’* ions in 6-fold octahedral
coordination. The higher energy band (~22000 cm™, 450
nm) corresponds to the *A, — *T| transition, and the lower
energy band (~16000 cm™’, 650 nm) corresponds to the *A,
— *T, transition of Cr’* ions. The red shift of the excitation
spectra is observed with increasing Sc** concentration. Upon
the excitation of the Ga,_,Sc,O5:Cr’* samples at 442 nm, two
distinct emissions with varying proportions are visible in the
emission spectrum: a narrow line emission at approximately
700 nm and a broadband emission in the longer wavelengths
(Figure 3b). The line emission at 14331 cm™" (697 nm) and
14484 cm™ (690 nm) corresponds to the *E — *A, spin-
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forbidden transition, i.e., R; and R, lines, respectively. The
broadband emission extending from 650 to 950 nm, with a
maximum at 720—850 nm, corresponds to the *T, — *A, spin-
allowed transition of Cr’" ions. The intensity of the narrow-
line emission is prominent for the x 0 sample, but it
diminishes rapidly with increasing Sc** content and becomes
undetectable for x > 0.8. Simultaneously, the peak wavelength
of *T, — *A, emission shifts steadily toward longer
wavelengths changing from 720 to 830 nm. The shift of the
maxima of the PLE bands with increasing Sc** concentration
for *A, — *T, (blue) and *A, — *T, (green) and the shift of
the *T, — *A, emission spectra (red dots) are presented in
Figure 3c. Moreover, the position of *E excitation versus Sc**
concentration is shown in Figure 3d, and that of the full width
at half- maximum (fwhm) and electron—lattice coupling energy
(Shw) versus Sc** concentration is shown in Figure 3e. The
fwhm for x = 0 is approximately 1723.5 cm™', and a significant
increase is observed in the sample codoped with Sc** up to x =
0.4. Meanwhile, the fwhm decreases slightly when Sc**
concentration is further increased. This effect is related to
the inhomogeneous broadening of the PLE band resulting in
the distribution of Dq values, which reach the maximum for x
= 0.4. The calculation is discussed in detail in the Supporting
Information. The internal quantum efficiency (IQE) of
Ga,_,Sc,0;:Cr** (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) is also
measured, as shown in Figure 3f. The IQE values for x = 0—0.8
are higher than 90%, but it decreases significantly for x = 1.0
due to the existence of the Sc,O; impurity phase. The sample
of x = 0.4 even accounts for 99% of the IQE value, indicating
that this specific formula, Ga, 59,S¢(40;:0.006Cr**, can be a
promising candidate for practical applications.

To reveal the photoluminescent properties further, time-
resolved photoluminescent spectra at 10 K upon excitation at
440 nm are captured using a streak camera, as shown in Figure
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Figure 4. Streak camera image at 10 K with the time-resolved emission spectra of Ga,_,Sc,0;:Cr*". (a) x = 0, (b) x = 0.2, (c) x = 0.4, (d) x =
0.6, (e) x = 0.8, and (f) x = 1.0.

4a—f. The time intervals are adjusted in accordance with the appears when incorporating Sc**; the latter starts to dominate
luminescence time shortening. The time-resolved photo- as x > 0.4 (Figure S4a). Notably, the line emission remains
luminescent spectra are integrated at short (pink curve) and visible at 10 K, but it is negligible for x > 0.8. In Figure S4b,
long (green curve) times in Figure 4, with the respective time the decay curves are nearly single exponential for x = 0, 0.6,
intervals denoted by dashed rectangles. For the undoped 0.8, and 1, but it becomes clearly nonexponential for x = 0.2
sample (x = 0), the emission spectra integrated at shorter and and 0.4. For x = 0 and 0.6—1.0, the single exponential formula
longer times are the same, indicating that only one is used to fit the experimental data, as follows:

luminescence center (i.e., the high field case for Dg/B > 2.4) Ry

is observed in this material. By contrast, for the samples of x = I(t) = Le (1)
0.2-0.6, the two emission spectra are considerably different. For x = 0.2 and 0.4, the biexponential formula is used to fit the
Moreover, the broadening of the R-line emission compared decay profiles, as follows:

with the x = 0 sample and the relatively large fwhm of the

broadband emission suggest the distributions of the Cr** I(t) = I;(O)e_t/rl + Iz(o)e_mz (2)

coordinated environment and the crystal field. The reason
why the two emission spectra for x = 0.2—0.6 are extremely
different is that the distribution of crystal field strength spans
over the crossing point of the °E and *T, states (ie., Dg/B >
2.4), and the Cr** luminescence centers are located in strong
and weak crystal fields. Accordingly, we can simultaneously
observe broadband and line emissions even at low temper-
atures.

For the higher concentration (x = 0.8 and 1.0) samples, the
two emissions appear the same. For x = 0.8 and 1, distributions
of the Cr** coordinated environment and the crystal field also
occur. However, all the Cr’* centers are in the weak crystal

where I(t) is emission intensity at time f, I, is the initial
intensity, and 7, , is the decay time of luminescence. At 10 K,
the longer component 7, decreases with increasing Sc**
concentration, while the shorter component 7, remains
constant. The single exponential decay for the x = 0 sample
is the result of the fact that the emission at 10 K is pure *E —
*A, emission in the system wherein energy A (the difference
between the minimum energy of the *T, and ’E electronic
manifolds) is positive and relatively large. Following the crystal
field approximation, the following formula for a lifetime is
developed for this case:*

field (Dq/B < 2.4), which produces overlapping luminescence (A + Shw)*
bands with substantially identical decay times. In accordance, E= TTT (3)
the shape of the broadband emission that is independent of e
time corresponds to the observation of solely the *T,— *A, where 75 = 7, is the lifetime of the E — *A, transition, 71 = 1,
transition. is the lifetime that describes the *T, — *A, transition, and V,_,
The photoluminescence decay profiles and calculated decay is the effective spin—orbit coupling constant that combines the
times at 10 K upon excitation at 442 nm of Ga,_,Sc,0;:Cr** (x ’E and *T, electronic manifolds. Luminescence decay is
=0, 02, 0.4, 0.6, 0.8, and 1.0) are measured, as shown in multiexponential with increasing Sc3* concentration. Given
Figure S4. Only a line emission (with phonon structure) is that the emission spectrum becomes a superposition of R lines
observed for the x = 0 sample, while a broadband emission and the broadband, we assume two exponential decays. The
112 https://dx.doi.org/10.1021/acsenergylett.0c02373
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obtained value of 77 is relatively constant, and 7 diminishes in
accordance with eq 3 due to the decrease in quantity A.

The thermal and electronic properties are also analyzed in
detail in the Supporting Information.

To evaluate the potential of Ga,_,Sc,05:Cr** phosphors in
practical applications, a phosphor-converted LED (pc-LED)
package is fabricated, as shown in Figure §.

Ga, 5045¢ 40;:0.006Cr%*
3
s
2
(7]
c
[]
8
£
600 700 800 900 1000

Wavelength (nm)

Pea - Output
Wavelength (nm) power
(nm) (mW)

784

Chip Size Current Powder/Gel

Chip/Package (mA) Ratio (%)

(mil)

450 nm chip/

3535 Package 40x 40

350 50 160 66.09

Figure S. LED package that combines a 450 nm blue LED chip
with Ga, 9,8¢)40;:0.006Cr>* IR phosphor.

Gay 5045¢040;:0.006Cr**, which has one of the highest IQE
values in the series, is used as an example. A blue LED chip
with emission at 450 nm and a chip size of 40 mil X 40 mil is
utilized as the light source. The device can provide 66.09 mW
output power in the IR region under a driven current of 350
mA. Moreover, the LED device can provide the emission with
a maximum peak at 784 nm and a bandwidth of 160 nm. The
results indicate that Ga, ,Sc,03:Cr’* can be a potential
candidate for the IR emitter of pc-LED.

In conclusion, a series of Ga, ,Sc,05:Cr** solid solution
phosphors is synthesized. Synchrotron XRD with Rietveld
refinement proves that pure phases can be obtained.
Meanwhile, lattice parameters have not changed as expected
at high Sc** concentrations. Despite the strongly preferred
occupation of Sc** at the octahedral-coordinated Ga2 site, only
partial substitution (x = 0.87) can be achieved. This result is
unique in the solid solution study. The BVS calculation
indicates that the BVS values of Ga(Gal) and Sc(Ga2)
approach their ideal value (+3) exactly at x = 0.87, explaining
the interesting partial substitution behavior from the Rietveld
refinement. The maximum photoluminescence continuously
red shifts at 720—850 nm as Sc** doping increases, while the
fwhm and SAw initially increase and then decrease, implying
inhomogeneous broadening. Time-resolved spectra at 10 K are
then utilized to examine further the subtle change in
microstructure around Cr’', supporting the findings of the
Rietveld refinement and photoluminescence. To focus on Cr*,
EPR is conducted, showing the distortion and second
coordination sphere effect of Cr’*. Gajs94Scy405:0.006Cr>*
exhibits a high IQE of 99%, and the pc-LED that uses this
compound can provide 66.09 mW of output power,
demonstrating its high potential in practical applications.

This work can guide researchers in understanding the
unexpected partial substitution during the solid solution
process, particularly through the use of experimental and

calculated approaches. This research can also provide insights
to specialists and general materials to chemistry researchers in
analyzing subtle changes in the crystal structure.
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EXPERIMENTAL METHODS

Synthesis of Ga1.99a-xS¢x03:0.006Cr3* (Gaz-xScx03:Cr3*). Gallium oxide (Gax03,
Gredmann, 99.99%), scandium oxide (Sc203, Gredmann, 99.99%), and chromium
oxide (Cr203, Merck, 99.9%) were stoichiometrically weighed, mixed, and carefully
ground in an agate mortar for 30 min. Then, the mixing precursors were placed in an
alumina crucible and transferred to a muffle furnace. The samples were sintered at 1400
°C for 5 h with a heating and cooling rate of 5 °C. After synthesis, the resulting powder
was cooled down to room temperature, and Gai.994xScx03:0.006Cr*" phosphor was
obtained.

LED fabrication. IR-LED was fabricated by mixing ultraviolet (UV) gel with
Gai.5945¢0.403:0.006Cr*" phosphor and transferring the mixture to a 450 nm blue chip
with a chip size of 40 mil x 40 mil (3535 package). Then, the gel was solidified by
irradiating with 365 nm UV light. The driving current of the device was set to 350 mA.

Characterization. Synchrotron powder X-ray diffraction patterns of
Gai.994xScx03:0.006Cr*" was acquired from the National Synchrotron Radiation
Research Center (NSRRC, Taiwan) BLO1C2 beamline at room temperature using
Debye - Scherrer camera. The pattern then proceeded for Rietveld analysis using Total
Pattern Analysis Solutions software (TOPAS 4.2). Room temperature (RT)
photoluminescence excitation (PLE) spectra were acquired with a FluoroMax-4P
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spectrofluorometer with a 150 W xenon lamp as an excitation source (Horiba) and an

R928 Hamamatsu photomultiplier as a detector with a spectral range from 250 to 850

nm. The temperature-dependent emission spectra were measured using an Andor SR-

750-D1spectrometer equipped with a CCD camera (DU420A-OE). A Kimmon Koha

He—Cd laser with 442 nm was used as an excitation source. The apparatus for time-

resolved spectroscopy was used to measure the decay profiles. The apparatus consists

of a PG 401/SH optical parametric generator pumped by a PL2251A pulsed YAG:Nd

laser (EKSPLA). The detection part consists of a 2501S grating spectrometer (Bruker

Optics) combined with a C4334-01 streak camera (Hamamatsu). Data were recorded in

the form of the streak images on a 640 by 480 pixel CCD array. The results are

transformed into a 2D matrix of photon counts versus wavelength and time (streak

image) using the software-based photon-counting algorithm. The first derivative of the

absorption spectrum was recorded as a function of the applied magnetic field in the

range B = 10-1400 mT on a conventional X-band Bruker ELEXSYS E 500 CW-

spectrometer operating at 9.5 GHz with 100 kHz magnetic field modulation. The first

derivative of the absorption spectrum was recorded as a function of the applied

magnetic induction. EPR/NMR program was used to find spin-Hamiltonian parameters

and local symmetry of chromium ions. Optimization and normalization of the

parameters were performed using the root-mean-squared deviation method. The
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internal quantum efficiency measurement was done using UV to NIR absolute PL

quantum yield spectrometer (C1534—12; Hamamatsu photonics K.K.) equipped with

NIR PL measurement unit (C13684—01; Hamamatsu photonics K.K.) using high power

Xe lamp unit (L13685—-01; Hamamatsu photonics K.K.) together with 475 nm filter for

excitation (A13686—475).
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Figure S1. Rietveld refinement of Ga> xScxO3:Cr** (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0 and

1.2).
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Figure S2. Crystal structure of Ga>Os. The red and green circles represent the O*" and

Ga*" ions, respectively.
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Table S1. Atomic positions derived from Rietveld refinement of Gaz—xScxO3:Cr** (x =

0,0.2,04,0.6,0.8, 1.0 and 1.2).

x=0 x=0.2
Site X z Occ Beg

Site X y z Occ Beq
Gal 0.090340(87) 0 0.79516(23) 1  0.00182(26) Ga1 0.09078(36) 0.79396(93) 0.996(11) 0.00625(79)
Sc1 0.09078(36) 0.79396(93) 0.004(11) 0.00625(79)
)
)

Y
0
0
Ga2 0.341323(81) 0 0.68650(22) 1  0.00182(26) Ga2 0.34248(25) 0 0.68719(71) 0.804(11) 0.00625(79)
0
0
0
0

01 0.16433(35) 0 0.1091(13) 1 0.00625(65)| |sc2 0.34248(25 0.68719(71) 0.196(11) 0.00625(79)

02 0.49605(36) 0 0.25551(79) 1 0.00625(65) 01 0.1650(13) 0.1222(32) 1 0.025(20)
03 0.82657(34) 0 0.4267(14) 1 0.00625(65) 02 0.4942(11) 0.2551(22) 1 0.025(20)
03 0.82409(97) 0.4154(35) 1 0.025(20)
x=0.4 x=0.6
Site X y z Occ Beq Site X y z Occ Beg
Ga1l 0.09080(35) 0 0.79362(99) 0.995(11) 0.01789(84) Ga1 0.09101(26) 0 0.79450(75) 0.9751(84) 0.1834(66)
Sc1 0.09080(35) 0 0.79362(99) 0.005(11) 0.01789(84) Sc1 0.09101(26) 0 0.79450(75) 0.0249(84) 0.1834(66)
Ga2 0.34273(28) 0 0.68816(82) 0.605(11) 0.01789(84) Ga2 0.34388(23) 0 0.68923(67) 0.4249(84) 0.1834(66)
Sc2 0.34273(28) 0 0.68816(82) 0.395(11) 0.01789(84) Sc2 0.34388(23) 0 0.68923(67) 0.5751(84) 0.1834(66)
01 0.1638(13) 0 0.1208(33) 1 0.016(21) 01 0.16282(96) 0 0.1125(25) 1 0.2147(18)
02 0.4917(11) 0 0.2538(25) 1 0.016(21) 02 0.48852(82) 0 0.2497(21) 1 0.2147(18)
03 0.82309(99) 0 0.4195(36) 1 0.016(21) 03 0.82300(76) 0 0.4161(24) 1 0.2147(18)

x=0.8 x=1.0
z Occ Beq Site X y z Occ Beq
0.79299(57) 0.9614(69) 0.001562(53) Gatl 0.09046(14) 0 0.79193(41) 0.9840(53) 0.001462(39)
0.79299(57) 0.0386(69) 0.001562(53)| |Sc1 0.09046(14) 0 0.79193(41) 0.0160(53) 0.001462(39)
0.68943(51) 0.2386(69) 0.001562(53) Ga2 0.34501(16) 0 0.68905(39) 0.1360(53) 0.001462(39)
0
0
0
0

Site X

Gal 0.09013(20)
Sc1  0.09013(20)
Ga2 0.34485(20)
Sc2 0.34485(20)
01 0.15955(74)
02 0.48870(68)
03 0.82740(61)

0.68943(51) 0.7614(69) 0.001562(53)| |Sc2 0.34501(16) 0 0.68905(39) 0.8640(53) 0.001462(39)
0.1004(19) 1 0.2842(18) O1 0.15803(54) 0 0.0966(14) 1 0.09881(13)
0.2519(17) 1 0.2842(18) 02 0.48689(51) 0 0.2533(13) 1 0.09881(13)
0.4345(16) 1 0.2842(18) 03 0.82761(46) 0 0.4247(11) 1 0.09881(13)

O O O O O O O%w

x=1.2

y z Occ Beqg

Ga1l 0.09050(13) 0 0.79193(40) 0.9949(52) 0.08828(39)

Sc1 0.09050(13) 0 0.79193(40) 0.0051(52) 0.08828(39)

Ga2 0.34514(15) 0 0.68872(37) 0.1251(52) 0.08828(39)
0
0
0
0

Site X

Sc2 0.34514(15) 0 0.68872(37) 0.8749(52) 0.08828(39)
01 0.15612(51) 0 0.0990(14) 1 0.06522(12)
02 0.48808(49) 0 0.2534(12) 1 0.06522(12)
03 0.82677(44) 0 0.4250(11) 1 0.06522(12)
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Table S2. Refinement results derived from Rietveld refinement of Gax-xScxO3:Cr*" (x

=0,0.2,04,0.6,0.8, 1.0 and 1.2).

a(A)  12.22651(12) 12.31008(82) 12.4256(10) 12.54651(84) 12.65705(44) 12.70768(23) 12.71088(20)
b(A)  3.039286(29) 3.05836(20) 3.08544(24) 3.11479(19) 3.14132(10) 3.154200(53) 3.154651(49)
c(A)  5805889(60) 5.82697(41) 5.85498(48) 5.88300(37) 5.91300(19) 5.92579(10) 5.92640(10)
B(°)  103.83838(76) 103.7034(48) 103.4523(54) 103.1090(35) 102.7057(19) 102.5187(12) 102.5100(11)

V (A3)  209.4839(37) 213.133(25) 218.313(31) 223.915(25) 229.343(13) 231.8738(71) 231.9969(66)

Sc,0; (%) - - - - - 10.83(24)  30.34(20)
x? 0.47 1.01 1.25 1.11 1.29 1.08 0.9
Rup (%) 1.25 2.9 3.61 3.42 3.96 3.41 3.05
R, (%) 0.85 1.78 2.22 2.26 2.55 2.32 2.21

Photoluminescence Properties:

To explain the spectroscopic properties of Cr3* replacing the Ga3* or Sc® in
Gaz-xScxOs3, one should consider the energetic structure of the ion described by Tanabe
-Sugano diagram (TSD) and configurational coordinate diagram (CCD) presented in
Figure S3a and Figure S3b, respectively. In crystal field approximation, the energetic
structure of TSD depends on the values of Racach parameters B and C which describes
the Coulomb and exchange interaction between 3d electrons in Cr3* and crystal field
strength Dq that describes the interaction between 3d electrons and ligands ions. The
values B, C, and Dq can be determined from the spectroscopic data, but the only value

of Dq is related to the point symmetry of Cr3* site. For octahedral symmetry:
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_ 1 35ze?
T 4mey 4aS

(s1)
q= %f P34(M)T* @3q(r)dr (s2)

Where a is the distance between central ion and ligands, Z is the charge of ligands, &,
is dielectric constant, e is the electron charge and ¢5,(r) is the electronic
wavefunction of 3d electrons. The diagram presented in Figure S3a allows us to
calculate the crystal field strength Dg and Racach parameters B, and C from the
spectroscopic data. The energy of the excitation band maximum of the *A; — “T»
transition is equal to /0 Dq. Racach parameters (B and C) can be calculated from the

following equations:'

E]Z_l AE
B = Dg2a___Da s3
1 15(5.-8) (s3)
_ B [ECE) _ B
= 3-05{ = 79+ 1.8 Dq} (s4)

where AE is the difference between the energy of the *T; and *T- states. The obtained

values are listed in Table S3.
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Table S3. Transition energies and values of 10Dq and Racah parameters B, and C.

47, — 4T, (10Dq) | %A, — 4T, | 4T, — A, A,2ER,) | Sho pag | ©
(ecm™) (em™) (ecm™) (ecm™) (cm™) q (ecm™)
n 615 2.68

ciB
3290 535

16488 22745 13750 6257 14483 1370
m 16287 22506 13240 6219 14467 1523 613 266 3292 5.37
m 15915 22177 12850 6262 14394 1532 623 255 3250 5.22
m 16667 21760 12560 6093 14352 1553 604 259 3279 544
m 16237 21336 12330 6099 14249 1453 610 250 3253 533
m 15113 21182 12200 6069 14270 1456 608 249 3249 534

Both 10Dg and energy of the *E state (R, line) decrease with increasing x, while
values of B and C parameters do not exhibit clear dependence on x. Considering Table
S3, one notices that value Dg/B decreases with increasing x. Specifically, the interesting
part is to discuss the behavior of 10Dg (energy of the *T; state ) and the energy of the
2E state with increasing x in context to relation (s1). Six-fold coordinated Ga** and Sc¢**
ionic radius is equal to 0.67 A and 0.885 A, respectively.? Thus increase of Sc** that
replaces Ga>" will cause an increase of lattice constant. As a result, decreasing the value
of 10Dg with an increasing amount of Sc*" is associated with increasing of the Cr**—
oxygen distance. According to TSD, the ground state “A, belongs to the # electronic
configuration. The lowest excited state depends on the crystal field strength 10Dgq is
either T, (in low crystal field) or 2E state (in high crystal field). The *T> as well as the
“T| belongs to the e electronic configuration, whereas the *E belongs to the 7
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electronic configuration.! In Figure S3a, energies are presented versus the value of Dg/B.
CCD allows us to understand other details. Specifically, since transitions between spin
doublet and the spin quartet are forbidden, mainly the *A> — 4Ty and *A; — *T» are
observed in the PLE spectrum, and only a trace of the A, — 2E transition is observed.
Additionally, after excitation to the *T; state, the changes in electronic configuration
from £ to e cause the small expansion of oxygen ligands, which diminish the energy

of the system by a quantity of Shw:?
_ 2
Sheo = k&4 (s5)

where k is the local elastic constant. This effect is described by CCD presented in Figure
S3b, where electronic energies are presented independence of configurational
coordinate Q. TSD predicts that Cr** emission changes from the broadband to the sharp
line for the value of Dg/B corresponding to the *T and °E states cross over (indicated
in Figure S3a by arrow A). However, due to the lattice relaxation (Shw) in the *T, the
sharp R lines replace the broad band emission for a larger value of Dg/B. Actually,
according to the CCD presented in Figure S3b, it happened when the minimum energy
of the *T, electronic manifold becomes higher than the energy of the ’E electronic
manifold. Thus for analysis of emission spectra, the most important one is quantity A,
which can be defined as the difference between the minimum energy of the *“T, and *E

electronic manifold.
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Figure S3. Tanabe—Sugano diagram and configurational coordinate diagram. (a)
Tanabe-Sugano diagram for Cr*". The dashed line represents the energy of the zero-
phonon line (ZPL) of the *T> — *A; transition and the dashed-dotted line represents the
energy of maximum of luminescence related to the “T. — *A, transition. (b)

Configurational coordinate diagram representing the low-field Cr** system.
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Figure S4. Photoluminescence and decay of GazxScxO3:Cr** (x =0, 0.2, 0.4, 0.6, 0.8,

and 1.0). (a) Photoluminescence, (b) decay profiles, and (c) calculated decay times at

10 K upon excitation at 442 nm.

Thermal Property Analysis:

To wunderstand thermal properties further, the temperature-dependent
photoluminescence spectra and decay profiles of Gaz xScxO3:Cr* (x =0, 0.2, 0.4, 0.6,
0.8, and 1.0) are obtained from the entire emission spectra within a temperature range
up to 500 K upon excitation at 440 nm, as shown in Figures S5a—S5f. The temperature-
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dependent lifetimes are calculated using the following formula:*

1+3 exp(—k)%)

Vs—o )2 A
(A+Shm +3exp\ kgt

TE:TT

: (56)
)

and the ratio of the intensity of the broadband to the R lines is equal to

N
Ipp _ T_E p kT (87)
- - 2 >
IR T Vs—o (_ A )
(A+Shw) +3exp\ ~gpT

where kg is the Boltzmann constant. For x = 0, only the line emission from the forbidden
state is observed up to 100 K with a long decay (Figure S5a). As temperature increases
further, the broadband emission (allowed emission) starts to appear and decay begins
to shorten significantly. For temperatures higher than 300 K, the broadband emission
starts to dominate. In the case of x = 0.2, the broadband and line emissions appear at 10
K. The broadband emission starts to dominate with increasing temperature. The
presence of broadband and line emission together result in multi-exponential decay
profiles. With increasing Sc** concentration, line emission intensity decreases
compared with the intensity of the broadband emission up to a point where only the
broadband emission is observed at high Sc** concentrations, i.e., x = 0.8 and 1.0, and
decay starts to be single exponential once more. The calculated decay times in the log
scale for Gaz—xScxO3:Cr** (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0) are shown in Figure Sé6a.
For x = 0 and 0.6-1.0, the single exponential formula, Equation (1), is fitted. For x =
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0.2 and 0.4, the two exponential formula, Equation (2), is used. The long decay time
component 7> starts to decrease from 100 K. Meanwhile, the short decay time
component 7 remains constant up to 350 K and then starts to decrease. The temperature-
dependent FWHM Ga,—ScxO03:Cr** (x=0, 0.2, 0.4, 0.6, 0.8, and 1.0) is also calculated,
as shown in Figure S6b. For samples with a positive value of A (x = 0-0.4), the
luminescence lifetime diminishes with temperature following Equation (s6). This effect
is accompanied by the increasing intensity of the broadband emission to the R line. For
x = 0.6-1.0, where the value of A is negative, the emission consists only of the

broadband-related to “T> — #A; transition and lifetime is stable and equal to zr.
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Figure S5. Temperature-dependent photoluminescence and decay curve of
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0.2, 0.4, 0.6, 0.8, and 1.0). (a) Calculated temperature-dependent decay times and (b)

temperature-dependent FWHM.

Electronic Property Analysis:

To directly analyze the properties of the Cr*" ions, element-selective equipment
should be utilized. Consequently, the electron paramagnetic resonance (EPR) spectra
of GazxScxO3:Cr** (x =0, 0.2, 0.4, 0.6, 0.8, and 1.0) are obtained, as shown in Figure
S7. In GazxScx03:Cr’*, the Cr’" ions are paramagnetic dopants and their EPR spectra
can be observed using an X-band spectrometer. The Cr** ions belong to @ electronic
configurations with a ground state of *A,s, which is degenerated fourfold. Degeneracy
is removed by the symmetric crystal field, and the ground state is split into two Kramers
doublets with a spin of S = 3/2. The EPR spectra of Gaz xScxO3:Cr’" in powder form

with different particle orientations can be observed within the magnetic induction range
S17



of B = 10-1200 mT, depending on the nearest environment of these ions. The EPR
spectra from the isolated Cr’" ions in the tetrahedral site are located at gem ~ 2.
Meanwhile, in the octahedral site, the gesr will be 4-5 depending on the distortions of
the Cr’" site. The EPR signals observed for the GaxScxO3:Cr’" compound with
different concentrations of diamagnetic Sc** ions originate from the isolated Cr*>* ions
in the octahedral site, which is a typical EPR spectrum for Cr*" in this site. The EPR
spectra vary significantly depending on the concentration of diamagnetic Sc** ions. For
x =0, we observe EPR lines within the entire range of magnetic induction, gesr= 5.56,
5.09, 2.46, 1.59, and 0.71. For x = 1.0, we observe only two EPR lines at ger=3.77 and
1.98. The EPR lines indicate that the signal originates from the isolated Cr** ions in the
octahedral site in different crystal fields. The following spin-Hamiltonian (SH) formula

is used to determine the symmetry of Cr** ions with S = 3/2:
H=uBB-g-S+D<S§—§S(S+1)>+E(S,§+S;), (s8)

where up is the Bohr magneton, B is the induction of the magnetic field, g is the
effective spectroscopic splitting factor, S is the electron spin, and D is the axial and £
is the rhombic distortions of an octahedral. For the x = 0 compound, the spectroscopic
splitting parameters gx = 1.94(2), gy = 1.97(2), and g, = 2.01(2). For the x = 1.0
compound, the parameters gx = 1.92(2), gy = 1.96(2), and g, = 2.05(2) are obtained

(measurement errors are denoted in parentheses). The zero-field splitting parameters, A
S18



= E/D = 0.189 and 0.023, indicate a significant and slight distortion of the Cr*" site for
x =0 and 1.0, respectively. The results of the fitting of the SH parameters via the least-
squares method are also presented. From the SH parameters, we can determine that Cr>*
ions are substituted into the Ga** sites for x = 0. For the x = 1.0 compound, Cr** ions
are substituted into the same site, but the symmetry of Cr** ions is affected by the Sc**
ions from the second coordination sphere. However, this EPR transition is not
proportional to the concentration of Sc** ions due to the considerable difference
between the ionic radii of Cr**/Ga*" and Sc**. Cr** ions are substituted into sites wherein
ion radii are similar. In x = 1.0, the ion radii between Cr’** and Ga’" are similar. From
the EPR spectra x = 0.2-0.8, we observe the signal from the Cr*" ions at the Ga** site.
Ga—Cr—Ga/Ga—Cr—Sc/Sc—Cr—Sc  (second coordination sphere) type systems are
elongated in different directions of the crystallographic axes, leading to the extension
of the EPR linewidth because the powder signal is an envelope of all type of signals.
The crystal lattice will only become orderly when most Ga** ions are replaced with Sc**
ions. The Cr** ion environment is under the influence of the Sc** ions from the second
coordination sphere. An ordered crystal lattice and a single phase of the x = 1 material
indicate that diamagnetic Sc** ions are substituted only into the octahedral sites of Ga**

ions.
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Figure S7. Experimental and simulation EPR spectra of GazxScxO3:Cr** (x = 0, 0.2,

0.4, 0.6, 0.8, and 1.0).
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ABSTRACT: In this study, we aim to compare the changes in the
luminescence properties of Ga,05:Cr’* modified by Al or Sc ion
substitution (chemical pressure) and hydrostatic pressure. We find
the same behavior for Ga,_ Al O;:Cr** and different behavior for
Ga,_,Sc,05:Cr’* in terms of the optical properties under chemical
and mechanical pressure. We consider Al substitution, which does
not affect the chemical bond angles in the Cr*" local environment
and changes the crystal volume, like mechanical pressure does. As
confirmed by Raman spectroscopy, the Sc ions cause lattice
distortion and influence the chemical bond lengths and angles in
the Cr** local environment. The energy structure diagrams of all
levels of the d® configuration of the Cr’* ion as a function of
pressure are calculated by considering the pressure dependence of
the Racah parameters. The energy structure diagrams presented in the paper show a decrease in the energy of the °E, *T,, and T,
excited levels with an increase in Dq. This does not align with the behavior predicted for these excited levels by the standard
Tanabe—Sugano diagram. It seems correct that a high-pressure experiment involving Cr** and other transition metals should be

[l Metrics & More | @ Supporting Information

interpreted using the method and diagrams presented herein.

1. INTRODUCTION

The luminescence of the Cr’** ion has been widely investigated.
The most common Cr’*-doped material is ruby crystal
(ALO5:Cr**), which formed the first solid-state-based laser in
1960. Today, the Cr** ion as a luminescent center attracts
interest due to its potential new application. One of the crucial
applications of Cr’*-doped materials is biological imaging
utilizing near-infrared (NIR) persistent luminescence."”” More-
over, Cr’" ions can be unique NIR emitters for phosphor-
converted NIR light-emitting diodes with potential applica-
tions in food freshness analysis, agriculture, and human health
monitoring.”’~” Cr** ions are also tested in luminescence
thermometry using the dependence of the shape of the
emission spectrum on temperature.lo_14 Another interesting
application of Cr** ions is luminescence manometry, in which
the effects of pressure on the luminescence properties are
studied.' "¢

One promising NIR phosphor for practical applications is
Ga,0j activated by Cr*" ions. Its luminescence is characterized
by a broad efficient emission in the wavelen$th range of 700—
950 nm, with maximum emission at 740 nm."’ "’ Additionally,
codoping with Sc ions causes a red-shift in emission.”” This
shift is due to the decrease in the crystal field strength Dq
around Cr’* ions generated by lattice extension due to
substituting larger Sc for Ga ions. Interestingly, a similar effect
was observed in the yttrium gallium garnet with an increase in
only the amount of Cr**.*'

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

Since the development of the diamond anvil cell (DAC) in
the late 1950s,”* the DAC has become the most popular device
in high-pressure studies. The DAC comprises two opposed
diamond anvils that create a pressure chamber with a metal
gasket. The pressure chamber contains the tested sample,
pressure sensor, and medium to transmit pressure and ensure
hydrostaticity. The DAC can be used for in situ Raman and
luminescence spectroscopy, allowing for atomic-level under-
standing. By exposing the phosphor material to high pressure,
we directly influence the interaction of the crystal environment
with luminescent centers and cause significant changes in the
energy structures of the studied systems. This has been directly
observed through changes in the emission and absorption or
the position of excitation bands or indirectly through the
quenching or enhancement of luminescence intensity.

Investigating the optical properties of inorganic compounds
doped with transition metals is an essential issue in a high-
pressure study.”’ The research on Cr**-doped compounds,
especially ruby, is the most significant.”* The first widely
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Figure 1. (a) RT PLE spectra, (b) PL spectra, and (c) positions of excitation bands and narrow line emission vs x content of Ga,_,AL,O5:Cr**
(GAOC; x = 0—1.98). Pressure-dependent (d) PLE and (e) PL of Ga,05:Cr** (GOC; x = 0). (f) Positions of excitation bands and narrow line
emission vs pressure. PL spectra were obtained upon excitation at 442 nm, and PLE spectra were observed at maximum luminescence.

observed and studied effect was the influence of high pressure
on the *E — *A, transition (so-called R lines). For d° the
applied pressure forces a decrease in interatomic distances and
a shift of the emission of the *E — A, transition toward lower
energy values on the order of a single inverse centimeter per
kilobar (e.g, AL O;:Cr**).** This effect can be explained by the
nephelauxetic effect, namely the expansion of the d* electron
cloud when a high pressure is applied.”>™>” The situation is
entirely different for the spin-allowed *T, — *A, transition,
which strongly depends on the crystal field and the influence of
high pressure. For this transition, a pressure-induced blue-shift
is observed on the order of tens of inverse centimeters per
kilobar. The pressure-induced blue-shift should also be
observed in the absorption and excitation spectra of Cr’*
containing the most prominent *A, — *T, and *A, — *T,
transitions. However, due to the difficulties associated with
measuring this type of spectrum as a function of pressure, only
a few studies have produced such results.”* ™"

The most frequently used model describing the energy levels
of transition metal ions is the Tanabe—Sugano (T—S) diagram.
According to the T—S diagram, a pressure-induced increase in
crystal field interaction Dq should increase the energy distance
of the *T, and *T, states to the *A, state, which is usually
observed. However, for the *E — “*A, transition, the T—S
diagram predicts a relationship (slight blue-shift) that is the
opposite of the observed ones (red-shift).”

The overall conclusion from the structural point of view is
that the same effect as mechanical pressure is also observed
when chemical pressure (CP) is applied (incorporating larger
or smaller ions to expand or contract the crystal lattice while
maintaining the structure). Using chemical pressure, we can
tune the luminescence properties of the Cr**-activated Ga,O4
material and obtain a similar effect by applying external

mechanical pressure (MP). Incorporating an ion with a larger
ionic radius in the crystal lattice causes an increase in the
atomic distance in the crystal, decreasing the crystal field
strength around the ion. In contrast, incorporating an ion with
a smaller ionic radius causes a decrease in the atomic distance
in the crystal lattice, increasing the crystal field strength.

However, Fernandes et al.** showed from a superconducting
point of view that the trends can be opposite. They found
qualitatively different behavior in the chemical and hydrostatic
pressure dependences of the critical temperature in the
Gd,_,Y,Ba,Cu;0; solid solutions. The substitution of a smaller
ion results in a depression of T, whereas the application of
hydrostatic pressure increases T.. They also showed that the
qualitatively different behavior under CP or MP is due to the
highly inhomogeneous character of the chemical pressure,
which induces an expansion of the Cu(2)—O(4) distance
despite the overall compression of the unit cell.

The studies of the electronic properties of (AL Ga,_,),0;
alloys were performed by Wang et al,** showing a band gap
increase with Al codoping for f and a phases, while the basic
luminescence of AleGaz(l_x)O3:Cr3+ was previously reported
by Morgan et al.*®

Schneider and Waring first determined the phase equili-
brium diagram of the quasi-binary system Sc,0;—Ga,0;.%
The results of Ga,_,Sc,0; (0.42 < x < 0.52) were published
by Kuz'micheva et al,”’ showing the lattice structure of the
crystal. Jasenovec et al.*® showed an increase in the optical
band gap of ~0.7 eV for f-(Sc,Ga,_,),0; (x = 0.1), while
Yahia et al.>” showed the single-crystal structure and solid-state
NMR data of Ga,_,Sc,0; (x = 0.83).

In previous studies, we performed fundamental research on
luminescence and structural properties, showing the behavior
of the lattice parameters for materials based on Cr**-doped
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gallium oxide modified by partial matrix substitution.””** This
paper focuses on the competitive impact of CP and MP on the
luminescence properties of Cr**-activated Ga,O; codoped with
AP and Sc** ions. We investigate two different polymorphs of
Ga,05: f-Ga,05 and a-Ga,0;. f-Ga,0; crystallizes in the
monoclinic crystal structure with space group C2/m, while a-
Ga,0; crystallizes in the trigonal corundum-like structure with
space group R3c.'” The @ phase was obtained by applying high
hydrostatic pressure in the gigapascal range. This work shows
the unique high-pressure excitation photoluminescence spectra
of the studied materials, allowing us to construct the exact
energy structures as a function of pressure. The presented
analysis and calculations remain relevant to other Cr'-
activated materials and can be applied to other transition
metal ion systems.

2. RESULTS AND DISCUSSION

The incorporation of the smaller AP* (ionic radius of 0.39 A,
CN of 4; ionic radius of 0.54 A, CN of 6) in place of the Ga’*
ion (047 A, CN of 4; 0.62 A, CN of 6) (CN denotes
coordination number)*' causes the reduction of the Cr—O
atomic distance in the crystal lattice, thus increasing the crystal
field strength around the Cr* ion, the so-called chemical
pressure (CP).** On the contrary, introducing the Sc** ion
(0.745 A, CN of 6)*" into the Ga,O; lattice, which has an ionic
radius larger than that of Ga®*, causes the opposite behavior
versus that seen for the incorporation of AI** ions. In the case
of Sc** doping, the Cr—O atomic distance in the crystal lattice
increases, decreasing the crystal field strength around the Cr**
ion” The first one is comparable to applying external
mechanical pressure, while the former has the opposite effect.

2.1. Ga,_,Al,05:Cr3*, Figure la shows the room-temper-
ature (RT) photoluminescence excitation (PLE) spectra of
Ga,_,ALO;:Cr’* (GAOC; x = 0—1.98; step 0.2) observed at
maximum luminescence. The PLE spectra comprise two
excitation bands typical for Cr** ions in 6-fold octahedral
coordination. The high-energy band in the range of 350—500
nm corresponds to the *A, — *T, transition, and the low-
energy band in the range of 500—700 nm corresponds to the
*A, — *T, spin-allowed transitions of Cr’* ions. With an
increase in x content, both bands shift toward higher energies
(shorter wavelengths), as expected due to the increased crystal
field strength Dq in the vicinity of Cr’* ions caused by the
incorporation of smaller Al ions in place of Ga ions. Figure 1b
shows the RT photoluminescence (PL) spectra of GAOC
upon excitation at 442 nm. For samples with low x content,
both narrow line and broadband emissions of Cr** are
observed. Narrow line emission around 690 nm corresponds
to the *E — *A, transition (R, and R, lines, accompanied by a
weak phonon structure). The broadband emission from 650 to
950 nm corresponds to the transition from the *T, excited
state to the A, ground state. With an increase in x, the ’E —
*A, emission shifts linearly toward higher energies at a rate
much lower than those of the *T; — *A, and *T, — *A,
transitions. Additionally, as x increases, the location of the *T,
— *A, band shifts linearly toward higher energy. When x = 1.6,
there is a rapid change in the emission spectra due to the phase
transition from the # (monoclinic) to a (trigonal) phase of
Ga,03, which is proven by the XRD spectra shown in ref 40.

The energies of the ‘A, — *T| and *A, — *T, transitions
determined from excitation spectra and the “E — *A, transition
from emission spectra are shown in Figure lc. The errors are

smaller than the size of the points. The parameters of the linear
shift were acquired by fitting a linear function and are listed in
Table S1.

High-pressure experiments were performed to compare the
impact of CP and MP on the luminescence properties of the
samples under study. Panels d and e of Figure 1 show RT
pressure-dependent PLE spectra upon observation at max-
imum luminescence and PL spectra upon excitation at 442 nm,
respectively, for Ga,05:Cr** (GOC), which in Figure la is
marked as the x = 0 sample. The PL spectra simultaneously
show narrow line (’E — *A,) and broadband (*T, — “A,)
emission at ambient pressure. With an increase in pressure due
to the decreasing distance between ions and thus increasing
strength of crystal field Dq on Cr’* ions, the two excitation
bands presented in Figure 1d shift toward higher energy, as
expected. A substantial shift is also observed for the *T, — *A,
broadband emission up to a few kilobars; however, above 44
kbar, only narrow line emission is observed. Broadband
quenching is associated with the pressure-induced shift of
the *T, state toward higher energies. This causes the thermal
energy (thermal population of electrons from the lowest *E to
*T, state) to be too low at room temperature to induce
emission from the *T, state, and the lowest excited °E state
becomes the only emitting state.'®**

The change in the relative intensity of the R; and R, lines
(Figure le) is observed, and the R, line is no longer monitored
for pressures of >145 kbar. Furthermore, a significant change
in emission spectra between 123 and 140 kbar is observed.
Such a phenomenon is caused by a mechanical pressure-
induced phase transition from $-Ga,0O; to @-Ga,0;.""~* The
phase transition is irreversible, and the sample stays in the new
pressure-induced a phase when the pressure is released. The
emission change is shown under ambient conditions before
and after pressure was applied (gray line in Figure le). The
shape of the emission spectra after the phase transition agrees
with that reported for a-Ga,05:Cr*" reported by Back et al."”

Additionally, inversion of the intensities two excitation
bands is observed for the a phase above 133 kbar. The same
phenomena were observed for the Ga,05:Cr** sample by Back
et al.'"” The intensity inversion can be due to changing the *A,
— *T, and *A, — *T, radiative transition probabilities for the
GOC in the a phase compared to the ff phase. This effect can
be explained by the influence of the admixture of the *E and
*T, states in the overlapping (resonant) *T, states. Another
interpretation is that breaking the parity selection rules by
deviations from inversion symmetry can affect the *A, — *T,
transition more strongly than the *A, — *T, transition.*®

A similar phenomenon in these materials is found for the
radiative transition probabilities of the R, and R, lines.

Energies of the broadband excitation spectra (the *A, — *T,
and 4A2 — *T, transitions) and R line emission spectra versus
pressure are presented in Figure 1f. The errors are within the
scatter size. With an increase in MP, the *A, — *T, and *A, —
*T, bands shift toward higher energies, while the R lines shift
toward lower energies (longer wavelength). The pressure
dependence of the excitation band and R line emission is
linear; however, a change in the shift rate is observed at ~125
kbar, where a phase transition occurs. The liner fitting was
performed separately for the S (solid line) and @ phases
(dashed line) up to 125 and 125—300 kbar, respectively, and
then interpolated over the range of occurrence.
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Figure 2. Energy structure diagram of the selected subterms of the d* configuration of the Cr** ion as a function of (a) x and pressure for GOC (x
=0) in the (b) f and (c) a phases. For comparison, the calculations were carried out assuming that B and C are not dependent on pressure (dashed
lines), which is equivalent to the T—S diagram with constant values of B and C.

The linear fit parameters of the shifts caused by MP before
and after phase transition are listed in Table S1.

It is seen that the pressure shift rate dE/dp of both the
excitation band and R line emission is lower for the a phase
than for the S phase. The direction and magnitude of the
pressure shift of the excitation bands and emission R lines
agree with the typical pressure shift rates of the ‘A, — *T, *A,
— *4T,”*7" and *E — *A, transitions of the Cr**-doped
inorganic lattice.'*"~>°

One can consider the effect of impacts of CP and MP that
cause increased energy in the transition between *T/*T, and
*A, due to the decreasing Cr—O distance. Figure 1c, Figure 1f,
and Table S1 show that when the *E — “A, transition is
considered, the energy decreases with an increase in x and
pressure.

Knowing the location of the *T,, *T), and °E states allows us
to calculate crystal field parameter Dq, which describes the
interactions between 3d electrons and ligand ions, and Racah
parameters B and C, which represent the interaction between
3d electrons in Cr’" versus CP and MP, respectively. The
energy of the excitation band maximum of the *A, — *T,
transition equals 10Dq. Racah parameters B and C can be
calculated from eqs S1 and S2 of the Supporting Information.

Panels a and b of Figure S1 show the values of the calculated
parameters for the applied CP and MP, respectively. As x
increases, Dq and B increase while C decreases (Figure Sla).
Qualitatively, decreases in both B and C are expected to occur
with pressure due to enhancements in the covalency from
increased metal—ligand orbital overlap as the nearest neighbor
bond length decreases.”’ The calculation of Racah parameters
shows the different behavior of B and C parameters. The
former decreases with x, and the latter increases with x. In
principle, the variation with x of B and C determines the
energy shift of the “E state (nephelauxetic red-shift). However,
an increase in pressure will also affect the electrostatic
repulsion of the electron densities of Cr** and the surrounding
ligands. This, in turn, should lead to increased Racah
parameters, which can explain the opposite behavior of the C
parameter under pressure.

Knowing these three parameters (Dq, B, and C) makes it
possible to generate the entire energy structure of the Cr*" ion,
ie, to calculate the energy of all crystal field levels of the d
configuration. Furthermore, knowing the spectral shift with
respect to pressure or x allows determinatioon of the CP and
MP dependence of the entire energy structure of Cr**. The x-
and pressure-dependent Dq, B, and C parameters were

determined on the basis of the data listed in Table S1. The
experimentally obtained linear dependencies of Dq, B, and C
were extrapolated to the pressure range of 0—500 kbar to
calculate the energy structure (see Figure S2a,b).

Figure 2 shows the results of calculations of the energy
structure of selected subterms as a function of x (for GAOC)
and pressure (GOC) for the # and a phases together with the
analysis carried out assuming that parameters B and C do not
change with pressure (dashed lines). This is equivalent to the
T-S diagram for B and C for a- and p-Ga,0; at ambient
pressure. The main difference between these energy structure
diagrams compared to the standard T—S diagram is that the
energy of the excited levels belonging to the t,* crystal field
configuration, i.e., the lowest doublet subterms (*E, *T,, and
>T,), decreases instead of increasing. Figure 2 shows that in the
analyzed pressure range for GOC, the energies of the crystal
field levels have a linear dependence, which should be
considered as the effect of linear extrapolation of the pressure
change of Dq, B, and C.

For the x dependence of the energy structure of the Cr** ion
for GAOC, only a slight change for all energy levels is observed
because the crystal field change is small in the considered x
region.

It is worth noting that the presented energy structure
diagrams show a decrease in the energy of the excited levels
belonging to the t,* crystal field configuration (*E, *T), and
*T,) with an increase in Dq (in the case of the pressure- and x-
dependent results). This behavior is consistent with the
observed change in the direction of the ’E — *A, transition.
This is not in line with the behavior inferred from the
superficial analysis of the T—S diagram (ie, under the
assumption that B remains constant during the pressure-
induced compression of the material). In this case, the T—S
diagram predicts a slight increase in the “E energy level with
pressure. Only the *T, state agrees perfectly with the typical
T—S diagram because this state depends on only the Dq value
[10Dq = E(*A, — *T,)]. The fact mentioned above confirms
the need to consider the changes in Racah parameters when
describing the results of spectroscopic studies of transition
metal-doped materials as a function of pressure.

One can argue that the pressure behavior of the E state can
still be determined from the T—S diagram because it
represents CF subterm energies scaled by factor B. Then, if
one knows the dependence of B with respect to pressure, one
can reconstruct the correct pressure behavior of “E. However,
this reasoning is not entirely correct because the T—S diagram
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assumes a constant C/B ratio (i.e, C « B), whereas C and B
can (and, in our case, do) change independently with pressure.
Moreover, in our results, B actually increases, which would
indicate that the °E energy should increase with pressure,
which contradicts the experimental results (in our case, the
nephelauxetic shift is manifested by a decrease in C rather than
B).

Panels ¢ and d of Figure S2 present an energetic structure for
all calculated subterms of the Cr** ion as a function of x and
pressure for the f and a phases. The Dq/B ratio is also shown
in Figure S2. The Dq/B ratio decreases with an increase in x
(Figure S2a) and decreases with an increase in pressure for the
S phase (Figure S2b). In the  phase, the dependence is the
opposite of that in the f phase.

In conclusion, we observed a more significant change in the
location of the *T,, *T,, and ’E states of the Cr** ion with
pressure for the 8 phase; hence, there was a more substantial
pressure change in Dq, B, and C compared to those for the o
phase. This is probably due to the smaller compressibility of a-
Ga,0; compared to that of S-Ga,0,; for which the
theoretically calculated bulk moduli (B,) are 217 and 171.1
GPa, respectively. The B, value found in the literature equals
145,°% 160,>* 174,°* 142,>° 134, 184, and 166 GPa®’ for f3-
Ga, 0, and 190, 210, 220," and 354 GPa’® for a-Ga,0,.

From the point charge model, the pressure-induced decrease
in the distance between the ions in the crystal lattice increases
crystal field strength Dq as follows: >’

dD
g __ AR K
dp R dp 3B, (1)
dp
B, =-V—
0 av )

where dimensionless coefficient K characterizes how pressure’s
macroscopic impact alters the central ion’s local environment.
K values of 1, <1, and >1 indicate that the ion—ligand system’s
compression is equivalent to, smaller than, and larger than that

of the bulk lattice, respectively. By is the bulk modulus. 7 is an
exponential factor in the radial dependence of the Dq crystal
field strength parameter R and should be equal to S. R is the
average distance between ligands and the Cr’** ion. V is the cell
volume. To calculate B, we assumed that the local
compressibility in the vicinity of the Cr’* ion is the same as
the lattice compressibility (K = 1). Taking the experimental
values from the data in panels b and ¢ of Figure 2, Dq at
ambient is 1643.9 and 1699.6 cm™' and dDq/dp is 1.77 and
0.78 cm™'/kbar for the f# and a phases, respectively. We can
calculate B, to be 154.5 GPa (1545 kbar) and 364.4 GPa
(3644 kbar) for the f and & phases, respectively. It should be
noted that, in the literature, for transition metal ions in
different materials, the quantity nK is <5, indicating that the
local compressibili?r is smaller than the bulk compressibility in
almost all cases.’”®” Therefore, the B, value we obtained can
be regarded as an upper limit.

In this part, we want to compare the influence of CP and
MP on the emitting states of Cr’* in a modified Ga,05 matrix.
Figure 3 compares the Dq value, C and B parameters, and ’E
and *T state changes obtained by CP and MP. The codoping
of Ga,O; with Al causes an increase in the crystal field
strength, which is similar to the case in which mechanical
pressure is applied. Figure 3a compares the Dq values obtained
using CP (cyan color) and MP (orange color). This figure
shows that by changing the «x value from 0.0 to 1.6 (CP),
which is equivalent to the change in the crystal volume from
209.7 to 192.4 A3,* we changed the Dq value from 1640 to
1720 cm™ (cyan dots). It is equivalent to the change in MP
from atmospheric pressure to 55 kbar. As shown in Figure S3,
by applying a mechanical pressure of <300 kbar, we can obtain
a Dq value of <2000 cm™ L

In summary, in the studied material, changing x to
approximately 0.1 is equivalent to applying a mechanical
pressure of ~3.4 kbar. In the Al-doped Ga,O; material, the
maximum x value at which material can be doped without
causing a phase transition is 1.6, which gives an equal pressure
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Figure 4. (a) RT PLE spectra, (b) PL spectra, and (c) positions of excitation bands and narrow line emission vs x content of Ga,_,Sc,05:Cr** for x
= 0—0.87. Pressure-dependent (d) PLE and (e) PL spectra and (f) positions of excitation bands and narrow line emission vs pressure for GSOC (x
= 0.87). PL spectra were recorded upon excitation at 442 nm, and PLE spectra were observed at maximum luminescence.

of ~55 kbar, a quite broad range in the case of chemical
pressure. Figure 3b compares the C and B parameters for CP
(cyan color) and MP (orange color). Surprisingly, the C values
match ideally for CP and MP. In the case of B values, there is
little difference in slope for CP and MP, but they still fit
satisfactorily. These results show that, in this case, CP has the
same tendency as MP. In this case, matrix modification does
not significantly influence the chemical bond character as it
would take place by substituting ions in the first coordination
zone. In our case, we consider it an ion substitution in the
neighboring unit cell, which changes the crystal volume and
chemical bond characteristics, like mechanical pressure does.

Figure 3c compares the “E and *T, state changes obtained
by CP and MP. The behavior of the *T, state is quite similar,
while the slope for the E state is slightly different. The MP, in
this case, is equivalent to the CP, which is schematically shown
in Figure 3d.

2.2. Ga,_,S¢,05:Cr**. Figure 4a shows the room-temper-
ature PLE spectra of Ga,_,Sc,0;:Cr** (GSOC; x = 0, 0.2, 0.4,
0.6, 0.8, and 0.87) observed at maximum luminescence, where
the x = 0 sample is the previously described Ga,0;:Cr’*
sample. With an increase in x, excitation bands related to the
*A, — *T, and *A, — *T, transitions shift toward lower
energies, which is the opposite to the GAOC samples. Such an
effect is expected due to the reduction in crystal field strength
Dq in the vicinity of Cr’* ions caused by the incorporation of
larger Sc ions in place of Ga ions.

Figure 4b shows the PL spectra of GSOC upon excitation at
442 nm. Codoping with Sc causes a red-shift of the emission
spectra related to the *T, — *A, transition. The *E — *A, line
transition is visible only for samples with low scandium content
(x = 0and 0.2).

The energies of the *A, — *T, and *A, — *T, transition
maxima were determined from excitation, and those of the *T,
— *A, transition from the PL spectra. It is possible to
determine the maxima of the 2E — “*A, transition at room
temperature only for x = 0 and 0.2 samples. For other samples,

we took the position of the E state from the luminescence at
10 K shown in previous studies.”” Because of the temperature
shift of the *E state, we checked the energy difference of this
state in 10 K and RT for x = 0 and 0.2. Assuming that the
temperature shift is the same for all samples (3.5 nm), we
estimated the position of the E state at RT. The results are
shown in Figure 4c. The errors are contained in the size of the
points. As x increases, the locations of the *A, — *T, and *A,
— *T, excitation bands and the *T, — *A, emission bands
shift linearly toward lower energies. The parameters acquired
from the linear fit are listed in Table S2.

Panels d and e of Figure 4 show pressure-dependent PLE
upon observation at a maximum luminescence and PL spectra
upon excitation at 442 nm for the sample with the highest Sc
content (GSOC; x = 0.87). The *A, — *T, and *A, — *T,
excitation bands shift toward higher energy (Figure 4d). A
similar pressure-induced blue-shift has also been observed for
the PL spectra related to the “T, — *A, broadband emission
for pressures of <104 kbar. For higher pressures, only narrow
line emission is observed, and this is due to the increase in
energy separation between the *T, and ’E states and phase
transition. After pressure is released, the emission spectra are
slightly different and shift toward lower energies. Similar to the
case in GAOC, in GSOC, the pressure-induced phase
transition occurs at ~100 kbar and is irreversible.

Due to the experimental setup limitation, we could not
correctly record the *A, — *T) transition band up to 92 kbar.
For pressures of <100 kbar (f phase), we estimated the energy
of the *A, — *T, and *A, — *T, bands from the *T, — *A,
transition from PL spectra in Figure 4e and summarized in
Table S2. The energy difference between the ‘A, — *T, and
4A2 — *T, transitions does not change, and SAw increases very
slightly with pressure. However, we assumed that the pressure
changes in SAw are small enough to be neglected in further
analysis (the assumption is compatible with the stable full
width at half-maximum under high pressure). A comparison of
the *A, — *T, and *A, — *T, energies for the f phase
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Figure 5. Comparison of the (a) Dq value, (b) C and B parameters, and (c) 2E and *T states for mechanical and chemical pressure. (d) Schematic
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estimated from PL spectra and taken from PLE spectra is
shown in Figure 4f, indicating good agreement. To compare
the CP and MP, only the S phase is considered, and the
pressure shift of the @ phase is shown in the Supporting
Information. The pressure dependence of the *A, — *“T}, *A,
— *T,, and *A, — *T, transitions is presented in Figure S4a,
and the energy of the R line is shown in Figure S4b. The errors
are within the point size. Linear fitting was performed to
estimate the ‘A, — *T| and *A, — *T, energies, and the
parameters of the linear shift caused by MP before and after
the phase transition are listed in Table S2, together with the
parameters of the linear shift caused by CP.

Figure S4c shows the Dq, B, and C values for the applied CP,
while Figure S4d those for MP, calculated using eqs S1 and S2.
As x increases, as expected, Dq decreases (increasing the Cr—
O distance) as does the B parameter, while C increases, which
is the opposite of the case for GAOC. As the pressure
increases, the Dq parameter increases as expected while the
values of B and C decrease. In the case of chemical pressure,
we also observe the opposite behavior for B and C parameters,
the same as for the GAOC sample.

Figure Sa compares the Dq values obtained using CP (cyan
color) and MP (orange color). Codoping of Ga,O; with Sc
causes a decrease in the crystal field strength, opposite, when
mechanical pressure is applied. On the contrary, reducing the x
content of Sc in Ga,_,Sc,0;:Cr’* from 0.87 to 0.0 causes a
decrease in the unit cell volume from 231.9 to 209.5 A3, and
the Dq value increases from 1510 to 1670 cm™ (cyan dots). It
is equivalent to the change in MP from atmospheric pressure
to ~110 kbar (changing x to 0.1 is equivalent to applying an
MP of 12.6 kbar).

Figure 5b compares the B and C parameters, while Figure Sc
compares the *E and *T state changes for CP (cyan color) and

MP (orange color). The behavior of C and the *T, state are
similar for both CP and MP, while the B parameters and *E
state have the opposite tendency. In the case of chemical
pressure, the behavior of the E state with Sc codoping is the
opposite of what is expected. As Dq increases (the x content
decreases), the °E state shifts toward higher energies (blue-
shift) and not toward the expected lower energies (red-shift).
Along with the decrease in x content, the Cr—O distances
decrease. Nevertheless, the local environment changes, as well,
and this change in the local environment has a more
substantial influence on the behavior of the *E state, weakening
the nephelauxetic effect even though decreasing the distance
should increase it. This shows that CP and MP are not
equivalent to Sc-doped Ga,0Os.

In conclusion, it is seen that for the sample codoped with Al,
the effect of CP and MP is equivalent, which means, as
described previously, that matrix modification by Al does not
significantly influence the chemical bond angles. In the case of
Sc-doped samples, CP and MP do not follow the same
tendency. The Sc ion may strongly influence the chemical
bond lengths and angles, causing changes in lattice distortion.
The codoping by scandium changes the structure, as confirmed
by Raman spectra, which will be discussed below. By applying
pressure for GSOC, we reduce the volume of the cell, but we
cannot reverse the distortion caused by the codoping. The MP,
in this case, is not equivalent to the CP, which is schematically
shown in Figure 5d.

2.3. Raman Spectra. Figure 6a shows the x-dependent RT
Raman frequency values for x = 0.0 (GOC), 0.2, 0.4, 0.6, 0.8,
and 0.87 at room temperature and ambient pressure. The
GOC (x = 0) sample shows 11 Raman lines from 100 to 900
cm™!, with the most intense line at 201 cm™, which agrees
with the literature.***"*> The values of the Raman peaks are
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Figure 6. Raman spectra of Ga,_,Sc,04:Cr** for different values of x
(0—0.87) under room conditions.

listed in Table S3. The observed Raman peaks can be classified
into three groups: (i) libration and translation of the Ga,O,
chains for the (1)—Ag(3), Bg(l), and Bg(z) modes, (ii)
deformation of the Ga,O, and Ga;O4 chains for the Ag(4)—
Ag(6), Bg(3), and Bg(4) modes, and (iii) stretching and bending of
the Ga;O, chains for the Ag(7)—Ag(10) and Bg(5 modes.®” With
an increase in x, the Raman peaks broaden up to x = 0.6, and
for higher values of x, they begin to be well resolved again. The
broadening of the Raman peaks in the spectra with an increase
in x suggests an increase in the degree of environmental
disorder and an increase in the distribution of lattice vibration
energies in the crystal up to x = 0.6. With a further increase in
x, ordering in the crystal structure appears, which is proven by
spectroscopic studies by Fang et al.”’ Additionally, the Raman
peaks shift with an increase in x (see Figure SS) and the linear
shift parameter is summarized in Table S3. All Raman peaks
shift toward lower energies, except the Bg(z) mode, which shifts
toward higher energies. Incorporation of Sc** with an atomic
weight (44.96 u) lower than that of Ga®* (69.72 u) is expected
to cause a shift of the Raman peaks toward a higher
wavenumber. However, increasing the interatomic distance
by incorporating larger Sc** ions in place of Ga®* ions leads to
a decrease in the Raman peak frequencies. The observed shift
in the Raman spectra of GSOC is a combination of both
effects. For the x > 0.8 samples, there is a significant difference
in the intensities of the Raman peaks, where the most intense
line for GSOC is located at 457 cm™". Furthermore, the line at
142 cm™" disappears, and an additional line appears in the
Raman spectra at 561 cm™!, which is not observed in the GOC
Raman spectra. This line is related to the scandium codopant
(Sc—O Raman mode). The change in the Raman spectra for x
> 0.8 samples confirms the previously discussed change in
crystal structure with Sc codoping.

Theoretical calculations were performed to support the
experimental data. From the calculation studies of Ga,0O;,
there are 30 vibration modes, where 15 are Raman-active and
1S are IR-active modes. The lattice parameters of the studied
materials used for calculation are listed in ref 20.

Figure S6 shows the experimental Raman spectra with the
theoretically calculated Raman spectra of GOC and GSOC for
x = 0.87 at room temperature and ambient pressure. In many
cases, the relative intensities of Raman modes can be correlated

with the type of atomic displacement involved. The
substitution of Ga by Sc is expected to decrease the overall
mass and is likely to lead to a decrease in Raman intensity.
Vertical ticks in panels a and b of Figure S6 indicate the ab
initio-computed frequencies of first-order Raman-active modes.
The frequency values of the calculated and experimental
Raman modes are listed in Tables S4 and S5 for GOC and
GSOC (x = 0.87), respectively. Panels ¢ and d of Figure S6
show the theoretically calculated intensities of the Raman
modes. We can see that the experimental Raman spectra agree
satisfactorily with the theoretical prediction for GOC and
GSOC.

Theoretical and experimental high-pressure investigations of
Raman spectra were also performed. The analysis and
discussion can be found in the Supporting Information.

3. CONCLUSIONS

This study focuses on the comparison between chemical and
mechanical pressure for two reference series of samples:
Ga,_,AlLO;:Cr** (GAOC; x = 0-2; step 0.2) and
Ga,_,Sc,05:Cr** (GSOC; x = 0—087; step 0.2). We found
that GAOC exhibits qualitatively the same behavior, while
GSOC exhibits different behavior of chemical and mechanical
pressure dependences of the luminescence properties. In the
case of Al, we can consider it as ion substitution in the
neighbor unit cell, which changes the crystal properties like
mechanical pressure does. Codoping of Ga,O; with Sc ions
causes lattice distortion in the Cr’* local environment, and by
applying pressure for GSOC, we reduce the volume of the cell;
however, we cannot reverse the distortion caused by the
codoping.

Additionally, for GAOC, the x- and pressure-dependent
energy diagrams were calculated, considering the change in
Racah parameters with pressure. The energy structure
diagrams presented in the paper show a decrease in the
energy of the excited levels belonging to the t,* crystal field
configuration (*E, °T), and *T,) with an increase in Dq (in the
case of both pressure- and x-dependent results). This behavior
is consistent with the observed change in the direction of the
’E — “*A, transition. It seems correct that a high-pressure
experiment involving Cr’* and other transition metals should
be performed using the method and diagrams presented in this

paper.

4. EXPERIMENTAL METHODS

4.1. Spectroscopic Characterization. RT photoluminescence
excitation (PLE) spectra were recorded with a FluoroMax-4P
spectrofluorometer (Horiba) equipped with a 150 W xenon lamp as
an excitation source and a model R928 Hamamatsu photomultiplier
as a detector.

The pressure-dependent emission spectra were recorded using an
Andor SR-750-D1 spectrometer equipped with a CCD camera
(DU420A-OE) and a Kimmon Koha He—Cd laser at 442 nm.

The decay profiles were measured using a time-resolved spectros-
copy apparatus consisting of a PG 401/SH optical parametric
generator pumped by a PL2251A pulsed YAG:Nd laser (EKSPLA).
The detection comprises a 2501S grating spectrometer (Bruker
Optics) combined with a C4334-01 streak camera (Hamamatsu).
Data were recorded as streak images on a 640 pixel X 480 pixel CCD
array. Software based on the photon counting algorithm transforms
the result into a two-dimensional matrix of photon counts versus
wavelength and time (streak image).63

Raman spectra were recorded using a confocal micro-Raman
system equipped with a microscope and a Horiba Jobin Yvon Lab
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Ram Aramis spectrometer with a laser providing excitation light at
532 nm with a 1800 I/mm grating.

High-pressure luminescence measurements were performed in a
screw-driven Merrill-Bassett-type diamond anvil cell with a 0.5 mm
diamond culet diameter.* The gasket for the pressure chamber was
preindented to 0.07 mm. A hole with a diameter of 0.2 mm was
drilled in the center of the indentation. KMgF;:0.5%Eu*" was used as
a pressure sensor,”> and polydimethylsiloxane oil was used as a
pressure-transmitting medium.

4.2. Energy Diagram Calculation. The energy levels were
calculated by diagonalizing the Hp + H,, Hamiltonian matrices for
the respective subterms (matrices 1—8 in the Supporting
Information).**®” The matrix row describes a given subterm of the
crystal field and can have dimensions from 1 to 5. The row of the
above matrix is associated with mixing crystal field subterms with the
same symbol, derived from different atomic terms and, in particular,
from different crystal field configurations. For such subterms, the lines
in the energy diagram are curved (a similar phenomenon occurs in
T—S diagrams). Details of the calculation methods are described in
ref 68.

4.3. Theoretical Ab Initio Simulation Details. Ab initio
calculations for - and @-Ga,O; were performed within the framework
of density functional theory.”” This work used the generalized
gradient approximation (GGA) with the Perdew—Burke—Ernzerhof
parametrization for solids (PBEsol) for the exchange and correlation
energy.”® A dense Monkhorst—Pack grid of special k-points” (6 X 6
X 6 for the C phase and 4 X 4 X 4 for the A and B phases) and a
plane-wave basis set with energy cutoffs of 530 eV were used. This
ensures convergence of 1 meV per formula unit for the total energy.
For each phase, the lattice parameters and atomic positions at selected
volumes were fully optimized by calculating the forces on the atoms
and the stress tensor. The optimization criterion was to relax the
configuration until the deviations of the stress tensor from the
diagonal form were <0.1 GPa. The forces on the atoms were <0.004
€V/A. The stress for each volume and theoretical pressure P(V) were
obtained through this process. The set of accurate values of energy
(E), volume (V), and pressure (P), provided by calculations, allows us
to derive the enthalpy (H) as a pressure function H(P) and to
determine the relative stability of the phase under study and the
transition pressure. Lattice-dynamical properties were obtained for the
I point using the direct force constants approach at several
pressures.”” The diagonalization of the dynamical matrix, which
requires separate calculations of highly converged forces, provides the
frequency of the Raman and infrared modes. These calculations also
allow the identification of the symmetry and eigenvectors of the
vibrational modes for the considered structure. The Raman spectra
were simulated using Phonon’> under nonpolarized light and
polycrystalline sample conditions.
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function of x and pressure for GOC («x = 0) in the @ and
/ phases together with the Dq/B behavior (Figure S2);
comparison of the Dq values for chemical and
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calculated positions of two excited states from emission
spectra and the position of the R line versus pressure;
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(Table S2); x-dependent spectral positions of the
Raman peaks of the phonon modes of -Ga,0; (Figure
SS); experimental and theoretical Raman spectra of
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of selected Raman peaks (Table S3); theoretical and
experimental zero-pressure frequencies ®, and linear
pressure coefficients a of the Raman-active modes in the
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observed in GOC and GSOC (x = 0.87) (Figure S7)
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Energy diagram calculation

4A2 (123):

[-15B] 1)

4T2 (22(3T1)e):

[10Dq — 15B] 2

2A1 (122(1E)e):

[10Dq — 11B + 3C] (3)

2A2 (122(1E)e):
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4T1 (22(3T1)e, 12e2(3A2)):

10Dq — 3B 6B 5
[ 20Dq — 1213] (5)
2E (23, t2e2(1A1), 122(1E)e, €3):
—6B + 3C —6V2B —-3v2 0
10Dq + 8B + 6C 10B V2(2B + C) ©
10Dg—B + 3C 2V3B
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10Dq + 4B + 3C —/3B V3B 7
20Dq + 6B + 5C 10B
20Dq — 2B + 3C

2T1(t23, 122(3T1)e, 122(1T2)e, t2e2(3A2) , 2e2(1E)):
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[-6B +3C —3B 3B 0 —2V3B

10Dq + 3C -3B 3B 3v3B
10Dg - 6B + 3C —3B —/3B ®)
20Dq — 6B + 3C 2V3B
20Dq — 2B + 3C

Crystal field Dg, Racah B and C, and ; parameters
The energy of the excitation band maximum of the *4,—*T> transition equals 10Dg. Racah

parameters B and C can be calculated from the equations:!

AE7? AE
D ] D
B = Dg—1 1 (S1)
15 (E—S)
Dq
B (E(%E - *4,) B
C—3.05{ 5 —7.9+1.8D—q , (52)

where AE is the difference between the energy of the “4,—*T) and *4>—*T> transitions.
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RESULTS
Gaz.«Al,O3:Cr*
Table S1 Linear shift parameters for optical transitions in GAOC for chemical and mechanical

pressure for the - and a-phases.

chemical pressure  mechanical pressure

-phase -phase a-phase
B-p p p

Ex=0) dE/dx  E(p=0) dE/dp Ep=0) _ dE/dp
(cm™)  (cm™) (cm™) (cm’!/kbar) (cm™) (cm!/kbar)

E (‘A2 —*T) 22568 660 22 568 17.9 23 425 10.2
E (‘A2 —*T)) 16439 412 16 439 12 16 996 7.8
E (CE—*A) 14328 -22 14 328 -1.34 14 330 -0.9

00 05 10 15 20 0 50 100 150 200 250 300
x pressure (kbar)

Figure S1 Dgq, B, and C depend on (a) x content (CP) and (b) pressure (MP) for - and a-phases.
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Figure S2 Extrapolated pressure-dependent Dg, B, C, and f§ parameters in the 0-500 kbar range

for the (a) f-phase and (b) a-phase for GAOC. The energy structure diagram of all subterms of the

d? configuration of the Cr®* ion as a function of (c) x and p for GOC (x = 0) in the (d) a- and (e) -

phase together with the Dg/B behavior.



300

250
s
5200—
®150-
a2 x=16
3100- L
o
501 e
_\OV

1700 1800 1900 2000
Dq (cm™)

Figure S3 Comparison of the Dg value for chemical (changing x content in the range 0-1.6, cyan

dots) and mechanical pressure (changing pressure from 0-300 kbar, orange line).
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Figure S4 The experimental and calculated position of two excited states from emission spectra

and (b) the position of the R-line vs. pressure. Dg, B, and C, parameters dependence on (c) x

content (CP) and (d) pressure (MP) for f-phases. The size of the dots corresponds to the position

determination error.



Table S2 Linear shift parameters for optical transitions in GSOC for chemical pressure and

mechanical pressure for the - and a-phases.

chemical pressure

mechanical pressure

p-phase [-phase o-phase
E(p=1Dbar)

E(x=0)  dE/dx o dE/dp E(p=1bar) dE/dp

(cm™) (cm™) (cm™'/kbar) (cm™) (cm™'/kbar)
E (A4, —*Ty) 22831  -1839 21230 12.5 22207 8
E(A:—*T) 16554  -1609 15153 12.6 13 871 17
E CE—*4,) 14429  -26.41 14 405 -1.5 14 350 -0.72
E (‘T:—*4y) 13495  -1497 12 196 13.3 - -
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Raman spectra
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Figure S5 Shift of the Raman peaks in f-Gax.«Sc,O3:Cr** at room temperature as a function of the

Sc concentration (x).
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Figure S6 (a, b) The experimental Raman spectra of GOC and GSOC x = 0.87, and (c, d) simulated
Raman spectra of GOC and GSOC x = 1.0. Vertical ticks in a and b indicate the ab initio computed

frequencies of first-order Raman-active modes.

1

Table S3 Experimental RT frequencies of the Raman peaks of pure f-Ga,0s, given in cm ™, and

its spectral shift rate, 0= dw/dx, upon increasing Sc concentration (x) as obtained by linear fitting

w=wo+o-x.
Raman Ag(l)’ ) ?) [€)) “@ ®) A3) (6) ) ) ) ) (5) (10)
mode Bg(l) Bg Ag Ag Ag Ag ,Bg Ag Ag ,Bg Ag Ag ,Bg Ag
@o(em™)  108+1 14241 1671 1981  318+1 344+ 41551 473+l 62945  655+1 76441
0 (cm™) 1622 1242 -10+2  -5.8405 - - 9.6£0.1 2242 867  -45+5 2441
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Table S4 Theoretical (The.) and experimental (Exp.) zero-pressure frequencies, wo, and linear

pressure coefficients, y = dw/dp, for the Raman-active modes in the f-phase of GOC.

Raman mode The. Exp. The. ) Exp.i

oo (cm™) o (cm™) y cm”!/kbar) y cm™!/kbar)
Ag 105 108
Bg 108 108
Bg® 140 142
Ag® 160 167 0.045+0.003 0.04+0.01
Ag® 189 198 0.084+0.001 0.088+0.004
Ag® 306 318
Ag® 335 344
Bg® 340 344 0.345+0.003 0.32+0.02
Ag® 384 414 0.164+0.005 0.155+0.005
Ag? 450 473
Bg® 459 473
Ag® 599 629
Bg® 625 655
Ag? 628 655
Agl® 731 766 0.448+0.008 0.44+0.1




Table S5 Theoretical (The.) and experimental (Exp.) zero-pressure frequencies, o, with the error

and linear pressure coefficients, y = dw/dp, for the Raman-active modes in the S-phase of GSOC,

x=1.0 and x = 0.87, respectively.

Raman mode The. Exp. The. Exp.

wo (cm™) wo (cm™)  y(cm!/kbar)  y (cm !/kbar)
Ag(l) 89 -
Bg) 97 100
Bg? 152 163 0.042+£0.002  0.019+0.003
Ag® 170 -
Ag® 185 195 0.087+0.003  0.085+0.005
Ag® 315 337 0.1620.01 0.20+0.02
Ag® 341 375
Bg® 352 375 0.375+0.001  0.35+0.01
Ag® 406 424 0.407+0.002  0.33+0.02
Ag? 428 457
Bg® 438 457 0.298+0.001  0.349+0.007
Ag® 528 561 0.494+0.004  0.43+0.01
Bg® 580 607
Ag? 603 636
Agl® 720 747 0.438+0.006  0.36+0.01
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Pressure dependence of Raman spectra
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Figure S7 Pressure-dependent experimental Raman spectra of (a) GOC and (b) GSOC. Pressure-
dependent experimentally and theoretically calculated frequencies of the Raman-active modes
represented by symbols and lines, respectively, observed in (¢) GOC and (d) GSOC, x = 0.87.
Black dots in (¢) correspond to the Raman frequencies of the a-phase in the ambient environment

after decompression. In the case of the GSOC sample, the calculation vere performed for x = 1.0.

Figures S7 a and b show the pressure dependence of Raman spectra for GOC and GSOC. The

Raman lines marked by the asterisk (*) come from the medium used. It is seen that the Raman
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modes are visible up to 155 and 225 kbar for GOC and GSOC, respectively. Figures S7 c and d
show the pressure dependence of the Raman-active modes for GOC and GSOC, respectively. The
experimentally (dots) and theoretically obtained (solid line) frequencies of the Raman peaks are
represented as a function of pressure to confirm the mode identification. All Raman frequencies
increase linearly with pressure. As observed, the frequencies and pressure coefficients of the most
intense Raman modes agree with those theoretically expected, so we obtain a good correlation
with a match between the experimental and theoretical frequencies and pressure
coefficients. Tables S4 and S5 summarize the theoretical and empirical frequencies and pressure
coefficients from a linear fitting w=wo+a-p, y = dw/dp (red dashed line) for the GOC and GOCS,
x = 0.87, respectively. Their determined pressure coefficients vary greatly from 0.044 cm™!/kbar
Ag?® to 0.44 cm '/kbar Ag'? for GOC and 0.019 cm™!/kbar Ag® to 0.43 cm !/kbar Ag®. The
data gathered in Tables S4 and S5 show the order of magnitude smaller linear pressure coefficients
y for the group (i) libration and translation of the GajO4 chains than for group (ii) deformation of
the GaiO4 and GanOs and (ii1) stretching and bending of GajOs.

After compressing the sample up to 300 kbar and decompressing, the spectra are shown in
Figure S7 a and ¢ for GOC and GSOC, respectively (orange color). We can see that for the GOC
sample, the Raman spectra changed significantly. This Raman spectrum is typical for Ga;Os in the
a-phase.? This indicates the phase transition (previously shown by luminescence spectroscopy).
Additionally, in the GOC sample, PT occurs for all crystal volumes, and there is no mixing phase.
We could not observe the exact pressure of the phase transition because of the weak intensities of
the Raman spectra at high pressure. The luminescence studies show that the phase transition occurs
at approximately 100-120 kbar (see Figure 1 d and f). However, we did not detect any Raman

peaks of the a-phase at 100-120 kbar. The local structure around the Cr** ion (local phase
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transition) changes faster than the PT of the whole structure. The Cr*>* ion luminescence is sensitive
to local changes, so we can observe the change in the local phase transition faster than the Raman
spectroscopy, which is sensitive to global vibration changes. For the GSOC sample, the spectra
after decompression still resemble the Raman spectra of Ga;Os3 in the f-phase (but the signal is
broadened and much weaker). Because luminescence spectroscopy showed that the phase
transition occurs (change in emission spectra before compression and after decompression, see

Figure 4 d), the Raman spectra after decompression (orange line) are the mix of a- and f-phase.
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ABSTRACT: Near-infrared (NIR) phosphor-converted light-
emitting diodes (pc-LEDs) are a highly efficient perspective NIR
light source, with application hindered by a narrow emission band.
In this work, we broaden the emission of a new series of NIR
phosphors by controlling crystal structure disorder through cation
cosubstitution. By substituting Ga®>" with (Al esIng3,)*", we create
a Ga,_,(AljgsIng3,),05:Cr’" phosphor series in which the average
crystal size is maintained, while cation disorder varies. The
increased deviation of the cation radii in the substitution leads to
increased electron—phonon coupling, with a resulting emission
spectrum covering the 650—1000 nm range with a 30% increase in
the emission full width at half-maximum (FWHM) and a relatively
high internal quantum efficiency of ~80%. A transition from the
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phase to the a phase, which differs in structure from the undoped parent, is created by the application of high pressure and possesses
ultra-broad-band emission and an FWHM of ~190 nm. This work shows that the emission bandwidth can be controlled through
disorder and its influence on the Stokes shift, as captured by the effective Huang—Rhys factor.

B INTRODUCTION

Near-infrared (NIR) light sources are becoming increasingly
popular due to their varied applications in areas including food
analysis, bioimaging, and plant cultivation, as a result of their
high sensitivity, relatively deep penetration, and low light
scattering.F7 With the growing demand for NIR light sources,
traditional incandescent bulbs and halogen lamps are
decreasing in popularity because of their low efficiency, high
cost, and high operating temperature.” Phosphor-converted
light-emitting diodes (pc-LEDs) are composed of phosphor
materials coated onto blue LEDs and are both highly eflicient
and of small size, enabling application in portable devices.” To
fulfill the full potential of these devices, NIR phosphors with
highly efficient broad-band emissions are required.

An ideal NIR phosphor emits light in the emission window
of 650—1350 nm with a high full width at half-maximum
(FWHM) and internal quantum efficiency (IQE). Unfortu-
nately, no materials developed thus far achieve these metrics.'’
Typical NIR phosphors can be categorized into types I and
IL"" Type I NIR phosphors have high efficiency but low
FWHM, whereas type II have relatively low IQE, but excellent
broad-band emission.'*"* For practical application, phosphors
with characteristics between these two must be developed,
either by broadening the emission spectrum of type I
phosphors or enhancing the efficiency of type II materials.

© 2022 American Chemical Society

WACS Publications

10190

The current work targets broadening of the emission of the
Gay g5_.(AlggsIng35),05:0.02Cr*" series of type I phosphor
materials.

Attempts to broaden the FWHM of type I phosphors have
focused mostly on tuning the crystal field strength of the
activator by lattice expansion, thus broadening the emission
spectrum with a red shift."* However, lattice distortion and
structural disorder can enhance the electron—phonon coupling
and the degree of crystal field energy splitting, thereby also
leading to a broader emission spectrum.’

Previous studies report Ga,05 to have highly efficient (IQE
> 90%) NIR emission with a maximum emission peak at 715
nm using a Cr** activator.'® Broadened emission is found for
the Ga,_,Sc,05:Cr** and Ga,_,In,05:Cr** material series,"”"®
while lattice shrinkage in Ga,_,Al,O5:Cr’" narrowed the
emission spectrum.19 Accordingly, we explore the influence
of structural disorder on the emission by introducing cation
substitution into the Ga,O; system.
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Figure 1. Structural characterization of Ga, gg_,(AlggsIng3,),05:0.02Cr*". (a) Schematic of doping in the crystal structure of Ga,05 (ICSD entry
#34243) with space group symmetry C2/m. Oxygen is shown in red. (b) XRD and (c) NPD data of Ga, g5_,(Aly¢sIng3,)05:0.02Cr** at x = 0.8
with the corresponding refinement profile. The figures of merit are the profile R-factor R, the weighted profile R-factor R, and the goodness of fit
(GOF). (d) Lattice parameter and cell volume of the Ga, o5_,(Alj ¢sIng3,),03:0.02Cr”" series. Lines through points are a guide to the eye and errors
are smaller than the points. (e) Site occupancy (%) of Al and In, and (f) % of total Al and In at Gal and Ga2 sites in
Gay (Al gsIng 3,),05:0.02Cr*. Lines through points are a guide to the eye. (g) Cr K-edge EXAFS data of Ga,g5_,(AlygsIngs;),03:0.02Cr.

We explore the Ga,_,(Alyglngs,),05:Cr’* series in which
the average radius of Alyglnys, matches that of Ga®' and
crystal structure disorder may change while maintaining crystal
volume.””*" We synthesize and study the structure and
luminescence properties of the series, provide the theoretical
link between the two, and demonstrate the potential
application of the Ga, ;5(Alys4lng,s6)05:0.02Cr* (x = 0.8)
material in a NIR pc-LED.

B RESULTS AND DISCUSSION

Structural Analysis. -Ga,0; is monoclinic with the C2/m
space group, with Ga at four-coordinate tetrahedral Gal (4i)
and six-coordinate octahedral Ga2 (4i) sites (Figure 1a). X-ray
powder diffraction (XRD) of Gajgg_,(Aljeslngs,),Os:
0.02Cr* (x = 0—0.9; Figure S1) shows that replacing Ga
with Al 4Ing 3, yields a phase pure material isostructural to f-
Ga,0; until x = 0.9.

We investigate the Ga, g5_,(Aly¢sIng3,)05:0.02Cr*" (x = 0—
0.8) structure using synchrotron XRD (S-XRD) and neutron
powder diffraction (NPD), with joint Rietveld*” refinement
results shown in Figures S2 and 1b—d and Tables S1 and S2.
The lattice is expectedly influenced by In and Al substitution,
with a and b increasing and c¢ slightly decreasing with
increasing x. A maximum increase of 0.468(5)% occurs for a,
with an increase in volume V of <1%, much smaller than those
for Ga,_,Sc,05:Cr** and Ga,_,In,0;:Cr’* systems.'*"”

The occupancies of substituents at Gal and Ga2 sites are
determined using Rietveld refinement shown in Figure lef,
and Table S1. Preference for the six-coordinate octahedral Ga2
site occurs for In at x > 0.3, with only some In occupying the
Gal site. Note that at a coordination number (CN) of 4, the
radius of In** is 0.62 A and is 0.8 A at a CN of 6, these being

10191

larger than those for Ga** (0.47 A at CN = 4 and 0.62 A at CN
= 6).”’ Conversely, AI** is smaller than Ga*", being 0.39 A at
CN = 4 and 0.535 A at CN = 6, and we find a slight preference
for Al at Ga2 sites.”” Notably, we find Al saturates at the same
occupancy at Gal and Ga2 sites, at an amount similar to In at
Ga2 sites (Figure le). The convergence of the preference of Al
at both sites is ascribed to the strong preference of In for Ga2
sites (Figure 1f), where larger In is compensated by smaller Al,
expanding a4, as the pair (AP’*—In’") is slightly larger than
(Ga**—Ga™).

Cr valence was probed using X-ray absorption near-edge
structure (XANES) analysis (Figure S3) with extended X-ray
absorption fine structure (EXAFS) analysis used to determine
Cr bonding (Figure 1g). Given that six-coordinate Cr’* has a
similar radius (0.615 A) to Ga®', it emits light in the NIR
region only at octahedral sites, and we, therefore, assume that
Cr** occupies the Ga2 site.”> > The EXAFS feature at the
smallest distance can be attributed to the O*>” environment,
with a second feature at approximately 3 A attributable to
metal environments, arising from Ga in the sample of x = 0.
Each Ga2 site comprised seven tetrahedra and four octahedra
(Figure S4). Considering elemental site occupancy, we
calculate the weight difference surrounding Cr** (Table S3)
and note a drop in the intensity of the backscattering signal
commensurate with this, further evidencing the Al/In
substitution. Also, the decrease in intensity for both features
can be attributed to the enhanced destructive interferences
ascribed from the disordered environment for Cr*.

Raman spectra of the series at room temperature (RT) and
ambient pressure are shown in Figure SSa. Of the 30
vibrational modes, 15 are Raman active and 11 within 100—
900 cm™" with most at 200 cm™ (the Ag(3) mode).”**” Peaks

https://doi.org/10.1021/acs.chemmater.2c03045
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Figure 2. Photoluminescence properties of Ga; g5_,(AlysIng3,),03:0.02Cr** (x = 0—0.8) at room temperature. (a) PLE spectra with transitions
identified and shown offset in y for clarity, (b) emission spectra upon excitation at 450 nm with transitions identified, and (c) energies of peaks of
emissions from transitions shown in (a) and (b). Lines are linear fits through the points. (d) Calculated crystal field parameter Dq, Racah
parameters B and C, and nephelauxetic parameter f3;. (e) Comparison between SAi® and the degree of disorder (6) over x and full width at half-
maximum (FWHM) of emission, and (f) internal quantum efficiency (IQE) and FWHM with «. Lines through points are a guide to the eye.

broaden with increasing x, with only two lines resolved for
sample x = 0.8, suggesting a change in the local environment
and a more asymmetrical structure that increases the
distribution of vibrational energies in the crystal, indicating
increased disorder.”® Peak positions and their rate of shifts are
given in Figure SSb and Table S4.

Photoluminescence (PL). PL excitation (PLE) and PL
spectra of Ga; g5_(Aly¢sIng 3,),05:0.02Cr** (x = 0—0.8) at RT
are shown in Figure 2a,b, respectively. PLE spectra comprise
two excitation bands typical for six-coordinate octahedral Cr'*,
a higher energy band with a peak at 440 nm corresponding to
the *A, — *T| transition, and a lower energy band with a peak
at 620 nm corresponding to the *A, — *T, transition. Upon
excitation at 442 nm, narrow lines and broad-band emission
are observed simultaneously. A line emission at approximately
700 nm arises from the *E — *A, spin-forbidden transition,
also known as the R-line of Cr’*. The broad-band emission
extending from 650 to 1000 nm arises from the *T, — ‘A,
spin-allowed transition.

A red shift of the broad band and a blue shift of R-line
emission are observed with increasing x. A 62 nm red shift of
the broad-band *T, — *A, emission occurs from 722 to 784
nm. The red shift of excitation bands arising from *A, — *T,
and *A, — *T, is also observed but is significantly smaller than
the emission band, suggesting an increase in the electron—
lattice interaction parameter Sfiw with increasing x.

The intensity of the R-line emission decreases with
increasing x and is unobserved for x > 0.3. The energies for
maximum excitations arising from the ‘A, — *T, (black dots)
and *A, — *T, (green dots) transitions and *T, — *A, (orange
dots) and ’E — *A, (pink dots) transitions versus x are plotted
in Figure 2c. The rate of the shift in peak energies with x
obtained from linear fit to data in Figure 2c is presented in
Table SS.

Substitution of larger In** for Ga®* is expected to decrease
crystal field strength, and we calculate the crystal field
parameter Dq and Racah parameters B and C that quantify
Cr** 3d electron interactions,”>*’ with calculation details given
in the Supporting Information and calculated parameters in
Figure 2d. These parameters are calculated for the mixed Cr’*
environment arising from Al and In substitution, with the
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environment for Cr’* obtained for the Ga,_,In,0,:Cr’* and
Ga,_,Al O,:Cr*" materials.'®"’

We introduce the disorder parameter (o) as the deviation of
the radii of the elements doped, which quantifies the radii
differences from the parent material Ga,O; in the structure.
Though Lin et al. suggested ¢” as the parameter to quantify the
disorder effect, the square-rooted parameter ¢ has more
statistical meaning that serves as a better parameter to compare
with the disorder of the system.”" The calculation of ¢ can be
found in Table S6 and the comparison with the electron—
lattice interaction parameter SAw and FWHM is shown in
Figure 2e. The increase of o is highly correlated with increased
Shw with x, from 1470 to 1940 cm™, evidencing enhanced
electron—phonon coupling controlled through disorder. This
phenomenon broadens the emission peak, and the FWHM of
the emission peak is compared with IQE in Figure 2f.
Increasing inhomogeneity of the Cr’* surroundings with
increasing Al and In substitution increases both the emission
FWHM and Sfw, noting that values may be overestimated as a
result of reabsorption between inhomogeneous Cr** centers.
The FWHM of emissions from the series broadens from 114 to
148 nm, and IQE is maintained between 93 and 80%,
indicating promise for practical application. It is worth noting
that in comparison with the single-doped phosphor
Ga,_,In,0;:Cr*, the addition of AI** has almost doubled the
broadening effect under the same concentrations of In**.'*
Therefore, this has proved that the electron—phonon coupling
effect is essential in broadening emission spectra.

The decay of emission upon excitation at 440 nm at RT for
Gay gg_(AlygsIng35),05:0.02Cr*" is shown in Figure S6a.
Single exponential decay occurs for the sample without indium
and aluminum (x = 0) and is multiexponential for other
samples, likely arising from the inhomogeneous surroundings
of Cr’". The average decay time is calculated using the
following equation

~ [tI(t)dt
f = fI(t)dt (1)

where I(t) is the intensity at time ¢ and is shown in Figure S6b.
Replacing Ga®* for In®* expands the crystal lattice and reduces
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Figure 3. Streak camera images at, and emission spectra within, two time windows for emissions upon excitation at 440 nm from
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Figure 4. PL spectra between 100 and 550 K for Ga, gg_,(Alg sIng,),05:0.02Cr*" for (a) x = 0.1, (b) x = 0.4, and (c) x = 0.8. (d) The integrated
intensity of spectra in (a)—(c) is described (solid lines), yielding the probabilities of nonradiative and radiative transitions, p,, and p,, respectively,

and E, as the activation energy for the nonradiative process.

the crystal field around Cr*, in turn decreasing the energy of
the *T, state relative to the lowest excited state E. Thermal
occupation of the *T, state leads to increased broad-band
emission from the *T, — *A, transition and shortening of the
emission decay time as confirmed by the decay of RT
luminescence with x.

Temperature-Dependent Luminescence. The lumines-
cence properties of Cr’* in Ga,0O; are well known, therefore,
we focus on mixed-ion samples x = 0.1, 0.4, and 0.8.'0:17:3032
Streak camera images at 10 K upon excitation at 440 nm and
time-resolved emission spectra are shown in Figure 3, recorded
at time ranges of 10 ms for x = 0.1, S ms for x = 0.4, and 1 ms
for x = 0.8, along with emission spectra for two time ranges.
Previous studies of Ga,05:Cr’* show that its emission
spectrum does not change with time, indicating a single
luminescence center, unlike the time-dependent evolution of
luminescence spectra for Al- and In-substituted materials.'”
Moreover, the broadening of the R-line and Raman lines
compared with the sample at x = 0 and the relatively large
FWHM of the broad-band emission for the x = 0.1, 0.4, and
0.8 materials suggest a distribution of Cr’* short-range
environments. Rationally, at least two distinct luminescent
centers may exist, GaInOj:Cr**-like environments that produce
a shorter timescale emission (pink), and a GaAlO;:Cr’**-like
environment that produces a longer timescale emission
(green). As the mean crystal field strength decreases with x,
the relative intensity of the *T, emission increases, and its
average decay time decreases; however, *T, and *E emissions
occur simultaneously at 10 K.

Temperature-dependent PL spectra within 100—550 K for x
=0.1, 0.4, and 0.8 are shown in Figure 4a—c. For the sample of
x = 0.1 at 100 K, a dominant R, line, a thermally occupied R,

10193

line, and phonon sidebands are observed.””*"** Broad-band
emission intensity increases with temperature as electrons
activate from the *E to *T, state. At 250 K, the broad-band
emission dominates, and for samples of x = 0.4 and 0.8, it
extends from 650 to 1000 nm even at 100 K. With increased
temperature for sample x = 0.1, the intensity of the R, emission
increases relative to R;, until it dominates at a higher
temperature (200 K), as a result of the higher radiative
transition probability of R, than that of R; for strongly
distorted tetrahedral Cr**.** Notably, the R,/R; intensity ratio
does not exceed 1, indicating a lack of population inversion
between the R, and R, states. As expected for high «x, the
energy between the *T, and °E states is smaller than that for
low x, with thermal occupancy of the *T, state at lower
temperatures.

The temperature-dependent emission intensity of samples x
= 0.1, 0.4, and 0.8 within 77—570 K is shown in Figure 4d. For
x = 0.1, luminescence intensity is stable up to 300 K and starts
decreasing at a higher temperature. Emission intensity
decreases earlier with temperature for samples with higher x,
beginning at ~200 K. Data in Figure 4d are described by

1(0)
1+A exp(—f—;) )

where I(T) is the luminescence intensity at temperature T, k is
Boltzmann’s constant, I(0) is the luminescence intensity at T =
0 K, and E, is the activation energy for the nonradiative
process. A is a dimensionless constant equal to p./p,
probabilities of nonradiative and radiative transitions,
respectively. 1/p, = 7, the radiative lifetime of emission
obtained from the intensity decay at a low temperature. E,

I(T) =
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Figure 5. Pressure-dependent PL spectra for Ga, g5_,(Aly¢sIng ,),03:0.02Cr*" excited upon 442 nm at ambient pressure to 293 kbar for samples
(a) x = 0.1 and (b) x = 0.8. Data are offset in y for clarity. The gray line is the emission spectrum following the release of applied pressure. (c)
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dependence of the calculated average decay time.

relates to nonradiative de-excitation processes and is
independent of the *T,—’E energy difference. E, is 3760 +
140, 2200 =+ 60, and 1700 + 100 cm™! for x = 0.1, 0.4, and 0.8,
respectively, thereby increasing the thermally stimulated
nonradiative process and causing nonradiative relaxation. The
nature of the nonradiative de-excitation process is speculative.
Decreases in E, correlate with the decreased band gap with ,
where the nonradiative process may be related to the
ionization transition from excited-state Cr** to the conduction
band, consistent with the increased nephelauxetic effect as
calculated."®*>*® On the other hand, increased electron—
phonon coupling and the Huang—Rhys factor (S) induce
phonon-assisted cross-relaxation between excited and ground
states.”” The temperature-dependent decay of luminescence
intensity for selected samples is shown in Figure S7a—c. For
sample x = 0.1, emission from the forbidden state dominates to
100 K with a long decay time. At higher temperatures, the
broad-band emission (allowed transition) increases, and decay
time significantly shortens. For temperatures higher than 250
K, broad-band emission with a short decay time dominates. In
the case of samples x = 0.4 and 0.8, the broad-band emission is
significant at a lower temperature, causing a shorter decay time
compared with sample x = 0.1. The decay of luminescence
intensity at low temperatures is multiexponential owing to the
different Cr** environments.

The average decay times calculated using eq 1 as a function
of temperature for samples x = 0.1, 0.4, and 0.8 are shown in
Figure S7d. We find that the radiative lifetime is unaffected by
the thermal occupation of the *T, state for Cr’* at 10 K and is,
therefore, attributable to the ?E — A, transition, the
probability of which is influenced by the *T, state, owing to
spin—orbit interactions.*® Notably, the 10 K radiative lifetime
does not purely arise from the *E — *A, transition but is
affected by the faster *T, — *A, transition, where distributions
of the Cr** environment and crystal field lead to broad-band
emission with faster decay. With increasing x, the contribution
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of the *T, — *A, transition to luminescence intensity increases,
and the lifetime at 10 K decreases from 2.37 ms at x = 0.1 to
0.09 ms at x = 0.8.

Pressure-Dependent Luminescence. Pressure-depend-
ent PL spectra at RT upon excitation at 442 nm of samples x =
0.1 and 0.8 are shown in Figure Sa,b, respectively. Line and
broad-band emissions are observed simultaneously for the two
samples at ambient pressure. The strong influence of the *T,
state on crystal field strength leads to a substantial increase in
the energy of the *T, — *A, transition with pressure. For
sample x = 0.1, the maximum broad-band (*T, — “A,)
emission intensity shifts to shorter wavelengths (higher
energy) with increased pressure. Above 35 kbar, the broad-
band emission disappears and only the line emission is
observed, due to the low thermal population of the *T, state at
RT, with the emission arising from the ’E state. Similar effects
have been described for x = 0 in previous studies.'®** The
relative intensity of the R; and R, lines changes with applied
pressure, with the R, line intensifying. The emission spectrum
changes significantly between 124 and 160 kbar, with only one
line visible above 160 kbar, likely as a result of the -Ga,0;
(monoclinic) to a-Ga,O; (trigonal) phase transition, theoret-
ically calculated to occur at 95 kbar and observed
experimentally for a nanostructured material.”” According to
Lipinska-Kalita et al,*® the transition commences at 60 kbar,
and between 60 and 150 kbar, a combination of both phases
occurs. Other studies report the phase transition in the bulk
material to occur at approximately 200 kbar."' Furthermore,
since only one R-line is observable after the release to ambient
pressure rather than two broad R-lines, we eliminate the
possibility of only a change in disorder.

The energies of R; and R, lines as a function of pressure for
sample x = 0.1 is presented in Figure Sc (red points, opened as
R, and closed as R,), where shifts to longer wavelengths (lower
energy) occur with pressure. Linear fits data in Figure Sc yield
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Figure 6. Luminescence properties of a- and f3-Ga; g5_(Aly ¢sIng 3,),05:0.02Cr** with x = 0.8. (a) PLE spectra upon maximum emission at 30 kbar,
(b) PL spectra upon excitation at 440 nm, (c) pressure-dependent emission spectra excited upon 442 nm at ambient pressure to 230 kbar, (d) line
and broad-band emission and broad-band excitation shift with pressure along with linear fits, and (e) decay time at different pressures for sample x

= 0.8 (line through points is a guide to the eye).

slopes of —0.69 + 0.03 cm™'/kbar for R, and —0.81 + 0.05
cm™!/kbar for R;, and details are presented in Table S7.

Pressure-dependent PLE spectra of sample x = 0.8 are
shown in Figure S8a. The maxima of the two excitation bands
and broad-band (*T, — *A,) emissions from sample x = 0.8
shift to a shorter wavelength (higher energy) with pressure at
12.8 + 0.6 cm™!/kbar (*A, — *T)), 8.1 + 0.4 cm™'/kbar (*A,
— *T,), and 11.5 + 0.6 cm™"/kbar (*T, — *A,), and the R-line
emission shifts to a longer wavelength (lower energy) at —1.17
+ 0.04 cm™'/kbar, as shown in Figure Sc. The direction and
magnitude of the pressure shift of the E — *A, and *T, — *A,
transitions are in agreement with previous work.'®**** The
larger effect of pressure for sample x = 0.8 indicates a less rigid
structure that is more sensitive to compression, as consistent
with the lower pressure at which phase transformation occurs.

The pressure-dependent decay of luminescence intensity on
excitation at 440 nm for samples x = 0.1 and 0.8 up to 300 kbar
is shown in Figure S8b,c, respectively. The average decay time
(t,) calculated using eq 1 is presented in Figure Sd. The
pressure-induced increase in crystal field strength causes an
increase in the energetic separation of the *T, and E excited
states, reducing the occupancy of the higher *T, and leading to
elongation of the decay time in the low-pressure range up to
100 kbar. Between 100—200 kbar, the decay time decreases as
a result of the phase transition and the faster decay of emission
from Cr** in the trigonal phase. Between 130 and 240 kbar for
x = 0.1, a mixture of # and a phases is found, where the
reduced decay time in this region arises from increases in the
quantity of the a-Ga,O; phase. Similar behavior is observed for
the x = 0.8 sample, with the decrease in decay time occurring
at a lower pressure range (100—170 kbar).

Above 200 kbar at x = 0.1 and 150 kbar at x = 0.8, the decay
time for emissions arising from the E - *A, transition
increases. This effect can be explained by the degree of
admixing of the *T, spin-quartet state into the “E spin-doublet
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state. The admixture of spin-quartet *T, occurs as a result of
spin—orbit interactions and is responsible for lifting the spin
selection rule for the 2E — “*A, transition. The increase in the
separation of the *T, and ’E states diminishes the amount of
the admixture, lowering the probability of the *T, — *A,
radiative transition with pressure, as observed for
Ga, g5_,AL,04:0.02Cr>*."’

High-Pressure Phase. The phase transition from - to a-
Ga,0; occurs in these materials at elevated pressure. The f- to
a-Ga,0; phase transition is irreversible, and we note a
significant change in the emission spectrum after the release of
pressure compared to that before pressure application (gray
line in Figure Sa,b), suggesting that an a-
Ga, gg_, (Al gsIng 35),05:0.02Cr*" structure for x = 0.1 and
0.8 is obtained under high pressure in a diamond anvil cell.
The luminescence properties of such a system have not been
studied previously, although a-Ga,O;:Cr’* was studied by
Back et al.” a-Ga,Oj; is trigonal with the R3¢ space group
symmetry, as shown in Figure S9. The PLE spectrum for a-
and f-Ga, g (Al gsIng 3,),05:0.02Cr>* at x = 0.8 at 30 kbar is
shown in Figure 6a. The wavelength of the maximum intensity
of the *A, — *T| band emission is roughly in the same place
for both samples, whereas the “A, — *T, band of the a phase
occurs at longer wavelengths than those for the  phase, and an
inversion of the excitation-band intensities is observed between
the two phases as observed for Ga,05:Cr**.*’ This intensity
inversion arises from changes in radiative transition proba-
bilities, where the § phase has a higher radiative probability of
the *A, — *T| transition and the a phase has a higher A, —
*T, radiative transition probability. A similar phenomenon is
found for the radiative transition probabilities of the R; and R,
lines.

The PL spectrum for a- and f-Ga;gg_,(Alyeslngs,),Os:
0.02Cr*" at x = 0.8 (Figure 6b) shows an approximately 30 nm
red shift and an increase of the FWHM to 193 nm of the

https://doi.org/10.1021/acs.chemmater.2c03045
Chem. Mater. 2022, 34, 10190—10199


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03045/suppl_file/cm2c03045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03045/suppl_file/cm2c03045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03045/suppl_file/cm2c03045_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c03045/suppl_file/cm2c03045_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03045?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03045?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03045?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c03045?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c03045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

o 0.07 4
Ga2-x(AI0.68In0,32)x03 Gaz_x(A Iosal no}z)xos Gatss-x(AIn.sBInoAaz)xoz
— 4 5 0.064
s - —x=04 o Model: Curie-Weiss
3 S — x=05 % 0.054 x=0
S ] © J Xx=0.6 3 Tew =6.1210.32 K
~ . 0.04 4
% m —x=07 E Model: Curie-Weiss
=~ E —x=0.8 S 0.034 x=0.1
= = E Tew =2.06 £ 1.36 K
T —x=0.0 %< ~ 0.024
1 —x=041 g
x=0.2 4 30014 e exp: x=0
= = [ ] :x=01
J x=0.3 exp: x=0.
0.00 4 CW fit
T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600 50 100 150 200 250 300
B (mT) B (mT) Temperature (K)

Figure 7. EPR measurements of Ga, gg_,(Alg 6sIng3,),03:0.02Cr*" at room temperature for (a) samples 0.0 < x < 0.3 and a magnetic field range of
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0.1 with Curie—Weiss behavior fits.

broad-band emission from the a phase compared with the f
phase. Moreover, the R-line emission of the & phase occurs at
lower energies than those for the §§ phase, and its average decay
time is significantly shorter (0.02 ms) than that for the  phase
(0.05 ms), as shown in Figure S10a. Crystal field parameters
for a- and B-Ga, gg_.(AlygsIng3,),05:0.02Cr** at x = 0.8 are
shown in Table S8. Decreases in crystal field strength and
increased electron—phonon coupling contribute to the broad-
ening of the emission spectrum. Pressure-dependent PLE and
PL spectra for a-Ga; gs_.(AlygsIng3,),05:0.02Cr*" at x = 0.8
are shown in Figures S10b and 6c. The positions of *A, — *T,
and *A, — *T, transition emissions are estimated to have
shifted by 13.1 + 1.0 and 11.5 + 0.7 cm™'/kbar, respectively,
whereas the R-line and broad-band emissions shift by —0.81 +
0.03 and 5.54 + 0.23 cm™'/kbar, respectively, as shown in
Figure 6d. The shift in the broad-band emission of a-
Ga, gg_(Aly 6sIng 3,),05:0.02Cr** is 2 times smaller than that
for the 8 phase (11.5 + 0.6 cm™'/kbar), whereas the R-line
shift for both materials is roughly the same. The significantly
different pressure dependence of features for the *A, — *T,
transition (excitation band) and the *T, — *A, transition
(emission band) between the a and f§ phases suggests a change
in Shw with pressure.

The pressure-dependent decay of intensity upon excitation
at 440 nm of the a sample at x = 0.8 up to 250 kbar is shown
in Figure S10c, with the average decay time 7,, calculated using
eq 1. The decay time increases with pressure (Figure 6e) as a
result of the reduction in the occupancy of the higher *T, state.
Notably, the a-phase is stable even when the pressure is
released, and the considered relation between chemical and
mechanical pressures in detail is described in the Supporting
Information. The crystal field and energy level diagram as a
function of x and pressure are calculated, with details given in
the Supporting Information. However, since the a-phased
samples were acquired in the diamond anvil cell, the amount of
samples is too little for further structural characterization.

Electron Paramagnetic Resonance (EPR) Studies. EPR
spectra are sensitive to the short-range environment of
luminescent paramagnetic chromium ions. EPR spectra of
Ga, gg_(Aly gsIng 3,),05:0.02Cr*" with x between 0 and 0.8
(Figures 7a,b) are similar to those for Ga,0;'® and Ga,0;@
MSN (nanophosphor)®* materials doped with Cr.

Differences in the position of the EPR line are defined as the
effective value of the spectroscopic splitting ratio g.¢ = 41.488

f/Bieyy where f is the microwave frequency and B, is the

position of the resonance EPR line. Notably, no significant
changes are observed in the nearest neighbor Cr’* environ-
ment for x < 0.3 (g4 = 5.10(2))and x > 0.4 (g4 = 5.22(2)),
although a substantial increase in the EPR line width and shifts
in the maximum intensity of the low-field magnetic induction
line are found with the magnetic field. These results are
consistent with increasing inhomogeneity of the Cr** environ-
ment with increased Al 4Ing 3, concentrations, corroborating
further the presence of at least two Cr’* centers (GaInO,;:Cr**
and GaAlO;:Cr’*) as shown by optical studies. Detailed
calculations of the SH parameters and the temperature
dependence of the magnetic susceptibility (SQUID) are
shown in the Supporting Information, and magnetic
susceptibility with temperature is shown in Figure 7c.

Weak ferromagnetic interactions between Cr’" in axial
symmetry (C,) sites, with high distortion in an octahedral
environment, are noted, consistent with the significant
elongation of the a-axis and explaining the persistence of the
trigonal a-phase following pressure release.

LED Performance. Since the amount of the a-phased
samples was too little for demonstration, a NIR pc-LED was
fabricated by coating Ga; 15(Aly s44Ing256) 03:0.02Cr*" (x = 0.8)
onto a blue LED chip with an emission wavelength of 452 nm.
Figure 8 shows the emission spectrum centered at 784 nm and
extending over 650—1000 nm with an FWHM of 156 nm and
an output power of 68.8 mW under 350 mA current. The
appearance of the device is shown in the upper inset of Figure
8, and the demonstration of practical use is shown in the lower
inset of Figure 8, showing its possible applications as a NIR
light source.

B CONCLUSIONS

A series of Ga, gy (AlygsIngs,),05:0.02Cr** with x = 0—0.8
broad-band NIR phosphors were synthesized. X-ray and
neutron powder diffraction reveals the series to be phase
pure. Luminescent studies of the series show a broadened
emission spectrum with increased electron—phonon coupling
with x caused by the introduction of short-range structural
disorder. The series produces NIR emissions over 650—1000
nm with > 80% IQE. Time-resolved spectroscopy reveals the
simultaneous presence of high and low crystal field Cr’*
centers. A pressure-induced transformation from the  phase
to the o phase that differs in emission properties from those for
a-Ga,04:Cr’" is found, emitting an even broader spectrum
with an FWHM of 193 nm. EPR and SQUID studies support
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Figure 8. Emission spectrum of a NIR pc-LED containing
Ga, gg_,(AlysIng,),0;: 0.02Cr** at x = 0.8. The LED device is
shown in the inset.

increased disorder in Cr’* environments across the series with
increasing x. We demonstrate the practical application of the
Ga, 1Aly 544100 25603:0.02Cr>* (sample x = 0.8) phosphor by
fabricating a NIR pc-LED. This work shows that the emission
width is controllable through emission center disorder
introduced by codoping.

B EXPERIMENTAL SECTION

Reagents. Gallium oxide (Ga,0; 99.9%) and aluminum oxide
(ALO;, 99.9%) were purchased from Gredmann. Indium oxide
(InyO3, 99.9%) was purchased from Alfa Aesar. Chromium oxide
(Cr,05, 99.9%) was purchased from Merck.

Synthesis of Ga, gg_,(Al 65N 32)403:0.02Cr3* (x = 0-0.9). The
material was synthesized using a solid solution method. The
precursors were weighed stoichiometrically and ground in an agate
mortar for 20 min. The mixed powders were transferred into alumina
crucibles and sintered at 1550 °C for $ h in air and then ground in an
agate mortar.

Further characterization and experimental measurements are
provided in the Supporting Information.
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@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c0304S.

Detailed experimental characterization results; XRD and
NPD refinements; X-ray absorption near-edge spectros-
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Experimental and Characterization

XRD and NPD

X-ray powder diffraction (XRD) data were obtained at room temperature (RT) using a Bruker
D2 phaser desktop diffractometer with CuKa; radiation within the 26 range of 10—80°. RT
synchrotron XRD (S-XRD) data were obtained at 0.77491(1) A using a Debye—Scherrer
camera at the National Synchrotron Radiation Research Center (Taiwan) BLO1C2 beamline.
The S-XRD wavelength was determined accurately using the LaBes 660a National Institute of
Standards and Technology (NIST) standard reference material (SRM). High-resolution neutron
powder diffraction (NPD) data were obtained using the Echidna instrument at the Open Pool
Australian light-water research reactor of the Australian Nuclear Science and Technology
Organisation within the 20 range of 4-164° with 1.623628(5) A neutrons as determined using
the NIST La''Bs 660b SRM.!

The Inorganic Crystal Structure Database structure model #1CSD34243 was used as the starting
structure from which the structures of the Gaiosx(Alo6sInes2)x03:0.02Cr*" series were
determined. Refinements were performed simultaneously against S-XRD and NPD data using
Rietveld analysis with the academic Total Pattern Analysis Solutions software (version 5.0).?
Refined parameters included background, peak-shape parameters, lattice parameters, atomic
positions, site-occupancy factors, and isotropic atomic-displacement parameters. Crystal

structures were visualized with VESTA software.?

X-ray Spectroscopy Characterization

X-ray absorption near-edge structure measurements (XANES) and extended X-ray absorption
fine structure (EXAFS) at the Cr K-edge were acquired at the National Synchrotron Radiation
Research Center (Taiwan) BL44A1 in total fluorescence yield mode. Data analysis and

conversion are obtained with ATHENA and ARTEMIS software.

Raman Spectroscopy Characterization

Raman spectra were recorded on a micro-Raman system comprising a confocal microscope
and a Horiba Jobin Yvon Lab Ram Aramis spectrometer with 1800 I/mm grating and a single-
mode laser source at 532 nm. Data analysis and conversion were performed with LabSpec 5

software provided by Horiba.
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Room-Temperature Luminescence Spectra
RT photoluminescence excitation (PLE) spectra were measured using a FluoroMax-4P
spectrofluorometer (Horiba) equipped with a 150 W xenon lamp as an excitation source and an

R928 Hamamatsu photomultiplier as a detector.

Internal Quantum Efficiency (IQE)
IQE measurement was conducted wusing an ultra-violet (UV) to NIR absolute
photoluminescence (PL) quantum yield spectrometer (C1534—12; Hamamatsu Photonics K.K.)
equipped with a NIR PL measurement unit (C13684—01; Hamamatsu Photonics K.K.)
comprising a high-power Xe lamp unit (L13685—01; Hamamatsu Photonics K.K.) and a 475
nm filter for excitation (A13686—475).

Temperature and Pressure-Dependent Spectrum

Temperature and pressure-dependent emission spectra were measured using an Andor SR-750-
D1 spectrometer equipped with a charge-coupled device (CCD) camera (DU420A-OE) and a
Kimmon Koha He-Cd 442 nm laser. The temperature was controlled using a THMS600 Linkam
stage temperature controller with an LNP95 liquid nitrogen cooling-pump system, allowing

measurements at 77—-600 K.

Luminescence

Luminescence was measured with an apparatus for time-resolved spectroscopy comprising a
PG 401/SH optical parametric generator pumped by a PL2251A pulsed neodymium-doped
yttrium aluminum garnet (YAG:Nd) laser (EKSPLA). The detector consisted of a 2501S
grating spectrometer (Bruker Optics) combined with a C4334-01 streak camera (Hamamatsu).
Data were recorded as streak images on a 640 x 480 pixel CCD array. The photon counting
algorithm transformed data into a 2D matrix of photon counts versus wavelength and time
(streak image).* Samples were cooled with an APD Cryogenics closed-cycle DE-202 optical
cryostat, which enabled the temperature to be varied between 10 and 450 K.
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High-Pressure Studies

High-pressure luminescence measurements were performed in a screw-driven Merrill-Bassett
type diamond anvil cell with a 0.5 mm diamond culet diameter.” The gasket for the pressure
chamber was pre-indented to around 0.07 mm. A hole with a diameter of 0.2 mm was drilled
into the center of the indentation. KMgF3:0.5%FEu?" was used as a pressure sensor, and

polydimethylsiloxane oil was used as a pressure-transmitting medium.®

Electron Paramagnetic Resonance (EPR) Studies

EPR spectra were recorded at 82-300 K by using a conventional X-band spectrometer
ELEXSYS E500 operating at 9.46 GHz and 0.62 mW microwave power. The first derivative
of the absorption spectrum was recorded as a function of the applied magnetic induction, which
ranged from 0 to 1.4 T. The EPR/NMR program was used to determine spin-Hamiltonian (SH)
parameters and the local symmetry of paramagnetic ions.” Optimization and normalization of

the parameters were conducted using the root-mean-squared deviation method.

Static Magnetic-Susceptibility Measurements

Static magnetic-susceptibility measurements were performed using a superconducting
quantum interference device (SQUID) MPMS-XL7 magnetometer. Measurements were
recorded from ~ 50 K to room temperature at a magnetic field of 1 kOe. Susceptibility data
were corrected for the diamagnetism of the sample holder and constituent atoms using Pascal's

constants.?
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Supporting Figures and Tables

XRD data
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Figure S1. XRD data of the Gai.9s—x(Alo.sIno32)x03:0.02Cr*" (x = 0-0.9) series, along with
calculations for the structural end-members Ga:03 (ICSD database entry #34243), Al20s3
(ICSD database entry #9770), and In203 (ICSD database entry #14388). Asterix in the x = 0.9

sample are impurities.
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Figure S2. Rietveld refinement of Gai.9s—x(Alo.ssIne32)x03:0.02Cr**" (x = 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, and 0.8) structures using NPD (upper) and S-XRD (lower) data. Figures of merit
are the profile R-factor Ry, the weighted profile R-factor Rwp, and the goodness of fit (GOF).
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Table S1. Atomic positions and occupancies derived from the Rietveld refinement of

Gar.9s—x(AloesIno 32)<03:0.02Cr3* (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8).
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x=0.1 Ga.s0pAlo.o7(4No.034) 03
0 Ga;0s Site x y z Oce. g“ﬁﬂ "fg# Beq (A") Atoms
= . P , o, Multiplicity Boq () o Gal  0.09064(9) 0  07937(3)  0.979(10) 4;: 0.36(2) 3.92(4)
& Wyckoff Al 0.09064(9) ] 0.7937(3) 0.004(7) 4i 0.36(2) 0.02(3)
Gal  009155) 0  0.7951(12) 1 4i 3.5(2) 1 In1  009064(9) 0  0.7937(3) 0.017(7) 4i 0.36(2) 0.07(3)
Ga2  03424(3) 0  06823(9) 1 4i 48(2) 1 Ga2  034140(10) O  06852(3)  0.921(10) 4i 0.31(3) 3.68(4)
O1 01600200 O  0.075(6) 1 4i 6.4(7) 4 A2 034140(10) O  06852(3) 0.084(7) 4i 0.31(3) 0.26(3)
oz 0.4913(12) 0 0.259(3) 1 4i 2.3(5) 4 In2 0.34140(10) ] 0.6852(3) 0.015(7) 4i 0.31(3) 0.06(3)
03 0.8235(11) 0  0471(4) 1 4i 0.9(5) 4 o1 0.16431(14) 0  0.1087(3) 1 4 0.451(14) 4
02 049585(13) 0  0.2542(3) 1 4i 0.451(14) 4
03  082685(13) 0  0.4346(3) 1 4i 0.451(14) 4
x=02 Gas soapAlo.14(3)IN0.07(2)03 x=03 Ga ropAlo 20031N0 10302
Site X ¥ z Occ. g’wfgggfyf Beq (A% Aloms Site X ¥ z Occ. gﬂfgﬁg Beq (A) Atoms
Gal  0.09060(11) 0  0.7939(3) 0.938(6) 4i 0.48(2) 3.74(2) Gal  008089(11) 0  0.7941(3) 0.904(7) 4i 0.47(2) 3.62(3)
Al 0.09060(11)) O  0.7939(3) 0.034(4) 4 0.48(2) 0.14(2) Al 000089(11) 0  0.7941(3) 0.056(5) 4i 0.47(2) 0.22(2)
Int  0.09060(11) 0  0.7939(3) 0.030(4) 4 0.48(2) 0.12(2) Int  0.00089(11) 0  0.7941(3) 0.039(5) 4i 0.47(2) 0.16(2)
Ga2  0.34139(12) O 0.6858(3) 0.864(6) 4i 0.60(3) 3.46(2) Ga2  0.34140(12) ] 0.6857(3) 0.796(7) 4f 0.51(3) 3.18(3)
A2 034139(12) 0  0.6858(3) 0.102(4) 4i 0.60(3) 0.41(2) A2 034140(12) 0  0.6857(3) 0.148(5) 4i 0.51(3) 0.59(2)
2 034139(12) 0  0.6858(3) 0.034(4) 4i 0560(3) 0.14(2) 2 034140(12) 0  0.6857(3) 0.057(5) 4i 0.51(3) 023(2)
O1  0.16401(18) 0  0.1085(4) 1 4i 0.654(18) 4 O1  016408(16) 0  0.1081(4) 1 4i 0.655(17) 4
] 0.49534(16) 0O 0.2542(4) 1 4 0.654(18) 4 o] 0.49470(15) ] 0.2540(3) 1 4f 0.655(17) 4
03  082678(17) 0  0.4335(4) 1 ai 0.654(18) 4 03 082671(15) 0  0.4337(4) 1 4 0.655(17) 4
x=04 Gan so)Alo 27(3)IN0.13(3)03 x=05 Ga so6)Alo 3a4)1No.16()O3
Site x v z Occ. gwf:—f:ﬁ Beq (A%) Atoms Site X y z QOcc. gwﬁg:g# Beq (A% Atoms
Gal  009097(12) 0  0.7939(3) 0.872(7) 4 0.47(3) 3.48(3) Gal  009083(12) 0  0.7933(4) 0.845(6) 4 0.56(2) 3.38(4)
Al 009097(12) 0  0.7939(3) 0.107(5) 4 0.47(3) 0.43(2) Al 0.09083(12) 0  0.7933(4) 0.145(4) 4i 0.56(2) 0.58(3)
Il 0.00097(12) 0  0.7939(3) 0.022(5) 4i 0.47(3) 0.09(2) In1  009083(12) 0  0.7933(4) 0.010(4) 4i 0.56(2) 0.04(3)
Ga2 034156(13) 0  0.6851(4) 0.728(7) 4i 0.68(3) 2.92(3) Ga2  034241(13) 0  0.8855(4) 0.655(6) 4i 064(3) 2.62(4)
A2 034156(13) 0  06851(4) 0.185(5) 4i 0.68(3) 0.66(2) A2 034241(13) 0  0.6855(4) 0.195(4) 4i 064(3) 0.78(3)
In2 0.34156(13) 4] 0.6851(4) 0.106(5) 4i 0.68(3) 0.42(2) In2 0.34241(13) 0 0.6855(4) 0.150(4) ai 0.64(3) 0.60(3)
01  0.16428(18) 0  0.1079(4) 1 4i 0.774(19) 4 o1  0.16312(19) 0  0.1065(5) 1 4i 0.79(2) 4
02  0.49403(16) 0  0.2534(4) 1 4 0.774(19) 4 02  049397(17) 0  0.2535(4) 1 4 0.79(2) 4
03 0.82700(17) 4] 0.4325(4) 1 4i 0.774(19) 4 o3 0.82756(18) 0 0.4333(5) 1 4i 0.79(2) 4
x=0.6 Ga1.s04)Alo.21(3)IN0 19303 x=07 Ga soapAlo 4s(1)INo.22(n0Os
Site X y z Occ. gﬁﬁggg# Beq (A% Atoms Site X y z Occ. gﬁfgfgyﬁ Beg (A?) Atoms
Gail 0.09078(14) 4] 0.7939(4) 0.807(8) 4i 0.97(4) 3.22(3) Gat 0.09058(13) 0 0.7937(4) 0.767(4) ai 0.51(3) 3.07(2)
Al 0.09078(14) 0  0.7939(4) 0.182(6) 4i 0.97(4) 0.73(2) Al 009058(13) O  0.7937(4) 0.217(3) 4 051(3) 0.87(1)
i1 0.09078(14) 0  0.7939(4) 0.012(5) 4 0.97(4) 0.05(2) Int  0.09058(13) 0  0.7337(4) 0.016(3) 4i 051(3) 0.06(1)
Ga2  0.34285(14) 4] 0.6865(4) 0.593(8) 4i 1.33(5) 2.38(3) Ga2  0.34334(13) 0 0.6880(4) 0.533(4) 4i 0.66(4) 2.13(2)
A2 034285(14) 0  0.6865(4) 0.226(6) 4i 1.33(5) 0.90(2) A2 034334(13) 0  0.6880(4) 0.259(3) 4i 0.66(4) 1.04(1)
In2  034285(14) 0  0.6865(4) 0.180(5) 4i 1.33(5) 072(2) 2 034334(13) 0  0.8880(4) 0.208(3) 4i 0.66(4) 0.83(1)
o1 0.1628(3) 0  0.1074(6) 1 4 1.21(3) 4 o1 01628(2) 0  0.1056(5) 1 4i 0.78(3) 4
02  049342) 0  0.2534(5) 1 4i 1.21(3) 4 02  04823(2) 0  0.2523(4) 1 4i 0.79(3) 4
03  08271(2) 0  0.4326(6) 1 4i 1.21(3) 4 03  082742) 0  0.4322(6) 1 4i 0.79(3) 4
x=038 Ga 20i3)Alo 547! No 26(1)03
site x y oz Oco. g“.f&fé’;g# Beg(&)  Atoms
Gal 009085(13) 0  0.7920(4) 0.716(4) 4 0.71(3) 2.87(2)
Al D09085(13) 0  0.7920(4) 0.273(3) 4i 0.71(3) 1.00(1)
i1 0.09085(13) 0  0.7920(4) 0.010(3) 4 0.71(3) 0.04(1)
Ga2  0.34328(13) 0 0.6877(4) 0.484(4) 4i 1.06(4) 1.93(2)
A2 034328(13) 0 0.6877(4) 0.271(3) 4i 1.06(4) 1.08(1)
N2 034328(13) 0  0.6877(4) 0.246(3) 4i 1.06(4) 0.98(1)
o1 0.16210(20) 0 0.1056(5) 1 4i 1.17(3) 4
02 049162(18) 0  0.2524(4) 1 4i 1.17(3) 4
03 0.82750(20) 0 0.4315(5) 1 4i 1.17(3) 4




Table S2. Refinement-weighted profile R-factor (Rwp), profile R-factor (Rp), and goodness of
fit (GOF), as well as refined lattice parameters and volume of Gai.0s-x(Alo.6sIno.32)x03:0.02Cr*".

X 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
a(A) 12.2395(2)  12.2453(2)  12.2503(3)  12.2587(3)  12.2660(3)  12.2689(4)  12.2760(4)  12.2848(4)  12.2968(4)
b (&) 3.04280(4)  3.04415(5)  3.04482(7)  3.04668(6)  3.04779(7)  3.04783(8)  3.04935(8)  3.05145(8)  3.05388(8)
c(A) 5.81229(8)  5.81215(9) 5.81018(14) 5.81029(13) 5.80877(14) 5.80468(16) 5.80328(17) 5.80204(18) 5.80181(17)
B (%) 103.8345(12) 103.8130(16) 103.796(2)  103.772(2)  103.746(2)  103.707(3)  103.677(2)  103.634(3)  103.586(2)
v 210.184(5)  210.392(6)  210.468(3)  210.765(8)  210.936(9)  210.875(11) 211.079(10) 211.369(11) 211.779(11)
Rup (%) NPD 4.229 4,196 4.265 4.201 4.463 5.178 5.994 5.965 4.876
R, (%) NPD 3.331 3.350 3.307 3.315 3.506 3.999 4,610 4,497 3.808
Rup (%) XRD 1.943 3.606 4.361 4.638 4.905 4.996 5,290 4.668 5.385
R, (%) XRD 1.282 2.112 2.558 2.696 2.900 3.075 3.507 3.264 3.725
GOF 1.698 1.864 2,195 1,909 1.992 2.068 2.839 2.443 2,119
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Figure S3. Cr K-edge XANES spectra of Gai.os-x(Alo.6sIno32)x03:0.02Cr*" (x =0, 0.1, 0.2,
0.3,0.4,0.5, 0.6, 0.7, and 0.8).
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Figure S4. Schematic of the crystal structure of Cr’* in Ga203:Cr** obtained from Rietveld

refinement (sample x = 0). Oxygen is shown in red, tetrahedra in blue, and octahedra in pink.

Table S3. Calculated formula weight of Ga1.98-x(Alo.6sIno.32)x03:0.02Cr** (x = 0, 0.1, 0.2, 0.3,

0.4, 0.5, 0.6, 0.7, and 0.8) using site occupancies derived from Rietveld refinements.

X Gal All Inl Ga2 Al2 In2 Weight

1.000 0 0 1.000 0 0 69.72

0.1 [0979(10) 0.004(7) 0.017(7) |0.921(10) 0.064(7) 0.015(7) | €9.35(79)
0.2 0.936(6) 0.034(4) 0.030(4) | 0.864(6) 0.102(4) 0.034(4) | 68.63(46)
0.3 0.905(7) 0.056(5) 0.039(5) | 0.795(7) 0.148(5) 0.057(5) | 67.95(56)
04 | 0.871(7) 0.107(5) 0.022(5) | 0.729(7) 0.165(5) 0.106(5) | 66.62(56)
0.5 0.845(6) 0.145(4) 0.010(4) | 0.655(6) 0.195(4) 0.150(4) | 65.50(46)
0.6 | 0.806(8) 0.182(6) 0.012(5) | 0.594(8) 0.226(6) 0.180(5) | 64.56 (60)
0.7 | 0.767(4) 0.217(3) 0.016(3) | 0.533(4) 0.259(3) 0.208(3) | 63.67(33)
0.8 | 0.717(4) 0.273(3) 0.010(3) | 0.483(4) 0.271(3) 0.246(3) | 62.41(33)
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Raman Shift

Ga203 has 30 vibration modes, among which 15 are Raman-active. Sample x = 0 exhibits 11
Raman features ranging from 100-900 cm™!, with the most intense at 200 cm™' (4?), in
agreement with the literature.”"!” The observed Raman peaks can be classified into three groups:
(i) libration and translation of GalO4 chains including AgV—4,%, B, and B,® modes, (ii)
deformation of GalOs and Ga2Os including AgY—A4,%, B®, and B, modes, and (iii)
stretching and bending of GalOs including 4g"—4,'% and B,® modes.

Raman peaks shift with increased x, as shown in Figure S5, where peak position is taken from
the maximum intensity directly from the Raman spectra and errors (= 4 cm™!) are smaller than
the points (£ 16 cm™!). The rate of shift is calculated from a linear fit to data in S5b and shown
in Table S4. Most peaks shift to higher energies and only 4,©® and 4. + B,® modes shift to

lower energies.
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Figure S5. (a) Raman spectra and (b) shift of selected peaks of the series
Ga1.98-x(Alo.6sIno.32)x03:0.02Cr*" (x= 0—0.8). Data in (a) are offset for clarity with modes

identified in the x = 0 spectra and in (b) errors are smaller than the points and lines are a linear
fit.
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Table S4. Positions of Raman peaks of Gai.9s-x(Alo.6sIn032)x03:0.02Cr*" (x= 0-0.8) at x = 0
and dE/dx of selected peaks, where peak position E is the maximum intensity and dE/dx is

obtained from linear fit to data in Fig. S5b.

Raman
ode AW, B B, AP AP | A | AL, BG A© AM B | A® | A, B | AL
Energy
(em) 110 145 170 204 | 320 349 420 a77 632 655 770
dE/dx
(em?) 11+2 22+0.8 | 1.2+£0.8 -17.5+£0.8 28+2 9+1 131
Regression
") 0.947 0.723 0.444 0.996 0.978 0.900 0.994

Energy-Level Shift with x
Table SS5. Rate of shifts of peak energies for optical transitions in

Gai.98-x(Alo.63In0.32)x03:0.02Cr*" with x obtained from linear fits to data in Figure 2c, where E

is the intercept and dE/dx is the slope.

E(x=0)(cm™) dE/dx(cm™) Regression (r?)
E(*A, > *T)) 22,821t 15 -236 + 32 0.930
E (%A, > T,) 16,542 £ 13 -205 1+ 28 0.927
E(*T, > “A) 13,460 + 81 -1280£ 175 0.956
E (2E = *A,) 14,409 £ 10 166+ 23 0.948

Crystal Field Calculation

The crystal field parameter Dg and the Racah parameters B and C are calculated from the

following equations: !

10Dg = E(*A2—*T>) (s1)
[E]Z_w.ﬁ
B = Dq =51 82
1 15(5.-8) (52)
2
C = i{E( B _79+ 1.83} (s3)
3.05 B Dq

where E(*42 — *T») is the energy of the peak of the excitation arising from the ‘42 — 47>

transition and AE is the difference between the energy of the *42 — *T1 and %4> — *T»
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transitions.

With increased x, Dg and B decrease, whereas C increases. The calculation of Racah parameters
shows different behaviors of B and C, i.e., the former decreases and the latter increases with x.
In principle, the variation with x of B and C determines the energy shift of the E state
(nephelauxetic redshift). However, the opposite sign of the B and C shift makes it hard to
interpret. According to Brik et al.'?, the nephelauxetic parameter f; is the best indicator of the
combined influence of B and C on the location of the *E emitting state, indicating the change
in covalency of Cr**-ligand bonds.

The nephelauxetic parameter 8; was calculated according to the following relation'?:
B\? c\?
f=|G) +&) (s4)

where Bo=918 cm™! and Co = 3850 cm™! are the Racah parameter values for free Cr**.

Disorder induced by substitution (standard deviation = o)

The standard deviation of substituted ionic radii in the system is calculated from the radii and
occupancies of In and Al at Ga sites. Since Gal is tetrahedral and Ga2 octahedral, we consider
the radii of the substituted elements with coordination number (CN) = 4 for Gal and CN = 6
for Ga2 sites. Therefore, for Gal, Ga*' =0.47 A, AI’" =0.39 A, In*" = 0.62 A; while for Ga2,
Ga’"=0.62 A, A’ =0.535A, In*" = 0.8 A are used. The standard deviation is then calculated

using the following equation:

o= |~ 3N, (x— @)? (s5)

Where N is the total number of elements, x; is the radius of certain elements 7, and i is the
average radii of the system. The results of the calculation are shown in Table S6 and the

comparison with the concentration of dopants is shown in Figure 2e.
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Table S6. Calculated standard deviation of radii (o) considering the occupancies of different
elements derived from the Rietveld refinement of Gai.9s-x(Alo.6sIno.32)x03:

0.02Cr** (x=0,0.1,0.2,0.3,0.4, 0.5, 0.6, 0.7, and 0.8).

x | o¥Al) o*(n) |o?(total)] o |0*(AL%) o*(In,%) oA IV) o*VI) |oi(total)] o |GH(IV.%) G*(VI,%)

0 = = 0 0 = = = = 0 0
0.1 | 0.000488 0.000869 | 0.001357 | 0.036831 | 35.97% 64.03% 0.000408 0.000948 | 0.001357 | 0.036831 | 30.08% 69.92%
0.2 | 0.000955 0.001777 | 0.002731 | 0.05226 34.95% 65.05% 0.000893 0.001839 | 0.002731 | 0.05226 32.68% 67.32%
0.3 | 0.001428 0.002724 | 0.004152 | 0.064436 | 34.39% 65.61% 0.001236 0.002916 | 0.004152 | 0.064436 | 29.77% 70.23%
0.4 | 0.001877 0.003929 | 0.005806 | 0.076199 | 32.33% 67.67% 0.00118  0.004627 | 0.005806 | 0.076199 | 20.32% 79.68%
0.5 | 0.002337 0.005085 | 0.007422 | 0.08615 31.49% 68.51% 0.001153  0.006269 | 0.007422 | 0.08615 15.54% 84.46%
0.6 | 0.002798 0.006102 | 0.008900 | 0.094338 | 31.44% 68.56% 0.001435 0.007465 0.0089 0.094338 | 16.12% 83.88%

0.7 | 0.003260 0.007099 | 0.010359 | 0.101781 | 31.47% 68.53% 0.001749  0.00861 | 0.010359 | 0.101781 | 16.88% 83.12%

0.8 0.003705 0.008195 | 0.011901 | 0.10909 31.13% 68.87% 0.001972 0.009928 | 0.011901 | 0.10909 16.57% 83.43%

In contributes more to disorder in the system and increases with x. Since In prefers octahedral

Ga2 sites, the 6-coordinate site contributes more to disorder in the system.

Room-Temperature Luminescence

The average decay time (T4,,) of Cr’* emission was calculated using Equation (1):

_ Jt-1@)at
av [ [(t)dt

(M

where /(¢) 1s the maximum intensity of the luminescence. The average luminescence decay time

of Cr*" in the Ga1.98x(Alo.6sIno.32)x03:0.02Cr series is shown below.
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Figure S6. (a) Intensity decay of emissions at 440 nm and (b) calculated average decay times

of the series Gai.9s—x(Alo.6sIno.32)x03:0.02Cr? for x = 0—0.8. The data for x = 0 and 0.1 were
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fitted using an exponential decay function in terms of the mean lifetime for luminescence,
7, (shown in gray):

t

I(t) =1ye = (s6)

where /(?) is the emission intensity at time ¢ and /o is the initial intensity.

Temperature-Dependent Decay of Luminescence
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Figure S7. (a—c) Decay of luminescent intensity and (d) decay time with an excitation
wavelength (Aex) of 440 nm of samples x = 0.1, 0.4, and 0.8. Errors in (d) are smaller than the

points.
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Energy Level Shift with Pressure
Table S7. Rate of shifts of peak energies for optical transitions in Gai.9s—x(Alo.6sIno.32)x03:

0.02Cr** with x obtained from linear fits to data in Figure 5c, where E is the intercept and dE/d

kbar is the slope.

x=0.8 E (p =1 bar) (cm) dE/dp {cm~1/kbar) Regression (r?)

E (*A, > *Ty) 22,636.8 12.8%0.6 0.999

E (%A, > *T)) 16,378.7 8.1+0.4 0.999

E (’E > *A) 14,406.10 -1.17 £ 0.04 0.995

E(*T, > *A,) 12,593.2 11.5%0.6 0.980
x=0.1 E(p =1bar) (cm) dE/dp (cm™/kbar) Regression (r?)

E (’E = %A)), R, 14,497.69 -0.69 £ 0.03 0.977

E (E > “A)), R, 14,299.25 -0.8110.05 0.981

Pressure-Dependent Decay of Luminescence
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Figure S8. (a) Pressure dependence of the room temperature excitation spectrum upon
observation at a maximum of emission of sample x = 0.8. Spectra are offset in y for clarity.
Pressure dependence of luminescent intensity with an excitation wavelength (Aex) of 440 nm of

(b) x=0.1 and (c) x = 0.8 samples, respectively.

S-15



Crystal Structure of Alpha Ga;O;

Figure S9. Crystal structure of a-Ga203 for the ICSD database entry #27431. Oxygen atoms

are red and Ga-containing octahedra are blue.

Luminescence Decay and Emission Spectrum of the Alpha Phase

Wavenumber (10° cm™)

8 . @ 3228 22 2 16
x=08 ~ | alpha phase pressure | 447 x=0.8 A, =440 nm

@ 10" beta phase % x=0.8 ) "{:baﬂ % alpha phase

T 7,~0.05ms E \/\\J\/\/\nS 5 10° 250 kbar
E . .

e 102 alpha phase .E 108 .E 10° 94 kbar|
o 1,=0.02ms 8 20 8 Kbar
< 10° H N“ 210 10 Kbar
2 @ ®

2 3 \/\/\ &7 E 10" Kbar
g 10* c 52 = Kbar
< - 30 =10 kbar
-— A 6 kbar

000 025 050 075 100 300 400 500 600 700 012345678 9101
Time (ms) Wavelength (nm) Time (ms)

Figure S10. (a) Decay of luminescent intensity at RT and ambient pressure of a- and B-Gai.9s-
x(Alo.68In0.32)x03:0.02Cr*" at x = 0.8 upon excitation at 440 nm with average decay time. (b)
Excitation spectra and (c) decay of intensity of emissions from a-Gaios-
x(Alo.6sIn0.32)x03:0.02Cr** at x = 0.8 at RT with increased pressure with an excitation

wavelength (Aex) of 440 nm.
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Crystal-Field Calculations for a-Ga.os x(Alp.68Ing32)x03:0.02Cr3* at x = 0.8

Table S8. The electron-lattice interaction parameter Si@, FWHM, and crystal field parameters
Dgq, B, and C for - and a-Ga1.98-x(Alo.6sIno32)x03:0.02Cr>" at x = 0.8.

B-Ga,0, a-Ga,0,

Sho (cm™?) 1,890 1,980
FWHM (cm™) 2,416 2,741
Dg (cm™) 1,638 1,612
B (cm™) 622 686

C (cm™) 3,243 3,075
Dq/B 2.66 2.35

C/B 5.4 4.48

Crystal-Field Calculation and Pressure-Dependent Energy-Structure Diagram

The determination of 7>, *T1, and 2E states with pressure enable the calculation of parameters
Dgq, B and C, and fi1. Dg was calculated using Equation (s1), B and C were calculated using
Equations (s2) and (s3), and $1 was calculated using Equation (s4). The energy of the 4> —
4T, *42 — *T», and 2E — A transitions are obtained from the corresponding excitation band
maxima and are shown in Table S9.

These parameters for the o and f phases at x = 0.8 are shown in Figure S11. With increased
pressure (p), Dg and B increase, whereas C decreases. f1 increases with pressure for the S phase
and decreases with pressure for the o phase.

These three parameters (Dg, B, and C) enable the generation of the entire energy structure of
Cr*’, i.e., the energy of all crystal-field levels of the @ configuration, and its variation with

pressure and x using data in Tables S5 and S9, respectively.
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Table S9. Position and linear pressure shift of emissions for optical transitions in - and a-

Gai.98-x(Alo.6sIn0.32)x03:0.02Cr*" at x = 0.8.

beta phase alpha phase

E(p=1bar)(cm™) dE/dp (cm=t/ kbar) |E(p=1bar)(cm™) dE/dp (cm™/ kbar)

E(*A, = T)) 22,672 £50 12.8+0.6 22,750 £ 100 13%1
E(*A;, > 4T5) 16,379 £ 30 81104 16,000 =90 11+1

E(*T, > %A,) 12,593 113 115106 12,058 £15 55%0.2
E(2E = *A;)) 14,388t 6 -1.17+0.04 14,299 £ 10 -0.8110.03

3 3200
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Figure S11. Pressure dependent Dg, B, C, and p1 for Gai.9gx(Alo.esIno32)x03:0.02Cr*" at x =
0.8 in the (a) beta and (b) alpha phase. Lines through points are a guide to the eye and errors

are smaller than the points.

The calculated energy level diagram of 8- and a-Ga1.98-x(Alo.6sIno.32)x03:0.02Cr*" as a function
of x and pressure is shown in Figure S12. The experimentally obtained linear dependences of
Dgq, B, and C were extrapolated to the pressure range 0—1000 kbar in the energy structure
calculation and shown in Figure S13. Within the analyzed pressure range, the energies of the
crystal field levels have a linear dependence, considered as the effect of linear extrapolation of
the pressure change of Dg, B, and C. Furthermore, the x-dependent energy structure of Cr**

shows all energy levels are relatively invariant with x.
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Figure S12. Energy-level diagram of &® Cr*" in Ga1.98.x(Alo.s8Ino32)x03:0.02Cr**as a function
of (a) x for the S phase, and pressure for x = 0.8 in the (b) § and (¢) a phase.
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Figure S13. Experimentally obtained linear dependence of Dg, B, and C for Gai.os-

x(Alo.68In0.32)x03:0.02Cr*" at x = 0.8 extrapolated to the pressure range 0—1000 kbar for the (b)
f and (c) o phase.

The main difference between these energy structure diagrams compared with the standard
constructed Tanabe—Sugano diagrams (where B and C are constant, and only Dg changes) is
that the energy of the excited levels belonging to the #* crystal field configuration, i.e., the
lowest doublet subterms (?E, 2T1, and 2T») decreases instead of increasing. Notably, the
presented energy structure diagrams show a decrease in energy of the excited levels belonging
to the #2* crystal field configuration (°E, 2T, and 2T>) with increased Dg, for both pressure and
x-dependence. This behavior is consistent with the observed change in the direction of the 2E

— 44> transition shift and is not in line with the behavior predicted for the exciting levels of
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the #2° configuration by the standard Tanabe—Sugano diagram (calculated assuming that B and
C are constant and only Dg changes). The aforementioned fact confirms the need to consider
the changes in Racah parameters when describing the results of spectroscopic studies of
transition-metal-doped materials as a function of pressure.

As also shown in Figure S13, Dg/B increases with decreased x (Figure S13a) and decreases
with increased pressure (Figure S13b). In the o phase, the dependence is opposite to that in the

S phase in that the change in Dg/B is opposite to that of fi.

Chemical Pressure

Variation in ionic radius can be used to mimic external pressure, providing a valuable tuning
parameter, and is known as chemical pressure. We compare the influence of chemical and
mechanical pressure on the emitting states of Cr** in Ga1.98-x(Alo.6sIno.32)x03:0.02Cr*". Figure
S14 compares the changes in Dg, C, and B, and %E and *T states induced by chemical and
mechanical pressure with x. Co-doping Ga203 with In decreases the crystal field, and the
opposite occurs when mechanical pressure is applied. Dg values obtained using chemical (cyan)
and mechanical (red) pressure are compared, and the inset in Figure S14 shows that varying x
from 0.8 to 0.0 (chemical pressure) can change Dg from 1638 to 1654 cm™! (cyan dots), an
equivalent change in mechanical pressure from atmospheric to 20 kbar. By applying
mechanical pressure to 300 kbar, we can obtain Dg to 1880 cm ™. In summary, a change in x
of 0.1 is equivalent to mechanical pressure of about 2.5 kbar, with the maximum x = 0.8 in the

series being equivalent to approximately 20 kbar.
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Figure S14. Dq in Gai.93-x(Alo.68Ino.32)x03:0.02Cr*" with chemical (x) and mechanical pressure.
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EPR and SQUID Measurements
EPR spectra were described by assuming Spin Hamiltonian (SH):

quBB-g-S+D<SZZ—§5(5+1))+E(5,§+S§) (s7)

where us is the Bohr magneton; B is the induction of magnetic field; g is the spectroscopic
splitting matrix; S is the electron spin including diagonal elements Sx, Sy, and Sz; and D and E
are axial and rhombic distortions of octahedra, respectively. The Bohr magneton is the physical
unit used to describe the magnetic moment of the electron. In SH calculations, the Bohr
magneton is expressed as ugB =e-h/2m,, where m,, h, and e are the electron mass,
Planck’s constant, and electron charge, respectively. The calculated g including diagonal
elements g,, g, andg,, as well as D and E, and SH parameters indicate the axial symmetry of
Cr’" ions (g, = gy = 1.96, g, = 2.01) with significant increasing distortion from ideal
octahedral coordination with x (from £ = 0.065 cm™' and D =0.32 cm™! to D = 0.35 cm™! for

x =0 and x = 0.8, respectively).

The fits of the SH model to experimental spectra are shown in Figure S15. Although EPR
spectra are similar, the series can be divided into two groups, low (x < 0.3) and high (x > 0.4)
Alo.ssIno.32 concentrations. SH parameters above and below these concentrations do not change,
indicating that the Cr’* environment does not change. However, increased x (especially
between x = 0.3 and x = 0.4) induces significant broadening of the EPR line (low-field magnetic
induction component) and a shift of the maximum of this signal toward higher magnetic
induction, indicating increasing inhomogeneity of the Cr** environment. The increase in D
indicates an increase in the axial distortion of the nearest environment of Cr**. A significant
increase in EPR linewidth and the change in shape, specifically from Lorentzian to Gaussian
used to fit SH parameters, may indicate the occurrence of at least two different Cr**
(GaInO3:Cr*" and GaAlO3:Cr*") centers since several Lorentzian lines form a Gaussian line.
Furthermore, with the increased contribution of Gaussian lines when fitting, we speculate the

presence of magnetic centers with slightly different nearest environments.
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The temperature dependence of magnetic susceptibility y(T) (SQUID) behaves according to

the Curie—Weiss law:

c
X(T) = xaia + - (s8)

where Tcw 1s the Curie—Weiss temperature and C is the Curie constant. A significant difference
in the strength of the interaction between Cr** ions occurs for compounds without diamagnetic
ions (Tcw (x = 0) = 6 K), and for samples with Alo.esIno32 additions (7cw (x = 0.1) = 2 K). This
finding is related to the expansion of the crystal lattice due to the inclusion of the larger ionic
radius dopant In. With increased x, Tcw decreases, indicating a change in the strength of
ferromagnetic interaction strongly correlated with the distance between Cr** ions, leading to a
change in the crystal field. This conclusion is confirmed by structural and optical studies, and
we emphasize that an additional EPR line (blue line, Figures S15a and S15b) with gerr =
2.0023 (free electrons) was added to all SH parameters fittings as the effect from conduction
electrons is commonly observed in chromium compounds. The fitted results confirm the

electrons in the conduction band were thermally excited for all studied materials.
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ABSTRACT: Portable near-infrared (NIR) light sources are in high demand for
applications in spectroscopy, night vision, bioimaging, and many others. Typical
phosphor designs feature isolated Cr** ion centers, and it is challenging to design
broadband NIR phosphors based on Cr**—Cr** pairs. Here, we explore the solid-
solution series SrAlj; g5_,Ga,0,4:0.12Cr>* (x = 0, 2, 4, 6, 8, 10, and 12) as
phosphors featuring Cr**—Cr** pairs and evaluate structure—property relations
within the series. We establish the incorporation of Ga within the
magentoplumbite-type structure at five distinct crystallographic sites and evaluate
the effect of this incorporation on the Cr’*—Cr’* ion pair proximity. Electron
paramagnetic measurements reveal the presence of both isolated Cr** and Cr**—
Cr’" pairs, resulting in NIR luminescence at approximately 650—1050 nm.
Unexpectedly, the origin of broadband NIR luminescence with a peak within the
range 740—820 nm is related to the Cr’**—Cr’* ion pair. We demonstrate the
application of the SrAl 4sGag0,,:0.12Cr** phosphor, which possesses an internal

quantum efficiency of ~85%, a radiant flux of ~95 mW, and zero thermal quenching up to 500 K. This work provides a further
understanding of spectral shifts in phosphor solid solutions and in particular the application of the magentoplumbites as promising

next-generation NIR phosphor host systems.

B INTRODUCTION

Phosphor-converted light-emitting diodes (pc-LEDs) are
widely incorporated in everyday applications as a result of
their environmental friendliness, low cost, and long life
stability. Advancements in solid-state lighting are facilitated
by material discovery; using high-throughput approaches,
structural design as informed by density functional theory
calculations targeting property optimization has already
reduced the size of conventional LEDs to micro and mini,
enabling the visualization of colors with finer contrast for
backlighting applications."™ This pc-LED technology also
finds use as an alternative light source for still-developing
compact NIR applications including spectroscopy, health
monitoring, biomodulation, bioimaging, plant growth, night
vision, and anticounterfeit identification.*”” In such NIR
devices, NIR-emitting phosphors are encapsulated over blue
LEDs, with the final performance almost solely dependent on
the phosphors.” Accordingly, NIR-emitting luminescence
materials with high efficiency and good thermal properties
are in increasing demand. Most NIR phosphor research is
focused on garnet, borate, spinel, double-perovskite, and
inverse spinel-type structures.”” Notably, NIR luminescence
in these materials is solely dependent on the isolated Cr** ion,
as controlled through crystal-field engineering. The design of

© 2021 American Chemical Society
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NIR luminescence based on the Cr’**—Cr’* ion pair is an
interesting and unexplored strategy, despite most phosphor
hosts forming exchange-coupled Cr** pairs, which are weak
and not detectable in ambient conditions.'>"®

The magnetoplumbite type structures with formula
A[B,]0y, offer an opportunity for a stronger Cr**—Cr** ion
pair signal due to the availability of five independent
crystallographic sites for the B site cation, where cation B
may have valence ranging from 2+ to 5+.'”'® Therefore, the
magnetoplumbite type structure provides a versatile host
system in which to tune luminescent optical properties. For
example, Xu et al. reported SrGa;,0,4:Cr** (4, = 750 nm) for
long-persistence applications,'” while the narrowband green-
emitting SrGa;;0,9:Mn*" (4., = S0S nm) is integrated with
ethyl cellulose for the latent fingerprints visualization in
anticounterfeiting applications.”® Similarly, LaMgA-
1,,0,9:Cr’* (Aen = 698 nm) is co-doped with Yb** ions for
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Figure 1. Structure investigation results of SrAl}; g5_,Ga,0,4:0.12Cr>* (x = 0, 2, 4, 6, 8, 10, and 12). (a) The magnetoplumbite type structure.
Brown, red, blue, magenta, and green spheres represent M(Al, Ga) in M1 to MS sites, respectively, orange spheres are O. S and R basic building
blocks are identified. (b) XRD data along with that calculated from the structure PDF#04-009-5514 in the range of 10—80° and in the region 31.5—
37°. (c) Lattice parameter obtained from joint Rietveld refinement using S-XRD and NPD data. (d) Refined % Ga at each site. (e) Bond—valence
sum (BVS) of Al and Ga along with the local coordination structure of M2 and M3. (f) Occupancy-corrected BVS for mixed Ga/Al sites. Lines

through points are guides to the eye.

the requirements of emission at 980 nm in solar energy
conversion.”' The quantum efficiency and thermal stability are
the two critical parameters that eventually determine the
phosphor host effectiveness. In 2020, Liu et al.”* reported
highly efficient NIR phosphor LaMgGa,;0,:Cr** (dg, = 715—
800 nm) with an internal quantum efficiency of 82.6% and
excellent thermal quenching resistance. Recently, Liu et al.”
have reported internal/external quantum efliciencies of 98%/
45% in SrGa;,0,9:Cr’* (A, = 770 nm) through a local site-
engineered strategy and also showed that the integrated PL
intensity at 500 K remains 86.5% as compared with 290 K. The
energy transfers among multiple Cr’* sites in LaMg-
Ga;;0,9:Cr’" and inducing symmetry changes in
SrGa;,0,:Cr** are considered as the possible luminescence
mechanism.?**® In this work, detailed structural and
luminescence investigations are further carried out and
explored the actual NIR luminescence center in the
magentoplumbite host as a Cr’*—Cr’* ion pair and its
corresponding luminescence mechanism. In addition, the
potential pc-NIR LED application of a magnetoplumbite
host is also reported.

B RESULTS AND DISCUSSION

Crystal Structure. SrAl;,0,, and SrGa;,0,, have a
magnetoplumbite type structure and are commonly present
in chondritic meteorites.'”'® Magnetoplumbites crystallize in
the hexagonal crystal system, often with the P6;/mmc space
group with five unique crystallographic sites for the M*" cation
[M = Al Ga] (Figure la). A magnetoplumbite unit cell
comprises two basic building blocks stacked together along the
¢ axis in the sequence RSR*S*, where S is a spinel block and
forms a two-layer sequence, and the R block forms a three-
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layer sequence. Typically, the M1 2a and M3 4f cation sites in
the S block form a regular octahedron and a distorted
tetrahedron, respectively, connected by the O atom O4. The
M4 4f and MS 12k cation sites in the R block form dimers of
trigonally distorted edge-shared octahedra, with MS having
three units (Figure S1). The atoms at M4 and MS sites, as well
as the Sr at 2d sites, are connected through the O atom at OS
sites. In contrast, the M2 4e site is close to trigonal bipyramidal
coordination but slightly displaced (split) into two statistically
half-occupied, pseudotetrahedral 4e sites.

X-ray powder diffraction (XRD) and neutron powder
diffraction (NPD) data of SrAl}; g5_,Ga,0,9:0.12Cr*" (x = 0,
2,4, 6,8, 10, and 12) samples (laboratory XRD data are shown
in Figure 1b) could be indexed to a main phase isostructural to
SrAl,0,, (PDF#04-009-5514), indicating the full solid
solubility of Ga within the hexagonal structure. The Cr in
the material could not be detected using either laboratory or
synchrotron XRD (S-XRD) nor with NPD, due to the similar
X-ray scattering factors and coherent neutron scattering
lengths of AI** and Cr**.** It is expected that Cr** substitutes
for A** in the series due to their similar ionic radius and
valence (six-coordinate AI** = 0.535 A and Cr** = 0.615 A)*
and that Cr’* in an octahedral and not tetrahedral environment
will emit NIR light.”**” A minor amount of AL,O; was found in
the x = 0 sample, AL,O; and Ga,O; in the x = 2 sample, and
Ga,0; in the x = 4 sample (Table S1). Structural refinement of
the main phase against both S-XRD and high-resolution NPD
was conducted, and results are shown in Figures S2 and S3,
respectively, and in Tables S1 and S2. As a typical solid
solution, the lattice parameters (a and ¢) and cell volume (V)
increase with x from 0 to 12 (Figure lc), evidencing the
successful substitution of Ga>* for AI** in the structure. The
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Figure 2. Luminescence analysis of SrAl}; g5_,Ga,015:0.12Cr*" (x = 0, 2, 4, 6, 8, 10, and 12). (a) PLE spectra at 688 (black line) and 760 nm (red
line) and emission spectra upon excitation at 430 nm. (b) Decay profiles of Crl (blue line) and Cr2 (red line). (c) Position of the maximum Crl
and Cr2 emission at room temperature and Cr2 emission at 77 K. (d) Crystal field strength parameter Dg and Racah parameters B and C together
with the nephelauxetic parameter f3;. () Pressure-dependent PL spectra of the x = 6 sample at room temperature, and (f) pressure dependence of

Crl and Cr2 emission for the x = 6 composition.

refined site occupancy factors for Ga and Al sites resulted in
stoichiometry in good agreement with the nominal composi-
tion, noting the presence of minor impurity Al,O; and Ga,O;
phases for some samples. The Ga content at each M1 to M4
site within the SrAl; g .Ga 05:0.12Cr>" series is shown in
Figure 1d. Ga®* has a preferred occupancy trend for sites:
M3(IV) > M2(V) > M4(VI) > MS(VI) > MI1(VI). In this
system, Ga®* prefers tetrahedral over octahedral sites, counter
to that expected for the larger Ga®". To understand this further,
the bond valence sum (BVS) for each site is considered
(Figure 1e).”>*®

Bond-Valence Sum. At x = 0, A" in the M3 site
(tetrahedral) is underbonded with a BVS value less than +3
(+2.6), whereas AI’* at the octahedral sites M1, M4, and MS
are within the BVS limits (+3). Hence, Ga* is incorporated
into the crystal lattice by first occupying sites that bring the
BVS value closer to +3, after which the higher BVS value sites
M4, MS, and M1 are occupied. BVS values adjusted for Ga**
and A" content are shown in Figure 1f, where the BVS values
of both tetrahedral and octahedral sites are near +3, confirming
the preferred occupancy of Ga®* at tetrahedral sites in the
SrAl}; g5 .Ga,01:0.12Cr>" series. To further understand the
substitution behavior, the bond length of Al/Ga—O at the M2
and M3 sites is compared, as shown in Figure S4. The M**(Al/
Ga) atom at M3 sites is bonded to two O atoms with a bond
length of 1.806—1.881 A (M3—02) and 1.798—1.858 A (M3—
04), which are close to each other over the series. The
M3*(Al/Ga) atom at the M2 site is also bonded to two O
atoms, but the apical bond lengths of 2.116 A (M2—01) are
much larger than the M2—03 length of 1.773—1.848 A. The
corresponding distortion index calculated based on quadratic

19060

elongation for the M2 site is therefore much larger than that
for the M3 site (Figure SS), rendering the M2 sites less
favorable than M3 sites for Ga** substitution.
Photoluminescence. The photoluminescence excitation
(PLE) and photoluminescence (PL) spectra of
SrAl}; g5-.Ga,01:0.12Cr*>* at room temperature (RT) are
shown in Figure 2a. Under 442 nm excitation, two kinds of
emissions are observed. The first consists of sharp lines (Crl,
denoted by a pink contour), with the most intense line at ~688
nm. The second is a broadband emission extending from 650
to 950 nm (Cr2, denoted by a green contour). PLE spectra at
688 (black line) and 770 nm (red line) show two excitation
bands typical for Cr’* ions in octahedral coordination. The
higher energy band (~23 000 cm™, ~430 nm) corresponds to
the *A, — *T, transition, whereas the lower energy band
(~17000 cm™', ~600 nm) corresponds to the *A, — *T,
transition of Cr’*. Typically, Cr’* samples exhibit a sharp line
usually assigned to the spin-forbidden transition *E — *A,,
whereas the broadband emission is assigned to the spin-
allowed transition *T, — *A,. However, the decay time of Cr2
emission at 740—820 nm, as shown in Figure 2b (red curve), is
within the range 1.1-2.4 ms, similar to the Crl emission
around 680—700 nm (blue). In contrast, the *T, — *A,
transition is expected to have a much shorter decay time
(microsecond range). Thus, the broadband emission arises
from the spin-forbidden *E — *A, transition, contrary to
previous reports.””~>* Xu et al.”’ report decay time in the ms
range for the SrGa;,0,o:Cr’* phosphor at 750 nm, although
the exact decay time and absence of corresponding structural
information make further comparison difficult. Similarly, a
decay time of ~2 ms is observed for the Cr**—Cr*" ion pair in
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the Cr**-doped LaAlO; perovskite material.”” Apart from that,

the decay time in the range of ms is also observed in other
magnetoplubmites, and the optical transition is assigned as
spin-allowed.””** The crystal structure of magnetoplumbites
(Figures la and S1) has distorted octahedral units of M4 and
MS atoms next to each other, forming a face-sharing
polyhedron independently with M4—M4 and MS—MS5
distances of 2.650 and 2.756 A, respectively. This finding
suggests a strong probability of forming exchange-coupled Cr**
pairs upon double substitution of M4 or MS sites. Pair
interaction strength increases with decreasing bond length,30
and the M4—M4 is shortest, as shown in Figure S6. We note a
lower possibility of forming exchange-coupled Cr’* pairs
among other M sites such as M4—MS, M1-MS, and M1—
M3, these having longer bond lengths. The coupling of Cr**
ions should lead to the splitting of energy levels and may
significantly alter the luminescence of the pair compared to
that of isolated ions. Hence, the broadband emission of Cr2 is
ascribed to Cr**—Cr’* ion pairs at the M4 site. Meanwhile, the
decay profile of the Crl emission is nonexponential and
shortens with increased Ga concentration. The *A, — *T, and
*A, — *T, excitations red-shift (Figure S7) and overlap the
Crl emission (Figure 2a) as a result of the incorporation of
Ga®". This enhances energy transfer within the Cr ions and
shortens the decay time. To summarize, Crl emission likely
arises from isolated Cr** ions in ideal octahedral M1 sites,
while the broadband Cr2 emission likely arises from Cr**—Cr**
ion pairs in M4—M4 sites. The construction of the energy level
diagram for the Cr**—Cr** ion pair can be useful to explore the
energy level differences among the transition’s nature.
However, it is not possible to determine the actual Stokes
shift of the Cr2 emission (even if it is broadened at RT), since
the relevant PLE spectra in the 700—800 nm region are
obscured by optical bands of the isolated Crl center. Hence,
the schematic energy level diagram is not included due to the
absent PLE spectra in the 700—800 nm range. With increased
x, the Crl emission shifts toward longer wavelengths (lower
energies) from 685 to 695 nm (14 500—14 400 cm™') owing
to the decrease in crystal-field strength around the Cr ions
(Figure 2c). Interestingly, the Cr2 emission shifts toward
shorter wavelengths (higher energies) in direct contrast to the
Crl emission. Even at 77 K, the Cr2 emission peaks shift from
790 to 760 nm (12 650—13 100 cm™). Such unusual behavior
can be explained on the grounds of differences in ion distances
in the lattice. For x = 0, the distance between the paired Cr**—
Cr’* jons is smaller than that for x = 12, increasing interaction.
Meanwhile, the N-line emission (zero phonon line of the Cr**
pair emission) is usually very close to the R-line emission in
the case of weaker interaction.”” Our results indicate that the
stronger interaction between Cr’* ion pairs (reduced Cr’*—
Cr’* distance) results in a greater energy difference from the
N-line to the R-line (a larger splitting of energy levels related
to paired Cr’* ions). We observe the red-shift of R-lines (Cr1)
and the blue-shift of N-lines (Cr2), which result in a smaller
energy difference between these with increasing x (lattice
parameters increase with x, increasing Cr’* ion pair distance,
Figure S6). Specifically, the blue-shift of N-lines (Cr2
emission) arises from the increased distance between Cr’*
ions, weakening their interaction, reducing the energy level
split and the energy difference between the R- and N-line
emissions.

To understand the behavior of isolated Cr* ions (Crl), the
crystal-field strength parameter Dq and Racah parameters B
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and C are calculated (see Supporting Information), as shown
in Figure 2d. The crystal-field strength Dg decreases with
increased x, as a consequence of increased lattice parameters.
However, the Racah parameter B decreases, whereas C
increases with x. In principle, the energy shifts of the ’E
state (nephelauxetic shift) are determined by the combined
effect of the B and C parameter, noting the opposite trend of
the B and C parameter shift with x. The alternative
nephelauxetic parameter f3; proposed by Brik et al.”>" decreases
with increased x following the experimental values of the “E
state. Notably, the observed changes in the energy of *E with x
(red-shift with declining crystal-field strength Dq) contradict
the 2E state of pressure behavior (red-shift with increased Dg;
Figure S8). This finding indicates that the “chemically induced
pressure” (decrease in x) is combined with the reduction of
Cr**—ligand covalence.

Pressure-Dependent Photoluminescence. Figure 2e
shows pressure-dependent PL spectra of the x = 6 sample, and
Figure S9 shows those for samples x = 0 and 12. Up to 32 kbar,
the fine structure in emission spectra of Crl and Cr2 for x = 0
is well resolved, whereas both emissions are broadened at
higher pressure. The pressure dependence of the energy shift
of Crl and Cr2 emissions for the x = 0 and 12 samples is
shown in Figure S9 and that for x = 6 in Figure 2f. For all
tested cases x = 0, 6, and 12, pressure increase leads to a linear
shift of Crl and Cr2 emissions toward lower energy (longer
wavelength) at approximately —1.5 cm™'/kbar. This further
confirms that this emission cannot be attributed to the *T, —
*A, transition, which would shift toward higher energy (shorter
wavelengths), typically at a much stronger rate. Moreover, both
the direction and magnitude of the pressure shift are typical for
a 2B — *A, transition.”> > This evidences the spin-forbidden
transition of Cr’* and Cr**—Cr*" pairs. Pressure-dependent
decay profiles for the x = 0, 6, and 12 samples and calculated
decay times for Crl and Cr2 emissions are shown in Figures
S10 and S11. The decay profile of the Crl emission is
nonexponential, as expected for conventional PL measure-
ments, with an average decay time of 2.2—2.7 ms until 46 kbar
for x = 0, 1.0—3.1 ms until 170 kbar for x = 6, and 1.0—2.6 ms
until 126 kbar for x = 12. In contrast, Cr2 emissions are nearly
exponential with a decay time of 2.2—2.8 ms, 1.4—2.5 ms, and
1.1-2.4 ms for x = 0, x = 6, and x = 12, respectively, until 200
kbar. The lower ambient-pressure average decay time for x =
12, combined with a greater pressure rise, likely arises from the
influence of the higher excited state *T, on the effective decay
time; that is, the thermal occupation of the spin-allowed *T,
state at ambient pressure reduces the effective decay time. The
effect of pressure is a shift of the *T, state toward higher
energy. In effect, the activation energy for the thermal
occupation of *T, increases, leading to a gradually smaller
occupation and thus smaller influence of *T, on the effective
decay time. When the activation energy for *T, occupation is
large; the thermal occupation effect becomes negligible;
however, the ’E — *A, decay time increases with increased
pressure because spin—orbit interaction strength diminishes,
which determines the probability of the doublet-quartet spin-
forbidden transition (the effect is described as the admixing of
the *T, state to the E emitting state, which diminishes as *T,
shifts toward higher energies). This effect can explain the
increase in the increase in decay time for the x = 0 sample,
where the thermal occupation of the *T), state is absent, as well
as the increase in the “E decay time of the x = 12 sample. The
decrease in Crl emission lifetime at the highest pressure may
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Figure 3. Local structure effects of SrAl,, g5_,Ga,05:0.12Cr**: (a) EPR spectra of x = 0—12 samples over 100—600 mT; (b) vanishing and
broadening of the EPR signal from isolated Cr ions (a low component of Cr**) and Cr pairs; (c) EPR spectra and EPR/nuclear magnetic resonance
simulations of SrAl}, g5_,Ga,0}y compounds x = 0 and x = 12; temperature dependence of magnetic susceptibility for (d) x = 0 and (e) x = 12; and
(f) schematic of [M4-O4]—[M4-Og4] bond length and Cr**—Cr** pair interactions. O atoms are red. B is the magnetic field, g is the spectroscopic
splitting factor with x, y, and z tensors, and g4 encompasses the zero-field interaction. D and E are axial and rhombic distortions of the octahedron,

respectively.

be the effect of odd-parity distortions in the Cr** site leading to
further relaxation of the parity-selection rule for the *E — *A,
parity-forbidden transition or due to the appearance of
nonradiative quenching,

Local Structure. Electron paramagnetic resonance (EPR)
and superconducting quantum interference device (SQUID)
measurements were used to examine the paramagnetic nature
of Cr’* and Cr**—Cr’* pairs. Figure 3a shows EPR spectra of
SrAl}; g5-.Ga,01:0.12Cr*" at RT. Here, Zer is the spectro-
scopic splitting factor that encompasses the effect of zero-field
interactions with x, y, and z tensors, and where D and E are the
axial and rhombic distortions of the octahedron, respectively.
For x = 0, two EPR signals are recognizable in the magnetic
field range 0 mT < B < 600 mT. The first signal (shaded
orange in Figure 3a) represents isolated Cr’* ions in an
octahedral environment. The second intense signal (shaded
green) with g.¢ = 1.9785 (inset in Figure 3b) is assigned to the
interaction within Cr**—Cr** pairs after Voigt fitting with a
Lorentzian contribution of 0.9. The dominant interactions are
of the exchange type. Meanwhile, two isolated Cr® ions are
superpositioned together in samples of 2 < x < 10, which
makes the signal less clear as a result of the inhomogeneous
Cr’* environment. In addition, the intensity is also reduced in
this EPR signal, making it difficult to determine the parameters
of the spin Hamiltonian for samples 2 < x < 10. Interestingly, x
significantly affects the interaction signal of Cr**—Cr** pairs
(g = 1.9785). Nevertheless, the Cr’*—Cr’* pair signal is
observed until x = 12 (Figure 3b). The EPR spectrum is fitted
using Spin—Hamilton (SH) parameters (Figure 3c), with x =
0: g, = 2.01(2), g, = 2.00(3), g = 1.8(1), D = 0.255(5) cm”,

and E = 0.01(1) em ™. For x = 12: g, = 2.08(5), g, = 2.06(6), g,
= 1.8(1), and D = 0.18(1) cm™’. The value of the SH
parameter indicates that only one Cr** is centered for both
compounds with some distortions in C; axial symmetry.
Figures 3d and e show the temperature dependence of
magnetic susceptibility for x = 0 and x = 12, respectively. For x
= 0, magnetic susceptibility follows Curie—Weiss behavior with
Curie—Weiss temperature Tcy = —0.35 K below 80 K.
Conversely, magnetic susceptibility follows Bleaney—Bowers
behavior with total angular momentum quantum number | =
—45 K at a high temperature of about 120 K to room
temperature. The negative sign indicates weak antiferromag-
netic interaction of Cr** ions and Cr**—Cr’** pairs. Similarly,
for x = 12, Tey = —045 K (0 < T < 45K) and J = —11 K (75
to 300 K), also indicating weak antiferromagnetic interaction
of Cr** and Cr**—Cr* pairs.”® Surprisingly, another magnetic
center is noted at higher magnetic fields, but unfortunately, it is
undefined because of the narrow temperature range (20 < T <
50 K), high fields (H = 10 kOe), and no visible EPR signal.
The strength and amount of magnetic interaction (the
intensity of the EPR signal) within the Cr**—Cr** pairs are
much weaker in x = 12 than in x = 0. The similar symmetry Cr
in both compounds makes the change in the strength of the
interaction likely arise from the different Cr**—Cr** center
distances (Figure 3f). If the M4—M4 bond lengths increase
over the range of x, then the interaction strength between
paired Cr’" ions decreases. This affects the broadband
emission at 750—950 nm with a blue-shift. Cr’* K-edge X-
ray absorption near-edge spectra reveal Cr in +3 valence in the
« series (Figure S12).

https://doi.org/10.1021/jacs.1c08334
J. Am. Chem. Soc. 2021, 143, 19058—19066


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08334/suppl_file/ja1c08334_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08334?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08334?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08334?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08334?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

ﬂ x=0cr1 Cr2 2A,=442nm G 93°°°8°° G 100 100 100
-~ T 1.0 0333088890 ° > [hex=442nm o

3 /—/\550 Kﬂi o ° Y E 90 0—o 8 L 90 L 90 E)‘
& — 0.8 1 o [ ] K] ~~ —=g— N 3
> _,”_/\ 2 @ x=0 ° £ 80+ \oxioxa F205 Lao g
"ﬁ __J‘_/‘\ ® 064 o x=4 °. c o< | 7oZ E
S ] @ x=6 2 70+ E e
] } ~— e 0.4 x=8 ® | 603 i
= = o G 60 - € 6o 2
d 02- ° =12 g | 50 %
£ 50 4 ) - 50 £

T T 1 100K 0 T T T T T T g 40 o - 40 | 40

600 700 800 900 300 350 400 450 500 550 600 O 2 4 6 8 10 1

Wavelength (nm)

12

Temperature (K)

x =12 Aex =450 nm

y__//% 550 K

F_//\\

Cr2 A, =442nm

Intensity (a.u.)
Normalized Intensity

L) I T T T
600 700 800 900 600 700 800

Wavelength (nm)

Wavelength (nm)

J-o-x=6 -9~ La;Ga GeO,,: Cr*
fg 100 4 o Liinsi,0p: cr*
;4 S go 4-o-scBO;: Cr*
=6 £ -@-La,GaGe 0, CF*
x=8 5 60
x=10 w
x=12 s 40
-]
< 204
1 0 L] 1 L] L] L] L] T
900 1000 0 50 100 150 200 250 300 350 400

Driving current (mA)

Figure 4. Temperature-dependent and prototype pc-NIR LED investigations of SrAl}; gs_,Ga,0;4:0.12Cr**. Normalized temperature-dependent
emission spectra for (a) x = 0; (b) x = 12; (c) integrated total emission intensity over 10—470 K at an interval of SO K; (d) normalized
electroluminescence spectra of the pc-NIR LED package fabricated using 450 nm LED as the excitation source; (e) output power of the pc-NIR
LED package and internal quantum efficiency of x = 0—12 samples; and (f) output power of the NIR package and Lilng,Si,04:0.06Cr**,
Scg9sB05:0.02Cr, La;Gag 9;Ges0;4:0.07Cr**, and LayGa, 9sGe0,,:0.05Cr*.

Thermal Properties. Optical properties were investigated
as a function of temperature for x = 0, 4, 6, 8, and 12. The
normalized temperature-dependent emission spectra are
observed until 550 K for x = 0 and x = 12 (Figure 4a,b)
and x = 4, 6, 8 (Figure S13). A well-resolved line emission for
Crl (680—710 nm) along with phonon sidebands and Cr2
emission (740—850 nm) with a clear zero phonon line of
Cr**—Cr*" pairs (N-lines) is apparent for x = 0 and x = 12.
However, an increase in temperature smears the profile of the
Cr2 emission, especially for x = 12, for which the broadband
emission is related to the spin-allowed *T, — *A, transition.
The emission profile of Cr2 is broadened even at low
temperatures (77 K) for x = 4, 6, and 8, owing to the
inhomogeneous environment of Cr’*. The total intensity of
emission spectra for different temperatures is obtained by the
integration of non-normalized experimental data (Figure 4¢).7?
The total intensity values were normalized by setting the
intensity at 300 K as 1. The apparent increase of total intensity
above unity seen in Figure 4c either is due to a thermally
induced increase of absorption probability for the *A, — *T,
transition or is caused by thermally activated depopulation of
electrons from electron traps associated with defects. The
increase of total luminescence ceases at elevated temperatures
due to the onset of nonradiative quenching (the threshold
temperature for nonradiative quenching decreases with
increasing «x). Nonradiative quenching can also be caused by
a drop in internal quantum efficiency and absorbance.*
Nevertheless, in the operating temperature of the pc-LED
device (~400 K), the total intensity of all samples is unaffected
by nonradiative quenching. To further verify the luminescent
site-transition behavior, the decay profile is captured for Crl
and Cr2 emissions within the range 30—470 K at 442 nm, with
decay profiles shown in Figures S14. The decay profiles of the
Crl emission are multiexponential and shortened with
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increasing temperature. The average decay time 7,, is
calculated using formula 1, and results are presented in Figure
S15a. The decay time reduces with increased temperature for
all x, but decreases fastest for the x = 12 composition. Notably,
the increased average decay time for x = 4, 6, 8, and 12 is due
to the overlapping Crl and Cr2 emissions at higher
temperatures (>250 K). In contrast, the decay curve of the
Cr2 emission is nearly single-exponential, and the decay time
(r) obtained using formula 2 is shown in Figure S15b. The
decay time of the Cr2 emission remains constant until 200 K
and starts to decrease at higher temperatures for x = 0 and x =
4. For x = 6, 8, and 12, the threshold temperature for decay
time decrease is lower (~100 K). Notably, the decay time
shortens with increased Ga content. This effect may be
ascribed to stronger agitation of odd-parity vibration modes at
a higher temperature, inﬂuencing the probability of the parity-
forbidden 2E — “A, transition.’

~ [1(o)t dt

far = fI(t) dt (1)

I(t) = Le™™" @)

where I(t) is the emission intensity at time t, I, is the initial
intensity, and 7 is the decay time of the luminescence.

LED Packages. The practical viability of the as-synthesized
solid-solution samples is demonstrated by pc-NIR LED
fabrication with blue LED (/. = 450 nm) excitation. The
normalized electroluminescence spectra of the pc-NIR LEDs
are shown in Figure 4d. NIR emissions in the range 600—1000
nm are sufficiently strong to match Si detector sensitivity. As
shown in Figures 4e and S16, with increased Ga content (from
x = 0 to 12), the internal quantum efficiency and radiant flux
increased until the saturation point at x = 6. The maximum
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internal quantum efficiency and radiant flux of 84% and 96
mW (driving current = 350 mA) are achieved for x = 6 with a
corresponding photoelectric efficiency of 82%. The external
quantum efficiency was unable to be calculated for any of the
samples due to limitations of the instrumentation used, which
measures absorption and absolute QY. Notably, the photo-
electric efficiency is also higher than 80% for all fabricated pc-
NIR LEDs. Thus, the reported solid-solution tuned phosphor
samples convert absorbed blue photons to NIR photons very
effectively. The capability of the as-synthesized phosphor x = 6
for higher radiant flux is compared with well-known Cr’*-
doped IR phosphors (Figure 4f) such as Lilng,Si,04:0.06Cr*",
Scp.9sB03:0.02Cr**, La;Gay93;Ges0,4:0.07Cr3*, and
La;Gay 95Ge0,,:0.05Cr, 7 prepared following relevant
literature (Figure S17). The internal quantum efficiency of the
comparative samples is provided in Table S3. The
SrAl}; g5_Ga,019:Cr’* x = 6 sample exhibited a higher radiant
flux than all tested phosphors for driving currents between S0
and 350 mA (Figure 4f). This finding reveals the potential of
magentoplumbites for application as pc-NIR LEDs.

B CONCLUSIONS

In summary, the SrAl},gs_,Ga,O.9:Cr’" series of magneto-
plumbites were synthesized and their crystal structure was
characterized using Rietveld refinement using synchrotron X-
ray and neutron powder diffraction data. Notably, Ga was
found to prefer tetrahedral sites within the structure, with the
M3—-0O bond length of the tetrahedron indicating under-
bonding. Similarly, the M2—O1 bond of the trigonal
bipyramidal M2 site is much longer than that of the M2—
03, inducing significant distortion. The series has broadband
near-infrared luminescence in the range 650—1050 nm with
the typical R line and additional broadband centered around
740—820 nm. Decay time and pressure shifts of the
photoluminescent spectra indicate the broadband emission
arises from spin-forbidden transitions of Cr**—Cr*" pairs and
not the spin-allowed *T, — *A, transition. Increased Ga**
concentration weakens the Cr’**—Cr** ion pair and results in a
blue shift of the spectrum. The construction of Cr**—Cr** pair
energy levels is restricted due to the overlapping of PLE
spectra in the region 700—800 nm with the optical bands of
the Crl center. In addition, the low-temperature PL spectra
also suggest the presence of prominent ZPL in the x = 0 and x
= 12 samples, indicating that the Stokes shift cannot be as large
as typically for *T, — *A, emission. Even though the schematic
energy level diagram construction for Cr’*—Cr’* is not
possible in this case, but the attribution of the 800 nm
emission to the *T, — *A, transition of single Cr** centers is
ruled out by the following reasons. The very large red-shift
around 1500 cm™" of the 800 nm emission compared to the *E
emission would indicate the SrAl}; g .Ga,O;9:Cr*" is a low
crystal field material, in which case the *E — *A, emission
would be impossible. The pressure-induced red-shift of the 800
nm emission is inconsistent with the behavior of *T, — *A,
emission (strong blue-shift is expected). The luminescence
decay time of the 800 nm emission is in the ms time range,
which is 2 orders of magnitude longer than the *T, — *A,
lifetime observed in low crystal field Cr** materials. The *T, —
*A, emission related to the Crl center does appear at elevated
temperature as broadband, poorly resolved emission in the
650—750 nm range. At the same time, the relation between the
higher quantum efficiency and the Cr**—Cr** ion pair
transition remains unexplored. Electron paramagnetic reso-

19064

nance spectroscopy and magnetometry measurements confirm
this, with two-electron paramagnetic spectroscopy signals
observed and the magnetic susceptibility obeying the
Bleaney—Bowers function. Significantly, the phosphor series
have a high internal quantum efficiency of 95% and zero
thermal quenching, demonstrating their potential for pc-NIR
LED application. This study provides detailed insight into the
luminescence mechanism of Cr** in the magentoplumbite-type
structures that can be used to guide the future design of
phosphors, revealing pathways to achieve thermal saturation
and enhance the Cr’*—Cr’* pair strength to target perform-
ance. The energy level scheme construction of the Cr**—Cr**
ion pair and its microscopic energy level examination for
higher quantum efficiency are the limitations of this study.

B EXPERIMENTAL SECTION

Reagents. Strontium carbonate (SrCO;; 99.0%) was purchased
from Aldrich. Aluminum oxide (Al,O3; 99.99%) and gallium oxide
(Ga,03; 99.9%) were obtained from Gredmann. Chromium oxide
(Cr,05, 99.9%) was purchased from Merck.

Synthesis of SrAl,; g_,Ga,0,4:0.12Cr** (x =0, 2, 6, 8, 10, 12).
Starting precursors were weighted as per stoichiometric amounts and
ground well in a mortar with a pestle for 15 min. The homogeneous
mixture was transferred to an alumina crucible and sintered in a
muffle furnace at 1425 °C for 8 h in air. After sintering, the samples
were ground well again in a mortar and pestle.
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Details of characterization, Rietveld fit profiles along
with refined structural parameters, pressure-dependent
decay profiles and calculated decay time, temperature-
dependent emission spectra of x = 4, 6, and 8 samples,
and temperature-dependent decay profiles (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Ho Chang — Department of Mechanical Engineering and
Graduate Institute of Manufacturing Technology, National
Taipei University of Technology, Taipei 106, Taiwan;
Email: f10381@ntut.edu.tw

Ru-Shi Liu — Department of Chemistry, National Taiwan
University, Taipei 106, Taiwan; ® orcid.org/0000-0002-
1291-9052; Email: rsliu@ntu.edu.tw

Authors

Veeramani Rajendran — Department of Chemistry, National
Taiwan University, Taipei 106, Taiwan; Department of
Mechanical Engineering and Graduate Institute of
Manufacturing Technology, National Taipei University of
Technology, Taipei 106, Taiwan; ® orcid.org/0000-0003-
1479-8829

Mu-Huai Fang — Department of Chemistry, National Taiwan
University, Taipei 106, Taiwan; © orcid.org/0000-0003-
1475-0200

Wen-Tse Huang — Department of Chemistry, National
Taiwan University, Taipei 106, Taiwan

Natalia Majewska — Institute of Experimental Physics, Faculty
of Mathematics, Physics and Informatics, University of
Gdansk, 80-308 Gdansk, Poland; © orcid.org/0000-0002-
1933-035S

https://doi.org/10.1021/jacs.1c08334
J. Am. Chem. Soc. 2021, 143, 19058—19066


https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08334/suppl_file/ja1c08334_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08334/suppl_file/ja1c08334_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08334?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08334/suppl_file/ja1c08334_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ho+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:f10381@ntut.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ru-Shi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1291-9052
https://orcid.org/0000-0002-1291-9052
mailto:rsliu@ntu.edu.tw
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Veeramani+Rajendran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1479-8829
https://orcid.org/0000-0003-1479-8829
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mu-Huai+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1475-0200
https://orcid.org/0000-0003-1475-0200
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen-Tse+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalia+Majewska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1933-0355
https://orcid.org/0000-0002-1933-0355
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tadeusz+Lesniewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Tadeusz Lesniewski — Institute of Experimental Physics,
Faculty of Mathematics, Physics and Informatics, University
of Gdansk, 80-308 Gdansk, Poland

Sebastian Mahlik — Institute of Experimental Physics, Faculty
of Mathematics, Physics and Informatics, University of
Gdansk, 80-308 Gdansk, Poland; © orcid.org/0000-0002-
9514-049X

Grzegorz Leniec — Department of Technical Physics, Faculty
of Mechanical Engineering and Mechatronics, West
Pomeranian University of Technology Szczecin, 70-311
Szczecin, Poland

Slawomir M. Kaczmarek — Department of Technical Physics,
Faculty of Mechanical Engineering and Mechatronics, West
Pomeranian University of Technology Szczecin, 70-311
Szczecin, Poland

Wei Kong Pang — Institute for Superconducting and Electronic
Materials, University of Wollongong, North Wollongong, New
South Wales 2522, Australia; ® orcid.org/0000-0002-
5118-388S

Vanessa K. Peterson — Institute for Superconducting and
Electronic Materials, University of Wollongong, North
Wollongong, New South Wales 2522, Australia; Australian
Centre for Neutron Scattering, Australian Nuclear Science
and Technology Organisation, Sydney, New South Wales
2232, Australia; © orcid.org/0000-0002-5442-0591

Kuang-Mao Lu — Everlight Electronics Co., Ltd,, New Taipei
City 238, Taiwan

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c08334

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by the Ministry of Science
and Technology in Taiwan (Contracts MOST 109-2113-M-
002-020-MY3 and MOST 110-2923-M-002-017-MY3), the
National Science Center Poland Grant Opus (Nos. 2018/31/
B/ST4/00924 and 2019/33/B/ST3/00406), and the National
Center for Research and Development Poland Grant (No. PL-
TW/VIII/1/2021). The authors are thankful to ANSTO staff
for their operational support on high-resolution NPD data
collections.

B REFERENCES

(1) Kim, M; Singh, S. P.; Shim, S.; Park, W. B.; Sohn, K. S.
Discovery of a Quaternary Sulfide, Ba,_,LiAlS,:Eu®*, and Its Potential
as a Fast-Decaying LED Phosphor. Chem. Mater. 2020, 32, 6697—
6705.

(2) Kim, M.; Park, W. B.; Lee, J. W.; Lee, J.; Kim, C. H.; Singh, S. P.;
Sohn, K. S. Rb;SiF,;:Mn** and Rb,CsSiF:Mn*" Red-Emitting
Phosphors with a Faster Decay Rate. Chem. Mater. 2018, 30,
6936—6944.

(3) Reuter, J. A;; Spacek, D. V.; Snyder, M. P. High-Throughput
Sequencing Technologies. Mol. Cell 20185, S8, 586—597.

(4) Rateni, G.; Dario, P.; Cavallo, F. Smartphone-Based Food
Diagnostic Technologies: A Review. Sensors 2017, 17, 1453.

(5) Desmet, K. D.; Paz, D. A,; Corry, J. J; Eells, J. T.; Wong-Riley,
M. T. T.; Henry, M. M,; Buchmann, E. V,; Connelly, M. P.; Dovj, J.
V.; Liang, H. L.; Henshel, D. S.; Yeager, R. L.; Millsap, D. S.; Lim, J.;
Gould, L. J,; Das, R.; Jett, M.; Hodgson, B. D.; Margolis, D.; Whelan,
D. H. T. Clinical and Experimental Applications of NIR-LED
Photobiomodulation. Photomed. Laser Surg. 2006, 24, 121—128.

(6) Beers, W. W.; Cohen, W. E,; Srivastava, A. M. Exploring Sm?*
Activated Phosphors as Red-Deep Red Photon Generator for
Horticultural Application. Opt. Mater. X 2020, 8, 100059.

(7) Srivastava, A. M.; Brik, M. G.; Comanzo, H. A.; Beers, W. W,;
Cohen, W. E.; Pocock, T. Spectroscopy of Mn*" in Double
Perovskites, La,LiSbOg and La,MgTiO4: Deep Red Photon
Generators For Agriculture LEDs. ECS J. Solid State Sci. Technol.
2018, 7, R3158—R3162.

(8) Rajendran, V,; Chang, H; Liu, R. S. Recent Progress on
Broadband Near-Infrared Phosphors-Converted Light Emitting
Diodes for Future Miniature Spectrometers. Opt. Mater. X 2019, 1,
100011.

(9) Jia, Z.; Yuan, C; Liu, Y.; Wang, X. J.; Sun, P.; Wang, L; Jiang,
H.; Jiang, J. Strategies to Approach High Performance in Cr**-Doped
Phosphors for High-Power NIR-LED Light Sources. Light: Sci. Appl.
2020, 9, 86.

(10) Song, E.; Jiang, X; Zhou, Y.; Lin, Z,; Ye, S.; Xia, Z.; Zhang, Q.
Heavy Mn’* Doped MgAL,O, phosphor for High-Efficient Near-
Infrared Light-Emitting Diode and The Night-Vision Application.
Adv. Opt. Mater. 2019, 7, 1901105,

(11) Shao, Q,; Ding, H; Yao, L; Xu, J; Liang, C,; Jiang, J.
Photoluminescence Properties of a ScBO5: Cr** Phosphor and its
Applications for Broadband Near-Infrared LEDs. RSC Adv. 2018, 8,
12035—12042.

(12) Qiao, J; Zhou, G; Zhou, Y,; Zhang, Q.; Xia, Z. Divalent
Europium-Doped Near-Infrared-Emitting Phosphor for Light-Emit-
ting Diodes. Nat. Commun. 2019, 10, 5267.

(13) Zeng, H.; Zhou, T.; Wang, L.; Xie, R. J. Two-Site Occupation
for Exploring Ultra-Broadband Near-Infrared Phosphor—Double-
Perovskite La,MgZrO:Cr**. Chem. Mater. 2019, 31, 5245—5253.

(14) Liu, D.; Li, G; Dang, P.; Zhang, Q.; Wei, Y.; Lian, H.; Shang,
M,; Lin, C. C,; Lin, J. Simultaneous Broadening and Enhancement of
Cr** Photoluminescence in Liln,SbOg4 by Chemical Unit Cosub-
stitution: Night-Vision and Near-Infrared Spectroscopy Detection
Applications. Angew. Chem., Int. Ed. 2021, 60, 14644—14649.

(15) Vink, A. P.; Meijerink, A. Electron—Phonon Coupling of Cr**-
Pairs and Isolated Sites In a-Al,O; and MgO. Spectrochim. Acta, Part
A 1998, 54, 1755—1761.

(16) Derkosch, J.; Mikenda, W.; Preisinger, A. N-lines and
Chromium-Pairs In The Luminescence Spectra of The Spinels
ZnAl,0,:Cr** and MgALO,:Cr**. J. Solid State Chem. 1977, 22, 127—
133.

(17) Li, J.; Medina, E. A,; Stalick, J. K; Sleight, A. W.; Subramanian,
M. A. Structural Studies of CaAl;,0,9, SrAl;,0,9, La,/3,5Al15 501,
and CaAl|()NiTiO,, with the Hibonite Structure; Indications of An
Unusual Type of Ferroelectricity. Z. Naturforsch., B: J. Chem. Sci.
2016, 71, 475—484.

(18) Holtstam, D.; Halenius, U. Nomenclature of the Magneto-
plumbite Group. Mineral. Mag. 2020, 84, 376—380.

(19) Xu, J; Chen, D; Yu, Y; Zhu, W,; Zhou, J; Wang, Y.
Cr**:SrGa;;,0ys: A Broadband Near-Infrared Long-Persistent Phos-
phor. Chem. Asian J. 2014, 9, 1020—1025.

(20) Lai, J. a; Long, Z.; Qiu, J.; Zhou, D.; Wang, Q.; Yang, Y.; Hu,
S.; Wang, Z.; Zhang, K. Novel Organic—Inorganic Hybrid Powder
SrGa;;,O,o:Mn**—Ethyl Cellulose for Efficient Latent Fingerprint
Recognition via Time-Gated Fluorescence. RSC Adv. 2020, 10, 8233—
8243.

(21) Luo, X; Yang, X,; Xiao, S. Conversion of Broadband UV-
Visible to Near Infrared Emission by LaMgAl;;0,e: Cr’*, Yb**
Phosphors. Mater. Res. Bull. 2018, 101, 73—82.

(22) Liu, S.; Wang, Z,; Cai, H; Song, Z.; Liu, Q. Highly Efficient
Near-Infrared Phosphor LaMgGa,,0,:Cr**. Inorg. Chem. Front. 2020,
7, 1467—1473.

(23) Liu, S;; Cai, H,; Zhang, S; Song, Z.; Xia, Z.; Liu, Q. Site
Engineering Strategy Toward Enhanced Luminescence Thermo-
stability of A Cr’*-Doped Broadband NIR Phosphor and Its
Application. Mater. Chem. Front. 2021, 5, 3841—3849.

(24) Sears, V. F. Neutron Scattering Lengths and Coss Sections.
Neutron News 1992, 3, 26—37.

https://doi.org/10.1021/jacs.1c08334
J. Am. Chem. Soc. 2021, 143, 19058—19066


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sebastian+Mahlik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9514-049X
https://orcid.org/0000-0002-9514-049X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grzegorz+Leniec"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Slawomir+M.+Kaczmarek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Kong+Pang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5118-3885
https://orcid.org/0000-0002-5118-3885
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vanessa+K.+Peterson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5442-0591
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kuang-Mao+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08334?ref=pdf
https://doi.org/10.1021/acs.chemmater.0c02243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c02243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b03542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b03542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcel.2015.05.004
https://doi.org/10.1016/j.molcel.2015.05.004
https://doi.org/10.3390/s17061453
https://doi.org/10.3390/s17061453
https://doi.org/10.1089/pho.2006.24.121
https://doi.org/10.1089/pho.2006.24.121
https://doi.org/10.1016/j.omx.2020.100059
https://doi.org/10.1016/j.omx.2020.100059
https://doi.org/10.1016/j.omx.2020.100059
https://doi.org/10.1149/2.0191801jss
https://doi.org/10.1149/2.0191801jss
https://doi.org/10.1149/2.0191801jss
https://doi.org/10.1016/j.omx.2019.100011
https://doi.org/10.1016/j.omx.2019.100011
https://doi.org/10.1016/j.omx.2019.100011
https://doi.org/10.1038/s41377-020-0326-8
https://doi.org/10.1038/s41377-020-0326-8
https://doi.org/10.1002/adom.201901105
https://doi.org/10.1002/adom.201901105
https://doi.org/10.1039/C8RA01084F
https://doi.org/10.1039/C8RA01084F
https://doi.org/10.1038/s41467-019-13293-0
https://doi.org/10.1038/s41467-019-13293-0
https://doi.org/10.1038/s41467-019-13293-0
https://doi.org/10.1021/acs.chemmater.9b01587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01587?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202103612
https://doi.org/10.1002/anie.202103612
https://doi.org/10.1002/anie.202103612
https://doi.org/10.1002/anie.202103612
https://doi.org/10.1016/S1386-1425(98)00108-5
https://doi.org/10.1016/S1386-1425(98)00108-5
https://doi.org/10.1016/0022-4596(77)90029-9
https://doi.org/10.1016/0022-4596(77)90029-9
https://doi.org/10.1016/0022-4596(77)90029-9
https://doi.org/10.1515/znb-2015-0224
https://doi.org/10.1515/znb-2015-0224
https://doi.org/10.1515/znb-2015-0224
https://doi.org/10.1180/mgm.2020.20
https://doi.org/10.1180/mgm.2020.20
https://doi.org/10.1002/asia.201400009
https://doi.org/10.1002/asia.201400009
https://doi.org/10.1039/D0RA00138D
https://doi.org/10.1039/D0RA00138D
https://doi.org/10.1039/D0RA00138D
https://doi.org/10.1016/j.materresbull.2017.12.023
https://doi.org/10.1016/j.materresbull.2017.12.023
https://doi.org/10.1016/j.materresbull.2017.12.023
https://doi.org/10.1039/D0QI00063A
https://doi.org/10.1039/D0QI00063A
https://doi.org/10.1039/D1QM00074H
https://doi.org/10.1039/D1QM00074H
https://doi.org/10.1039/D1QM00074H
https://doi.org/10.1039/D1QM00074H
https://doi.org/10.1080/10448639208218770
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(25) Shannon, R. D. Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr., Sect. A: Cryst. Phys,, Diffr, Theor. Gen. Crystallogr. 1976,
32, 751-767.

(26) Adachi, S. Review—Photoluminescence Properties of Cr’'-
Activated Oxide Phosphors. ECS J. Solid State Sci. Technol. 2021, 10,
026001.

(27) Henderson, B.; Imbusch, G. F. Optical Spectroscopy of Inorganic
Solids; Oxford University Press: Oxford, UK, 2006.

(28) Gagné, O. C.; Hawthorne, F. C. Comprehensive Derivation of
Bond-Valence Parameters for Ion Pairs Involving Oxygen. Acta
Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 20185, 71, 562—578.

(29) Vink, A. P; de Bruin, M. A;; Roke, S.; Peijzel, P. S.; Meijerink,
A. Luminescence of Exchange Coupled Pairs of Transition Metal
Ions. J. Electrochem. Soc. 2001, 148, E313.

(30) H, G; W, G. Short Cr*—Cr*" Distances in Magnetoplumbite
Type SrCryGa;Oq. Z. Kristallogr. - Cryst. Mater. 1996, 211, 25—30.

(31) Brik, M. G.; Camardello, S. J.; Srivastava, A. M.; Avram, N. M.;
Suchocki, A. Spin-Forbidden Transitions in the Spectra of Transition
Metal Ions and Nephelauxetic Effect. ECS J. Solid State Sci. Technol.
2016, 5, R3067—R3077.

(32) Fang, M. H.; De Guzman, G. N. A;; Bao, Z.; Majewska, N;
Mahlik, S.; Grinberg, M.; Leniec, G.; Kaczmarek, S. M.; Yang, C. W,;
Lu, K. M; Sheuy, H. S;; Hy, S. F; Liu, R. S. Ultra-High-Efficiency
Near-Infrared Ga,0;:Cr** Phosphor and Controlling of Phyto-
chrome. J. Mater. Chem. C 2020, 8, 11013—11017.

(33) Grinberg, M.; Barzowska, J.; Shen, Y.; Bray, K. L.
Inhomogeneous Broadening of Cr** Luminescence in Doped
LiTaOs;. Phys. Rev. B: Condens. Matter Mater. Phys. 2001, 63, 214104.

(34) Grinberg, M.; Barzowska, J.; Shen, Y. R;; Bray, K. L.; Deren, P.;
Hanuza, ]. High-Pressure Spectroscopy Characterisation of LiSc-
(WO,), Crystals Doped With Trivalent Chromium. J. Lumin. 2003,
102, 699—704.

(35) Basun, S. A;; Meltzer, R. S.; Imbusch, G. F. Exchange-Coupled
Chromium Ion Pairs in Ruby Revisited. J. Lumin. 2007, 125, 31—-39.

(36) Li, R; Liu, Y.; Yuan, C.; Leniec, G.; Miao, L.; Sun, P.; Liu, Z.;
Luo, Z.; Dong, R;; Jiang, J. Thermally Stable CaLu,Mg,Si;O,:Cr**
Phosphors for NIR LEDs. Adv. Opt. Mater. 2021, 9, 2100388.

(37) Lesniewski, T.; Mahlik, S.; Grinberg, M.; Liu, R. S.
Temperature Effect on The Emission Spectra of Narrow band Mn**
Phosphors for Application in LEDs. Phys. Chem. Chem. Phys. 2017,
19, 32505—32513.

(38) Xu, X; Shao, Q; Yao, L.; Dong, Y.; Jiang, J. Highly Efficient
and Thermally Stable Cr**-Activated Silicate Phosphors for Broad-
band Near-Infrared LED Applications. Chem. Eng. ]. 2020, 383,
123108.

(39) Rajendran, V.; Fang, M. H.; Guzman, G. N. D.; Lesniewski, T;
Mabhlik, S.; Grinberg, M.; Leniec, G.; Kaczmarek, S. M,; Lin, Y. S.; Lu,
K. M,; Lin, C. M,; Chang, H,; Hu, S. F.; Liu, R. S. Super Broadband
Near-Infrared Phosphors with High Radiant Flux as Future Light
Sources for Spectroscopy Applications. ACS Energy Lett. 2018, 3,
2679—-2684.

(40) Rajendran, V.; Lesniewski, T.; Mahlik, S.; Grinberg, M.; Leniec,
G.; Kaczmarek, S. M.; Pang, W. K;; Lin, Y.-S.; Lu, K. M; Lin, C. M,;
Chang, H; Hu, S. F; Liu, R S. Ultra-Broadband Phosphors
Converted Near-Infrared Light Emitting Diode with Efficient Radiant
Power for Spectroscopy Applications. ACS Photonics 2019, 6, 3215—
3224.

19066

https://doi.org/10.1021/jacs.1c08334
J. Am. Chem. Soc. 2021, 143, 19058—19066


https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1149/2162-8777/abdc01
https://doi.org/10.1149/2162-8777/abdc01
https://doi.org/10.1107/S2052520615016297
https://doi.org/10.1107/S2052520615016297
https://doi.org/10.1149/1.1375169
https://doi.org/10.1149/1.1375169
https://doi.org/10.1524/zkri.1996.211.1.25
https://doi.org/10.1524/zkri.1996.211.1.25
https://doi.org/10.1149/2.0091601jss
https://doi.org/10.1149/2.0091601jss
https://doi.org/10.1039/D0TC02705G
https://doi.org/10.1039/D0TC02705G
https://doi.org/10.1039/D0TC02705G
https://doi.org/10.1103/PhysRevB.63.214104
https://doi.org/10.1103/PhysRevB.63.214104
https://doi.org/10.1016/S0022-2313(02)00627-0
https://doi.org/10.1016/S0022-2313(02)00627-0
https://doi.org/10.1016/j.jlumin.2006.08.022
https://doi.org/10.1016/j.jlumin.2006.08.022
https://doi.org/10.1002/adom.202100388
https://doi.org/10.1002/adom.202100388
https://doi.org/10.1039/C7CP06548E
https://doi.org/10.1039/C7CP06548E
https://doi.org/10.1016/j.cej.2019.123108
https://doi.org/10.1016/j.cej.2019.123108
https://doi.org/10.1016/j.cej.2019.123108
https://doi.org/10.1021/acsenergylett.8b01643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b01643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chromium Ion Pair Luminescence: A Strategy in Broadband

Near-Infrared Light-Emitting Diode Design

Veeramani Rajendran,™* Mu-Huai Fang,¥ Wen-Tse Huang,’ Natalia Majewska,’
Tadeusz Lesniewski,} Sebastian Mabhlik,® Grzegorz Leniec,® Slawomir M.
Kaczmarek,& Wei Kong Pang,” Vanessa K. Peterson, #¢ Kuang-Mao Lu,* Ho Chang,"
 and Ru-Shi Liu™f

TDepartment of Chemistry, National Taiwan University, Taipei 106, Taiwan

fDepartment of Mechanical Engineering and Graduate Institute of Manufacturing Technology, National
Taipei University of Technology, Taipei 106, Taiwan

SInstitute of Experimental Physics, Faculty of Mathematics, Physics and Informatics, University of
Gdansk, Wita Stwosza 57, 80-308 Gdansk, Poland

&Department of Technical Physics, Faculty of Mechanical Engineering and Mechatronics, West
Pomeranian University of Technology Szczecin, al. Piastow 48, 70-311 Szczecin, Poland

#Institute for Superconducting and Electronic Materials, University of Wollongong, Squires Way, North
Wollongong, New South Wales 2522, Australia

¢Australian Centre for Neutron Scattering, Australian Nuclear Science and Technology Organisation,
Sydney, New South Wales 2232, Australia

1Everlight Electronics Co., Ltd., New Taipei City 238, Taiwan

S1



Synthesis of Comparative Samples

La3;Ga,95Ge014:0.05Cr3*. Stoichiometric La,O3; (Gredmann chemicals, 99.9%),
Ga,0; (Gredmann chemicals, 99.9%), GeO, (Alfa Aesar, 99.9%), and Cr,0; (Merck,
99.9%) were ground well for 15 min using a mortar and pestle. Then, the homogenous
mixture was sintered at 1250 °C for 5 h in air.

La3;Gag93Ges044:0.07Cr3*. Stoichiometric La,O; (Gredmann chemicals, 99.9%),
Ga,0; (Gredmann chemicals, 99.9%), GeO, (Alfa Aesar, 99.9%), and Cr,0; (Merck,
99.9%) were ground well for 15 min using a mortar and pestle. Then, the homogenous
mixture was sintered at 1250 °C for 5 h in air.

Lilng ¢4Si;06:0.06Cr3*. Stoichiometric LiCO; (Alfa Aesar, 99%), In,O; (Alfa Aesar,
99.99%), Si0, (Aldrich, 99.99%), and Cr,0; (Merck, 99.9%) were ground well for 15
min using a mortar and pestle. Then, the homogenous mixture was sintered at 1150 °C
for 10 h in air.

Scg.08B03:0.02Cr3*. Stoichiometric Sc,O3; (Gredmann Chemicals, 99.9%), H;BO;
(99.9%), and Cr,03 (Merck, 99.9%) were ground well for 15 min using a mortar and

pestle. Then, the homogenous mixture was sintered at 1250 °C for 10 h in air.

Characterization. X-ray powder diffraction (XRD) data were obtained at room
temperature (RT) using a Bruker D2 phaser desktop diffractometer with CuKa radiation
within the 26 range 10—80°. RT synchrotron X-ray powder diffraction (S-XRD) data
were also obtained at the wavelength 0.61993 A using a Debye—Scherrer camera at the
National Synchrotron Radiation Research Center (Taiwan) BLO1C2 beamline in which
the electron storage ring was operating 1.5 GeV with a beam current of 360 mA. The
S-XRD wavelength was determined accurately using the LaBs 660 National Institute
of Standards and Technology (NIST) standard reference material (SRM). High-
resolution neutron powder diffraction (NPD) data were obtained using the Echidna
instrument at the Open Pool Australian light-water research reactor of the Australian
Nuclear Science and Technology Organisation within the 26 range 4-164° with
1.62194(5) A neutrons as determined using the NIST La!'Bs 660b SRM.! The Inorganic
Crystal Structure Database structure model #1CSD69070 was used as the starting model
for determination of the SrAlj;gs Ga,0;9:0.12Cr3 series structures and refined

simultaneously against both S-XRD and NPD data using Rietveld analysis within the

S2



academic Total Pattern Analysis Solutions software (version 5.0).> Lattice parameters,
atomic positions, site occupancy factors, and isotropic atomic displacement parameters
were all refined in the structural model. Site occupancy factors for Ga substitution at
Al sites were constrained to sum to maximum, M1 =1, M2=0.5, M3 =1, M4 =1, M5
= 1, and atomic displacement parameters constrained to be the same for the same atom
site. Crystal structures were visualized using the VESTA software,® which was used to

calculate the distortion index based on quadratic elongation that determines strain using

) =i2?=1(f;)2 sD)

Where | is the center-to-vertex distance of a regular polyhedron, 1; is the distance

equation S1:

from the central atom to the i coordinating atom, 1 is dimensionless, giving a
quantitative measure of polyhedral distortion independent of the effective size of the
polyhedron.

X-ray absorption near-edge structure measurements at the Cr K-edge were
acquired at the National Synchrotron Radiation Research Center (Taiwan) BL17C1 in
total fluorescence yield mode using a double-crystal Si (111) monochromator.
Photoluminescence excitation and emission spectra at RT were measured using a
FluoroMax-4P spectrofluorometer (Horiba) equipped with a 150 W xenon lamp
excitation source and an R928 Hamamatsu photomultiplier detector. Temperature and
pressure-dependent luminescence spectra were measured using an Andor SR-750-D1
spectrometer equipped with a CCD camera (DU420A-OE). An Omni-Lambda 2001
monochromator with a 150 W Xenon lamp or Kimmon Koha He-Cd laser at 442 nm
was the excitation source. Decay profiles were obtained using a time-resolved
spectroscopy apparatus, consisting of a PG 401/SH optical parametric generator
pumped by a PL2251A pulsed YAG: Nd laser (EKSPLA). The detection part comprised
a 25018 grating spectrometer (Bruker Optics) combined with a C4334-01 streak camera
(Hamamatsu).* In the time-resolved luminescence measurements, samples were cooled
using an APD Cryogenics closed-cycle DE-202 optical cryostat, which allowed the
temperature to be varied between 30 and 470 K. For steady-state measurements, the
temperature was controlled using a THMSG600 temperature controller Linkam stage
combined with an LNP95 liquid nitrogen cooling pump system, allowing the
temperature to be obtained within the range 77-570 K. High-pressure luminescence

measurements were performed using a screw-driven Merrill-Bassett type diamond
S3



anvil cell with 0.5 mm diameter culets.> The gasket for the pressure chamber was pre-
indented to around 0.08 mm. A 0.2 mm diameter hole was drilled into the indentation
center. KMgF3:0.5%FEu”" was used as a pressure sensor, and polydimethylsiloxane oil
was used as a pressure transmitting medium.®

Electron paramagnetic resonance (EPR) spectra were recorded at RT using a
conventional Bruker X-band ELEXSYS ES00 CW spectrometer operated at 9.458 GHz
and 2.007 mW microwave power. The magnetic induction reached 1.4 T. The first
derivative of the absorption spectrum was recorded as a function of applied magnetic
induction. An EPR/NMR program was applied to recognize spin Hamiltonian
parameters.’

Magnetic measurements were performed with a superconducting quantum
interference device magnetometer (Quantum Design MPMS-XL-7). Magnetic
susceptibility data were obtained in the zero-field-cooled (ZFC) and field-cooled (FC)
modes. Measurements were recorded for temperatures up to 300 K, and magnetic
fields were varied within the range of 1-10 kOe. Magnetic susceptibility was
simulated using the Curie-Weiss law at temperatures above the Curie temperature and
in a weak magnetic field to satisfy the condition H/kT <« 1. The Bleaney—Bowers
equation was applied to the simulation at higher temperatures. Susceptibility data were
corrected using the diamagnetism of a sample holder and the constituent atoms by
Pascal’s constants.® To describe the EPR spectrum, a typical spin Hamiltonian for
chromium in an octahedral site was used, as shown in equation S2:

H = upB-g-S+D(S’.—1/35(S+1))+E(S*,+5?) (S2)

where up is the moment in Bohr magneton, B is the magnetic field induction, g is
the spectroscopic splitting factor, S is electron spin, D and E are the axial and rhombic
distortions of the octahedron, respectively (A = E/D).

The internal quantum efficiency of the as-synthesized SrAl;; ggGa,019:0.12 Cr3*
sample was measured in a Hamamatsu Quantarus QY plus using a high-power Xe lamp
at a fixed excitation wavelength of 475 + 25 nm. It is the standard approach of
calculating the external quantum efficiency using the absorption values derived from
the QY machine. However, the machine's design precisely illustrates its operations,
which include absorption and absolute QY measurements. There are challenges with
calculating the external quantum efficiency utilizing absorption data from the QY plus

instrument as per the manufacturer's design. Hence, we didn’t calculate the external
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quantum efficiency for our samples. A prototype phosphor-converted near-infrared (pc-
NIR) light-emitting diode (LED) was constructed using a blue LED chip (450 nm) for
excitation and synthesized powder phosphors as light-conversion materials. Phosphors
and binders were weighed in a 2:1 ratio, mixed, and deposited over the blue-chip, which
was then defoamed and cured at 150 °C for 2 h. Finally, the packaged LED was
measured in an integrating sphere under a direct-current forward bias of 30-350 mA.
The photoconversion efficiency specifies the ability of absorbed photons to be
converted into output photons via downshifting conversion and photoconversion

efficiency is calculated as the ratio of output near-infrared power to the input power.

Crystal-Field Strength Calculations
For the Crl optical center, the crystal-field strength parameter Dg and the Racah

parameters B and C were calculated according to standard-relation equations S3 — S5.°

10Dq = E(4A2—> ) (S3)
=D 1 - (S4)
Tisl g 15(Dq— 8)’
E(CE-*4,)
C= 31’;5[3 —79+ 1.851], (S5)

where AE is the difference between the energy of the *4,—*T, and “4,—*T,
transitions. Additionally, the nephelauxetic parameter [3; was calculated according to

equation S6.!°
B\2 c\2
Bi= /(&) + (@) (56)
Where the Racah parameters for a free Cr* ion is B = 918 cm™! and C = 3850

cml.
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Figure S1. Local structure of the M3* sites M4 and M5 in P6s/mmc magnetoplumbites.
M3* = (a) Al4 and (b) AlS.
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Figure S2. Joint Rietveld refinement profiles using S-XRD data for the
SrAl; gs—«Ga,019:0.12Cr3* series with (a) x =0, (b) x=2, (c) x =4, (d) x=6, (¢) x =8,
(f) x =10, and (g) x = 12. Refinement parameters are given in Tables S1 and S2.
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Figure S3. Joint Rietveld refinement profiles using NPD data for the
SrAl; gs—«Ga,019:0.12Cr3 series with (a) x =0, (b) x =2, (c) x =4, (d) x =6, (¢) x =8,

(f) x =10, and (g) x = 12. Refinement parameters are given in Tables S1 and S2.
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Figure S4. Bond lengths associated with M2 and M3 sites in the
SrAl; gs«Ga,019:0.12Cr? series, where M = Al, Ga. Lines through the points are a
guide to the eye. The local environment of the M2 and M3 sites is also depicted.
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Figure S5. Distortion index calculated by the quadratic elongation model for M1-M5
sites in the SrAly; gg-.Ga,019:0.12Cr3 series where M = Al, Ga. Lines through the points

are a guide to the eye. The local environment of the M2 and M3 sites is also depicted.
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Figure S7. Position of excitation bands in the SrAl; gg.Ga,019:0.12Cr series.
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Figure S8. Pressure-dependence of the energy shift of Crl and Cr2 emissions for x =0
(a) and x = 12 (b) samples.
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Figure S9. Room temperature pressure-dependent PL of x = 0 (a) and x = 12 (b) upon

excitation at 430 nm. Ambient pressure = amb.
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Figure S10. Pressure-dependent decay profiles of (a, c, €) Crl and (b, d, f) Cr2

luminescence up to 200 kbar for x = 0, 6, and x = 12 compositions, respectively, upon

excitation at 430 nm. Ambient pressure = amb. The Cr2 emission is described by a
single exponential function with fits shown in (b, d, f).
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single exponential function with fits shown in (b, d, j).
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Table S1. Parameters from the joint Rietveld refinement of SrAl;; gs-,Ga,Cr( 1,019 (x
=0,2,4,6,8, 10, and 12) using S-XRD and NPD data.

X 0 2 4 6 8 10 12

a=b(A)  5.5690(5) 5.5964(7)  5.6324(1)  5.6734(1)  5.7124(2)  5.75572)  5.7926(3)
¢ A) 22.0135(2) 22.1308(4) 22.2784(6) 22.4388(7) 22.5743(1) 22.7087(1)  22.8158(2)

V (A3 591.260(1) 600.272(18) 612.070(3)  625.490(4) 637.930(6)  651.50(5)  663.000(9)

Weighted R-profile (Rwp) and R-profile (Rp) factors for the S-XRD data histogram

Rwp (%) 4.46 6.21 5.40 5.73 3.74 6.00 4.95

Rp (%) 2.93 3.95 3.44 3.73 2.60 3.99 3.28

Weighted R-profile (Rwp) and R-profile (Rp) factors for the NPD data histogram

Rwp (%) 4.81 4.67 5.03 5.65 6.13 6.47 5.56

Rp (%) 3.73 3.59 3.83 4.33 4.56 4.92 4.28

GOF 1.99 2.36 2.15 2.35 2.52 2.92 2.19
Phase %

Main Phase 95.5(4)% 96.5(2)% 99.2(1)% 100% 100% 100% 100%

AlO; 450)% 1.72)% - - - - -

Ga,0; - 1.8(2)% 0.8(1)% - - - -
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Table S2. Atomic parameters obtained from joint Rietveld refinement of
SrAly; 83-+Ga,Crg 12019 (x =0, 2, 4, 6, 8, 10, and 12) against S-XRD and NPD data. B,

1s constrained to be the same between atoms at the same coordinate.

x=0 SrAl;;Oq9
Number
Multiplicity

Atom  x y z . Occ  Beq (A% of

Atoms
Srl  0.6667 0.3333 0.2500 2d 1 0.25(4) 2
All 0 0 0 2a 1 0.55(8) 2
AI2 0 0 0.2605(3) 4e 0.5 0.10(1) 2
Al3  0.3333 0.6667 0.0278(2) 4f 1 0.10(3) 4
Al4  0.3333 0.6667 0.1897(2) 4f 1 0.10(3) 4
AlS  0.1685(3) 0.3370(5) 0.8915(6) 12k 1 0.10(2) 12
01 0 0 0.1485(1) 4e 1 0.10(4) 4
02 0.6667 0.3333 0.0541(1) 4f 1 0.10(4) 4
03 0.1818(2) 0.3636(5) 0.2500 6h 1 0.10(3) 6
04 0.1547(2) 0.3094(3) 0.0517(6) 12k 1 0.27(2) 12
05  0.5032(2) 0.0064(5) 0.1480(5) 12k 1 0.27(2) 12

S18



x=2 SrAlj.088Ga1.928/O019
Atom X y z M cc L=l Atoms
& Wyckoff (A2)
Srl 0.6667 0.3333 0.2500 2d 1 0.44(6) 2
All 0 0 0 2a 0.98(2) 0.43(1) 1.96(4)
IGal 0 0 0 2a 0.02(2) 0.43(1) 0.04(4)
Al2 0 0 0.2586(4) de 0.31(8) 0.46(1) 1.24(3)
|Ga2 0 0 0.2586(4) 4e 0.19(8) 0.46(1) 0.76(3)
A3 0.3333 0.6667 0.0286(1) 4f 0.38(1) 0.32(4) 1.52(4)
|Ga3 0.3333 0.6667 0.0286(1) 4f 0.62(1) 0.32(4) 2.48(4)
Al4 0.3333 0.6667 0.1907(2) a4f 0.89(9) 0.32(4) 3.56(4)
IGa4 0.3333 0.6667 0.1907(2) 4f 0.11(9) 0.32(4) 0.44(4)
A1S 0.1689(3) 0.3378(7) 0.8912(9) 12k 0.99(5) 0.18(4) 11.88(6)
Ga5 0.1689(3) 0.3378(7) 0.8912(9) 12k 0.01(5) 0.18(4) 0.12(6)
01 0 0 0.1484(2) 4e 1 0.30(6) 4
02 0.6667 0.3333 0.0551(2) 4f 1 0.35(5) 4
03 0.1822(4) 0.3645(7) 0.2500 6h 1 0.35(5) 6
04 0.1531(2) 0.3061(5) 0.0524(8) 12k 1 0.452) 12
05 0.5031(3) 0.0062(6) 0.1479(7) 12k 1 045(2) 12
ALO;
All 0 0 0.3501(2) 12¢ 1.00(8) 1.40(6) 12.00(1)
o1 0.32003) 0 0.2500 18e 1 1.00 18
Ga,0;

Gal 0 0 0.2750(2) 12e 1.00(8) 2.90(7) 34.8(1)
01 0.2820(4) 0 0.2500 18e 1 1.00 18
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x=4 SrAlg 192)Ga3812)O019
. v ) Multiplicity Oce  Beq (A} Number off
Atom & Wyckoff Atoms
Srl 0.6667 0.3333 0.2500 2d 1 0.64(7) 2
All 0 0 0 2a 091(2) 1.192) 1.82(4)
IGal 0 0 0 2a 0.092) 1.1922) 0.184)
A2 0 0 0.2580(4) 4e 0.15(9) 0.691) 0.60(4)
IGa2 0 0 0.2580(4) 4e 0.35(9) 0.691) 1.404)
A3 0.3333 0.6667 0.0281(1) 4f 0.14(1) 0.32(4) 0.56(4)
IGa3 0.3333 0.6667 0.0281(1) 4f 0.86(1) 0.32(4) 3.444)
Al4 0.3333 0.6667 0.1889(2) 4f 0.68(1) 0.324) 2.724)
IGa4 0.3333 0.6667 0.1889(2) 4f 0.32(1) 0.324) 1.284)
A1S 0.1670(3) 0.3339(6) 0.8911(9) 12k 0.89(6) 0.10(4) 10.68(7)
Ga5 0.1670(3) 0.3339(6) 0.8911(9) 12k 0.11(6) 0.104) 1.32(7)
01 0 0 0.1486(9) 4e 1 0.72(7) 4
02 0.6667 0.3333 0.0561(2) 4f 1 0.24(6) 4
03 0.1835(4) 0.3670(8) 0.2500 6h 1 0.56(6) 6
04 0.1521(2) 0.3042(5) 0.0526(9) 12k 1 041(3) 12
05 0.5040(3) 0.0080 (6) 0.1481(7) 12k 1 04113) 12
Ga,0;
Gal 0 0 0.3100(9) 12¢ 0.48(3) 1.00 5.76(4)
01 0.35004) 0 0.2500 18¢ 1 1.00 18
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x=6 SrAlg.293Gas 713019
Multiplicity & Number
X y z cc  Beq (A?
Atom Wyckoff of Atoms
Srl 0.6667 0.3333  0.2500 2d 1 0.63(8) 2
All 0 0 0 2a 0.79(2) 1.12(2) 1.58(4)
IGal 0 0 0 2a 0.212) 1.12(2) 0424)
A2 0 0 0.2563(5) 4e 0.06(1) 1.23(1) 0.24(4)
IGa2 0 0 0.2563(5) 4e 0.44(1) 1.23(1) 1.76(4)
A3 0.3333 0.6667  0.0278(1) 4f 0.07(1) 0.43(5) 0.28(4)
IGa3 0.3333 0.6667  0.0278(1) 4f 0.93(1) 0.43(5) 3.72(4)
Al4 0.3333 0.6667  0.1876(2) 4f 0.49(1) 0.43(5) 1.96(4)
IGa4 0.3333 0.6667  0.1876(2) 4f 0.51(1) 0.43(5) 2.04(4)
ALS 0.1671(3)  0.3343(6) 0.8911(9) 12k 0.71(6) 0.09(5) 8.52(7)
Ga5 0.1671(3)  0.3343(6) 0.8911(9) 12k 0.29(6) 0.09(5) 3.48(7)
01 0 0 0.1498(2) 4e 1 0.86(9) 4
02 0.6667 0.3333  0.0563(2) 4f 1 0.17(6) 4
03 0.1824(4) 0.3649(8) 0.2500 6h 1 0.80(7) 6
04 0.1504(2) 0.3009(5) 0.0525(1) 12k 1 0.38(3) 12
05 0.5049(3) 0.0098(6) 0.1479(8) 12k 1 0.38(3) 12
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x=8 SrAl 011)Ga7.991)O19
Atom . v ) Multiplicity ce  Beq(A? Number
& Wyckoff of Atoms]

Srl 0.6667 0.3333 0.2500 2d 1 0.27(1) 2

All 0 0 0 2a 0.61(2) 0.101) 1.22(4)
IGal 0 0 0 2a 0.392) 0.101) 0.78(4)
A2 0 0 0.2500(2) 4e 0.05(1) 1.01(2) 0.20(4)
IGa2 0 0 0.2500(2) 4e 0.45(1) 1.01(2) 1.80(4)
A3 0.3333 0.6667 0.0268 (1) 4f 0.04(1) 0.31(6) 0.16(4)
IGa3 0.3333 0.6667 0.0268(1) 4f 0.96(1) 0.31(6) 3.84(4)
Al4 0.3333 0.6667 0.1874(2) 4f 0.29(1) 0.31(6) 1.16(4)
IGa4 0.3333 0.6667 0.1874(2) 4f 0.71(1) 0.31(6) 2.84(4)
A1S 0.1691(4)  0.3381(7) 0.8909(1) 12k 0.44(8) 0.47(5) 5.28(1)
Ga5 0.1691(4)  0.3381(7) 0.8909(1) 12k 0.56(8) 0.47(5) 6.72(1)
01 0 0 0.1508(2) 4e 1 0.11(1) 4

02 0.6667 0.3333 0.0544(3) 4f 1 0.27(9) 4

03 0.1845(6)  0.3689(1) 0.2500 6h 1 1.089) 6

04 0.1532(4)  0.3065(8) 0.0531(2) 12k 1 0.56(4) 12

05 0.5044(5)  0.0089(1) 0.1477(1) 12k 1 0.56(4) 12
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x=10 SrAL 56/Gas.946O1

Multiplicity Number
Atom  x y z & Wyckoff  Oce Beq (A?) of Atoms}
Sr1 0.6667 0.3333 0.2500 2d 1 047(1) 2
All 0 0 0 2a 0242) 093(1) 0.48(4)
lGai 0 0 0 2 076(2) 0.93(1) 1.52(4)
AI2 0 0 0.2452(1) de 0.00(1) 1.402) 0.00(4)
a2 o 0 0.2452(1) de 050(1) 1.40Q2) 2.00(4)
AI3 03333 0.6667  0.0279 (2) 4 0.06(1) 0.56(6) 0.24(4)
lGas 03333 06667 0.02792) 4 094(1) 0.56(6) 3.76(4)
Al4 03333  0.6667  0.1887(2) 4 0.13(1)  0.56(6) 0.52(4)
lGas 03333 06667 0.18872) 4 087(1) 0.56(6) 3.48(4)
Al 0.1689(3) 0.3379(6) 0.8909(8) 12k 02409) 0.26(6) 2.88(1)
GaS  0.1689(3) 0.3379(6) 0.8909(8) 12k 0.7609) 0.26(6) 9.12(1)
o1 0 0 0.1511(2) de 1 0.98(1) 4
02 0.6667 0.3333 0.0551(3) 4f 1 0.82(1) 4
03 0.1818(6) 0.3636(1) 0.2500 oh 1 0.99(1) 6
04 0.1521(3) 0.3042(7) 0.0527(2) 12k 1 0.375) 12
05 0.5062(5) 0.0124(1) 0.1487(1) 12k 1 037(5) 12
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x=12 SrGa;;0;9
Multiplicity Number
Atom  x y z & Wyckoff Oce Beq (A?) of Atoms
Sr1 0.6667 0.3333 0.2500 2d 1 0.51(6) 2
Gal 0 0 0 2a 1 0.295) 2
Ga2 0 0 0.2584(2) 4 05  0.148) 2
Ga3 0.3333 0.6667 0.0272(1) 4f 1 0.162) 4
Ga4 03333 0.6667  0.1900(9) i 1 0.162) 4
Ga5  0.1685(2) 0.3371(4) 0.8909(5) 12k 1 0.142) 12
o1 0 0 0.1496(1) 4e 1 0.40(6) 4
02  0.6667 03333  0.0553(2) i 1 021(6) 4
03 0.1832(4) 0.3664(7) 0.2500 6h 1 0395) 6
04  0.15743) 0.3147(5) 0.0525(8) 12k 1 0233) 12
05  0.5042(3) 0.0085(6) 0.1499(7) 12k 1 0233) 12

Table S3: Internal quantum efﬁciency of La3Ga4.95CI'()‘()5GeO]4, La3Ga().93CI'0.07G65016,
LiIn0.94CI'0.06Si206, and SCO‘98CI'0.02BO3.

Samples Internal quantum efficiency

LasGay 95Crg 5GeO14 19%

La;Gag 93Cro.07GesO16 34%

Lilng.94Cro,0651205 72%

Sc0.98Cr0.02BO3 73%

SrAls g3Cro.12GagO19 84%
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