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Kapitola 1
Uvod

Objev paprski X W.C. Rontgenem v roce 1895 [1], nasledovany objevem radioaktivity
H. Becquerelem v roce 1896 [2] vyvolal potiebu detekce ionizujiciho zafeni. Jiz na pocatku
20. stoleti se, diky vynalezeni spintariskopu W. Crookesem, scintilatory vyznamné uplatnily
pii vyzkumu jeho vlastnosti [3]. Spintariskop se scintilatorem na bazi ZnS vyuzili napf.
H. Geiger a E. Marsden v laboratofi E. Rutherforda ke studiu rozptylu a ¢astic na zlaté folii
[4]. Jejich experiment byl zasadnim podnétem k piebudovani modelu atomu a postulovani
existence malého atomového jadra, v némz je soustfedéna naprostd vétSina hmotnosti jadra, a

tidkého elektronového obalu. Tviircem tohoto tzv. planetarniho modelu byl sam E. Rutherford.

Spintariskop sice ptinesl nékolik zasadnich objevi [5] [6], nicméné rozvoj plynovych detektori
zpusobil jeho postupné mizeni z experimentalni praxe a laboratoii. Bylo tomu tak predevsim
pro nemoznost vyhodnoceni vétSich Cetnosti interakcei spintariskopem, jez byla dana nutnosti
pocitat scintilaéni zablesky pouhym okem, a subjektivitou méfeni. Snaha nahradit oko
pozorovatele svétlocitlivym pfistrojem ptinesla uspéch az v roce 1944. Tehdy Curran a Baker

spojili scintilator ZnS s fotonasobi¢em — sestavili tedy prvni scintila¢ni detek¢ni jednotku [7].

V nékolika nasledujicich letech byly objeveny nové scintilatory, jmenovit¢ Nal:T1 [8],
Csl:TI [9] a antracen [10]. Nal: Tl je diky své cenové dostupnosti, piijatelné detekéni ucinnosti
1 energeticke rozliSovaci schopnosti stale nejpouzivanéj§im anorganickym scintilatorem. Pfesto

k nému existuje fada alternativ.

Jednou ze starSich je BGO (BisGesOz12), scintilator s velmi vysokym efektivnim atomovym
Cislem Zefr @ znacnou hustotou, s nimz Ize i pti malém detekénim objemu dosahnout vysoké

detekeni ucinnosti. Scintilator BGO byl poprvé popsan v sedmdesatych letech [11].

Rozriznéni aplikaci scintilatori pifed koncem 20. stoleti pfineslo silny impulz k jejich
vyzkumu. Kazdéd aplikace pfinesla specificky soubor pozadovanych vlastnosti, piicemz se
ukdzalo nemoZnym nalézt jeden jediny material, ktery by spliioval pozadavky vSech aplikaci.
Materialy jsou tak dnes do urcité miry vyvijeny pro potieby jedné nebo n€kolika malo aplikaci.

Uved’'me si nékolik piikladd.

Scintilatory uzivané ve vypocetni tomografii (CT — Computed tomography) musi vykazovat

vysokou detekéni ucinnost pro zafeni X, emisi v oblasti citlivosti fotodiod, velmi nizky



afterglow, nizkou teplotni zavislost odezvy, dobrou opracovatelnost a dalsi [12] [13]. Za
optimalni scintilator je v soucasné dob¢é povazovana keramika GOS (Gd202S — Gadolinium

OxySulfite; téz Gadox), dopantt je v ni mozno pouzit nékolik [14] [15].

PET (Pozitronova emisni tomografie) vyzaduje dobrou energetickou rozliSovaci schopnost,
vysokou detekéni Gc¢innost, vynikajici ¢asovou rozliSovaci schopnost a dalsi [13]. State-of-the-

art scintilatory pro PET jsou LSO:Ce (Lu2SiOs:Ce) a LYSO:Ce (Lu2-x)Y2xSiOs:Ce) [13].

SPECT (Single Photon Emission Computed Tomography) skenery se v idealnim piipadé
konstruuji z krystalti zna¢né velikosti s pfijatelnou rozliSovaci schopnosti, emisni vinovou
délkou vhodnou pro fotondsobiCe a dobrou detekéni ucinnosti pro energie asi 200 keV.
Piedevsim potieba velké detekéni plochy tvotené jednim krystalem a nizka cena spolurozhodly

o tom, ze dosud nejpouzivanéj§im materialem pro SPECT skenery je Nal:T1 [13] [16].

Tématem predklddané habilita¢ni prace jsou scintilatory na bazi granatii. Prvnim takovym byl
YAG:Ce (Y3Als012:Ce) [17], objeveny vroce 1967 a v 70. letech dale zkoumany [18].
V dnesni dobé se pouziva napt. k vyrob¢ detektori elektronti v elektronovych mikroskopech
[19]. Pro Cechy neni bez zajimavosti, Ze této specifické trzni nice dominuje turnovska firma

Crytur s.r.o [20].

V piipadé¢ elektronového zareni je nizké Zess vyhodou a nizka hustota neptedstavuje problém,
ovSem detek¢éni Gcinnost YAG:Ce pro fotonové zatreni je nizka. Substituci Y/Lu dostaneme
material LuAG:Ce (LusAlsO12:Ce), ktery ma fotonovou detekéni u¢innosti podstatné lepsi [21].
Bohuzel tento material vykazuje vyznamny podil pomalych slozek scintila¢ni odezvy [22] [23]

[24] [25] a, coz uzce souvisi, svételny vytézek vyrazné pod teoretickym limitem [26] [27] .

Pti¢ina horSich vlastnosti LuAG:Ce tkvi v pfitomnosti melkych elektronovych pasti, spojenych
s existenci tzv. Luaj antisite defektd, tj. ionti Lu®* v misté jinak vyhrazeném pro AI*" ionty [23]
[28] [29] [30] [31]. Elektrony v pasti setrvavaji relativné dlouhou dobu. Po jejich uvolnéni sice
miize dojit k rekombinaci v luminiscenénim Ce®* centru, avsak s piili§ velkym zpozdénim.
Foton nepfispiva k méfenému signalu, diky ¢emuz je svételny vytézek nizsi, namisto toho se

objevuji nezadouci pomalé sloZzky scintilacni odezvy.

V principu se nabizi dvoji feSeni problému. Za prvé, vyrobit materidl s vyrazné nizsi

koncentraci antisite defektt. Jelikoz antisite defekty maji svou pficinu v riistu za vysoké teploty,

1V uvedeném odkazu [27] obr. 5 uvadi teoreticky limit svételného vytézku a jeho skute¢nou hodnotu pro
LUAG:Pr. Hodnoty pro LUAG:Ce se v3ak lisi minimalné (resp. teoreticky limit je dan Sifi zakdzaného pasu Eg, a ta
je dana matrici, tedy prakticky stejnd). Odkaz [26]pak udava hodnotu svételného vytézku LUAG:Ce.



je tieba vyuzit metod pfipravy materialu za nizsich teplot, napf. epitaxe z kapalné faze (LPE —
Liquid Phase Epitaxy) [28] [32] [33] nebo pfipravit keramické materialy [34]. Vliv na tvorbu
LuAl antisite defekti mad ovSem i sloZeni materidlu, napt. pfi pfebytku Lu203 vznikaji

i v keramikach [31].

Za druhé, potlacit nezddouci projevy antisite defektd s tim, ze jejich mnoZzstvi se vyrazné
nezméni. Zde byly s uspéchem pouzity dva ptistupy: ,,band-gap engineering™ [35] [36] [37]
[38] [39] [40] [41] [42] [43] a ,,defect engineering* [44] [45] [46] [47] [48] [49] [50] [51] [52]
[53] [54] [55] [56] [57] [58] [59]** [60]*2% [61] [62] [63] [64] [65] [66] (horni index u reference
znaci, ze ¢lanek je soucasti ptilohy 2, a to na strané odpovidajici ¢islu). Band-gap engineering
vyuziva zmény polohy vodivostniho pasu, které zptusobuje zména slozeni matrice [36] [38].
Vysledkem jsou materialy (Lu,Gd)3(Al,Ga)sO1:Ce, které vykazuji vyrazné vyssi svételny
vytézek i zasadni potladeni pomalych slozek odezvy [35] [39] [67]% [68]% [69].

,Defect engineering® vyuzivd introdukce malého mnozstvi defektd, obvykle ve formé

vvvvvv

se zatim jevi pouziti iontu Mg®* [54] [55] [56] [57]. Piidani Mg?* v optimalni koncentraci
zpisobi potlaceni pomalych slozek odezvy a zvySeni svételného vytézku, ovSem ne takové,

jakého se dosahlo aplikaci band-gap engineeringu.

Kombinace obou pfistupt byla téz testovana, ovSem vyrazného zlepseni svételného vytézku se
sou¢asnym potladenim pomalych slozek odezvy jiz dosazeno nebylo [58] [59]** [66] [70].
V piipadé¢ materiali (Lu,Gd)3(Al,Ga)s012:Ce optimalniho slozeni jiz svételny vytézek

prakticky dosahuje teoretického limitu.

Naplni prace autora habilitacni prace byl vyzkum vlastnosti scintilaénich materiald. Jmenovité

byly studovany:

1) Monokrystaly (Lu,Gd)3(Al,Ga)s012:Ce

3) LPE epitaxni filmy (Lu,Gd)3(Al,Ga)sO12:Ce

4) LPE epitaxni filmy (Lu,Gd)3(Al,Ga)s012:Ce,Mg

5) LPE epitaxni filmy LusAls012:Ce,Mg

Autor provadél nasledujici méteni, véetné vyhodnoceni dat:

e Amplitudova spektrometrie pro urceni svételného vytézku, jeho zévislosti na nastaveni

elektroniky a urceni energetické rozliSovaci schopnosti (skupina vzorki 1-4)



e Me¢feni scintila¢nich dosvitovych kiivek (skupiny 2-4)
e Mc¢feni termolumiscencnich charakteristik (skupiny 3 a 4)

e Mcfeni tzv. bright burn charakteristiky (skupiny 3 a 4)

Mimo vlastnich méfeni vSak k diskusi a interpretaci svych dat pouziva i vysledkii ziskanych
kolegy z tymu Fyzikalniho ustavu AV CR, fady spolupracujicich pracovist a samoziejmé

publikaci autorti z celého svéta.

Habilitaéni prace je ¢lendna do 8 kapitol. Uvodni kapitolu étenaf pravé ¢te. Kapitola druha
popisuje princip aktivovanych anorganickych scintilatorti se zvlastnim zietelem k Ce
dopovanym granatim. Treti kapitola se zabyva zakladnimi charakteristikami scintila¢nich
materidlll a jejich vzdjemnymi vztahy. Tato kapitola rovnéz uvadi konkrétni charakteristiky
nekodopovaného monokrystalického LuAG:Ce jako zakladniho referencniho materidlu a
srovnava je s vybranymi dal§imi materialy. Ctvrta kapitola obecné popisuje metody piipravy
V praci prezentovanych materiald — hodnoti jejich vyhody a nevyhody. Kapitola pata pojednava
o metodach uzitych v této préci k charakterizaci scintilatorti a rozebira, jaké informace mohou

tyto metody poskytnout.

Kapitola Sesta podrobné&ji hovoii o mechanismu zlepSeni odezvy: 1) s vyuzitim ,,band-gap
engineeringu‘; 2) ,,defect engineeringu* se zvlastnim diirazem na kodopovani hot¢ikem. Sedma
kapitola prezentuje data ziskand méfenim zkoumanych vzorki a interpretuje je, a to s pouzitim
informaci z ptedchozich kapitol. Déle piedstavuje predev§im popis scintilacniho mechanismu,

tak jak je dnes chapan, zatimco sedma kapitola je podrobn&jsi interpretaci s uzitim tohoto

modelu.

Model popsany v Sesté kapitole samoziejmé vznikal postupné, pricemz byl v disledku novych
experimentalnich zjisténi upravovan, aby mohl byt konfrontovan s dalS§imi experimentalnimi
daty. Autor se rozhodl v praci nerekonstruovat historicky proces vzniku souc¢asného chapani
scintila¢niho procesu ve zkoumanych materidlech. Vedou ho k tomu dva divody. Za prvé
zvoleny ptistup préci do urcité miry zkrati. Za druhé ctenati piedlozi uceleny obraz souc¢asného
konsenzu a otevienych problémt. ,,Historicky* pohled mtize ¢tenéfi poskytnout chronologické

¢teni publikovanych praci v ptilohéch.

Kapitola osmé shrnuje dosazené vysledky a ukazuje, jakymi sméry se pravdépodobné bude
ubirat budouci vyzkum. V pftilohach se nachazi stru¢ny popis aparatur, na nichz bylo ziskano
nejveétsi  mnozstvi  experimentdlnich  vysledkti prezentovanych v praci, a ¢lanky

z impaktovanych Casopisi, jejichz je autor habilitacni prace autorem ¢i spoluautorem.



Pro zhodnoceni, je-li autor kvalifikovan obdrZzet titul docent, je nezbytné znat autoriiv ptinos.
Osobn¢ se autor zabyva predev§im méfenim tzv. amplitudovych spekter, pticemz odezva je
buzena jednotlivymi ¢asticemi ionizujiciho zafeni. Na zaklad¢ téchto méfeni lze stanovit
veliCiny jako svételny vytézek a energetickou rozliSovaci schopnost. Samo o sob¢ toto méieni
davéa vcelku jasnou piedstavu o kvalité¢ scintilatoru. Napf. vysoky svételny vytézek nutné
znamena vysokou UCinnost pfenosu energie k luminiscenénimu centru i vysokou ucinnost
luminiscen¢niho centra samého. O mechanismu scintilaéniho procesu se z hodnot svételného

vytézku neda zjistit prakticky nic dalsiho.

Urc¢itym zlepSenim je méteni zavislosti svételného vytézku na ¢asové konstanté zesilovace, jenz
zpracovava impulzy z ptedzesilovace, k némuz je pfipojen fotonasobi¢ registrujici scintilaéni
fotony. Do tohoto na Oddéleni optickych materiald jiz dfive provozovaného méfeni autor
ptinesl uzite¢né inovace. Béhem vypracovani disertacni prace zavedl praxi méteni s jednim
umisténim vzorku a zméfenim pii vSech Casovych konstantach zesilovace. To vedlo

ke zna¢nému zvySeni piesnosti méteni [71].

Me¢fieni zavislosti svételného vytézku na ¢asové konstanté zesilovace poskytuje informace
0 kinetice scintilaéniho dosvitu — to je obecné znamy fakt. Rada védci vsak, neznaje piesné
praci aparatury pro amplitudovou spektrometrii, vysledky interpretuje znacné zjednodusen¢ a
V kone¢ném dusledku i nespravné. Ocekavaji, ze pokud je pomér svételného vytézku pii Casové
konstanté 0,5 ps a 1 ps napt. 1,15, muselo byt v ¢ase 0,0-1,0 ps vyzateno o 15 % vice fotont

nez v ¢ase 0,0-0,5 ps.

Autor vypracoval metodu umozilujici pfevést zmefeny scintilacni dosvit na zévislost svételného
vytézku a metodu komplementarni, umoZznujici pfevod opaénym smérem, nicméné vzhledem

A4

k malému mnozstvi experimentalnich bodt s podstatné nizsi presnosti. S vyuzitim téchto metod

ukazal pfesny, netrivialni vztah mezi obéma charakteristikami [72]*2.

Autor dale umozZnil vypocet svételného vytéZku epitaxnich filml buzenych zafenim alfa. Do té
doby byly svételné vytézky udavany bud’ relativné k referenénimu vzorku, nebo se udéavaly
pouze tzv. fotoelektronové vytézky. V disledku toho byly hodnoty vytézka obtizné srovnatelné
s hodnotami z literatury, zvlasté v piipadé¢ nebyla-li znama absolutni hodnota svételného
vytézku pro referencni vzorek. I kdyz je svételny vytézek urcen s nizsi presnosti, nez v pripadé

monokrystalickych materialii buzenych zafenim gama, predstavuje jeho urceni uzitecny nastroj

pro srovnani vzorkt riiznych vyzkumnych tymii mezi sebou [73]%4.



Ve své diserta¢ni praci vysvétlil autor tvar spektra vzorka epitaxnich filma s tloustkou nizsi,
nez je dosah a ¢astic. Pravdou je, ze tyto vzorky se diky optimalizaci technologie piipravy filmt
jiz vyskytuji pouze ojedinéle. Autor popis tvaru spektra naposledy pouzil pii recenznim fizeni
¢lanku, v némz byly takto tenké vzorky charakterizovany. V této praci se dany model uplatnil

pouze u studie o epitaxnich filmech z roku 2013 [74]%*2.

Autor prohloubil pohled na vysledky méteni kinetiky scintilacni odezvy, jez se provadi pomoci
jednoduché aparatury sestavajici z fotonasobice a osciloskopu. Vyhodou této metody je vysoka
rychlost méteni proti typické konkurencni metodé TCSPC (Time correlated single photon
counting). Bohuzel vsak vysledky ziskané touto rychlej$i metodou vykazuji za urcitych
okolnosti artefakty a nepfesnosti. Autor vysvétlil piivod téchto artefaktl a priblizné stanovil,

na jakych parametrech jejich vyskyt zavisi, a jaké jsou meze pouzitelnosti méteni.

Kone¢né se autor dusledné snazi interpretovat vysledky méfeni svételného vytézku pomoci
vyuziti dat  zjinych  charakteriza¢nich  metod, ptedev§im  radioluminiscence,
fotoluminiscen¢nich a scintilacnich dosvitli, ale i dalSich. Diky tomu je schopen ziskat
dodate¢né informace, napf. o i¢innosti transportu energie S K luminiscen¢nimu centru. Ty pak
1ze vyuzit k interpretaci dalSich dat, napt. zhodnoceni pravdépodobnosti zachyceni v pasti 1

[75].

Poznamka: Pokud neni uvedena nejistota méfeni, je vysledek méfeni zaokrouhlen tak, Ze
nejistota se tyka posledniho platného mista (napt. svételny vytézek uvedeny jako 22 500
foton/MeV ma nejistotu mensi nez 500 foton/MeV). Jedna se o béznou praxi v oboru (nikoli
vSak vSeobecnou), coz lze ovéfit letmym nahlédnutim do literatury o scintila¢nich materialech.
Pravdépodobné je dana tim, Ze rozdily mezi individudlnimi vzorky jsou €asto vétsi nez nejistota
meéfeni. JelikoZ neni ¢asové a finanéné unosné pripravit mnoZzstvi vzork, které by umoznilo 1

tento zdroj nejistoty zahrnout, neni tato udavana vibec.

Poznamka Kk referencim: Odkazuje-li autor na c¢lanky, které jsou jeho praci, ¢ini tak
ve formatu [X]Y, kde X je ¢&islo reference podle potadi vyskytu a Y &islo strany v piiloze 2 této

prace, kde se nachdzi kompletni citovany ¢lanek.



Kapitola 2

Princip aktivovanych anorganickych
scintilatoru
2.1. Pribéh scintila¢niho procesu

Scintilator je material, jenz prevadi energii ionizujiciho zareni na energii fotont z oblasti UV
zéreni a viditelného svétla. Zdiraznéme, ze emise scintilacnich fotoni je formou luminiscence,

V tomto ptipad€ stimulovana ionizujicim zafenim, tj. napf. Cerenkovovy fotony nejsou fotony

scintila¢nimi.
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Obr. 2.1 - Schéma scintilaéniho procesu v anorganickych scintilatorech. Eg— $ifka zakdzaného pasu, Evnitini
— $ifka pasu mezi vnitinim a valenénim pasem, e — elektron, d — dira [76].

Scintilaéni proces se sklada z n€kolika kroku, které ukazuje schéma na obr. 2.1 [76]. Nejdiive
probiha faze konverze, na jejimz poc¢atku ¢astice ionizujiciho zatreni pfedava energii elektronim
ve scintilatoru. PovétSinou se jednd o elektrony z hlubSich, vnitinich past. Vznikaji tak
vysokoenergetické elektrony a hluboce lezici diry. Interakci lze povazovat za prakticky

okamzitou [77].



Po interakci nasleduje relaxace. Elektrony ptfedavaji svoji energii elektronim s energii nizsi,
elektrony se postupné piesouvaji do vodivostniho pasu. Diry ve wvnitinich pasech jsou
zaplnovany elektrony z vyssich past. Uvolnéna energie se predava elektronim ve valen¢nim
pasu, zaroven tak ve valenCnim pasu vznikaji dal$i diry. Na konci elektron-elektronové
relaxace, tj. asi za 10°-10"® s se nachazi elektrony ve vodivostnim pasu a diry v pasu
valen¢nim, pficemz maji nizsi energii, neZ je dvojnasobek Sife zakazaného pasu Eg, viz obr. 2.2

[78]. Nasledujici ztraty energie nevedou ke vzniku novych vodivostnich elektrond a dér.

Inelastic electron- . - .
provskoesare CONDUCTION BAND
e R Thermalization of
...... .,n. c]eg(mns " Capture of electrons
€~€ scAttering ™\ and holes by different Saraction of
~ eraction ¢
G = aps. self- i
hrnh(!\ld "’;g‘ ‘:;C"c:." excitations Emission
\ - Sl
- il ¢yt C=>cthy
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Termalizatiodtof
holes

10-12 10-1° 10 sec !
sec sec

v

Obr. 2.2 - Schéma relaxa¢niho mechanismu ve scintilatoru, ukazujici, jak elektrony a diry v ¢ase ztraceji
energii [78].

Elektrony ve vodivostnim pésu a diry ve valenénim nicméné maji piebytek energie, kterd se
uvoliiuje béhem tzv. termalizace. Elektrony se pfesouvaji na dno vodivostniho pasu, diry na
vrchol valen¢niho pésu. Piebytecnd energie se méni pfevazné v teplo, uvoliuji se fonony —

odtud nazev termalizace [77] [78].

JiZ béhem termalizace nicméné miize dochézet k emisi luminiscen¢nich fotoni. Jednd se o
jeden z nejrychlejSich luminiscenénich procesi, tzv. HIBL (Hot-Intraband Luminescence) [79]
[80] [81]. Emisi fotonti Ize z hlediska ,,klasické* luminiscence prostiednictvim luminiscenéniho
centra, jakym je napf. iont Ce®*, povaZzovat za prakticky okamzitou. HIBL povazuje fada védci

za nadéjnou moznost, jak vyrazné¢ zlepsit tzv. CTR (Coincidence timing resolution), tj.



koinciden¢ni ¢asové rozliSeni [82]. K naplnéni takovych nadé&ji je ovSem nezbytné fadoveé
zvysit ucinnost [83], nebot’ HIBL je sice procesem nesmirné rychlym, ale zaroven znacné
neefektivnim. Publikované hodnoty svételného vytézku HIBL se pohybuji pfiblizné kolem 5-

v

vykazuje PbWOs, a to nékolik malo set fotoni/MeV.

Vlastni interakce, elektron-elektronova relaxace a termalizace, na rozdil od nasledujicich fazi
scintila¢niho procesu, nejsou piimym piredmétem zajmu habilitacni prace. Po skonceni
termalizace, se béhem tzv. faze migrace (n¢kdy téz transportu) mohou nosi¢e naboje (tj.

elektrony a diry) materidlem volné pohybovat [76] [77].

Z hlediska habilita¢ni prace je obzvlasté dulezitou moznost zachyceni nosi¢li naboje v pastech.
Pasti jsou energetické stavy, v nichz mize byt zachycen elektron (typicky napt. kyslikova
vakance) nebo dira. Pasti jsou charakterizovany piedevsim tzv. frekvencnim faktorem S a
hloubkou pasti (vice v &asti o termoluminiscenci). Cim niz§i frekvenéni faktor a &im vétsi

hloubka pasti, tim je del$i setrvani nosice v ni.

Délka setrvani nosice naboje v pasti je vysoce variabilni, pohybuje se od hodnot tak nizkych,
ze 1ze vliv pasti na odezvu scintilatoru prakticky zanedbat, az po doby v fadu let i delsi. Vliv
pasti na odezvu je pomérné komplexni téma, v tuto chvili si pov§imneme dvou moznosti. Pti
kratkém setrvani nosice naboje v pasti dochazi k prodlouzeni doby dosvitu, scintila¢ni foton
vSak lze stale ptiradit k interakci ¢astice, jejz foton vyvolala. Negativnim efektem je predevSim

sniZzeni maximalni méfitelné Cetnosti impulzil ¢i zhorSeni CTR.

Dlouhé setrvani lze efektivné povazovat za ztratu excitacni energie. Foton sice nakonec muze
byt vyzaren, impulz vSak jiz davno odeznél. Snizenim poctu vyuzitelnych foton dochazi ke
zhorseni energetické rozliSovaci schopnosti i CTR. Pozdni emise fotonu dokonce muize falesné
pfispét k jinému impulzu a tim zhors$it energetickou rozliSovaci schopnost jeste vice. Tento tzv.
»detrapping noise* se muze vyznamn¢ uplatiovat v nékterych polovodicovych detektorech a

polovodi¢ovych souc¢astkach [84], u scintilator se uvazuje podstatné méné.

Zadoucim zakoncenim faze migrace je rekombinace nosi¢li naboje v luminiscenénim centru,
ktera vede k jeho excitaci. Pravé béhem deexcitace dochazi k emisi luminiscen¢nich fotond. Po
skoneni faze luminiscence se scintilator navraci do ptvodniho stavu. Fazi luminiscence

pojedname podrobnéji v nasledujici podkapitole.
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Je tteba fici, Ze hranice mezi jednotlivymi fazemi neni ostrd. Napf. elektrony se béhem
termalizace jiz pohybuji, tedy migruji. Naopak elektrony zachycené v pastech a posléze z nich
se znatnym zpozdénym uvolnéné se stile nachazeji ve fazi migrace, ackoliv vétSina faze
luminiscence jiz probéhla. HIBL je luminiscenénim procesem, ktery probihd b&hem
termalizace. Tzv. ,,cross-luminescence*, velmi rychld luminiscence uplatiiujici se v materialech
S Evnitimi < Eg [85], viz obr. 2.1, probiha, kdyz jesté nejsou vSechny diry ve vodivostnim pasu.
Nicméné 1 pies tyto drobnosti je vySe uvedené rozdéleni scintilatniho procesu uziteCnym

nastrojem pro jeho popis.

2.1.1. Luminiscence

Obecné je luminiscence jakédkoliv stimulovanéd emise fotond UV, IR zéfeni 1 viditelného svétla.
Energii nezbytnou ke stimulaci luminiscence lze dodat rliznymi zplsoby: teplotou
(termoluminiscence), svétlem (fotoluminiscence), tlakem (triboluminiscence), energii
chemickych reakci (chemiluminiscence), zafenim X (radioluminiscence), urychlenymi
elektrony (katodoluminiscence), atd. O scintilaci hovotime tehdy, kdyz excitaéni energii doda

castice ionizujiciho zafeni.

e
relaxace
I‘LI/
E
z
ABS. EM.
: /
k> v/
= == R
Ro R:)

Obr. 2.3 — Konfiguraéné koordinaé¢ni diagram systému o zakladnim stavu z a vzbuzeném stavu e [86].
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K zakladnimu vykladu fyziky luminiscence pouzijeme tzv. konfiguratn¢ koordinacni diagram,
viz obr. 2.3 [86]. Obrazek reprezentuje luminiscencni centrum se dvéma energetickymi
elektronovymi stavy: zékladnim a vzbuzenym. Predpoklddejme pro zjednoduseni, Zze

luminiscen¢ni centrum se nachazi mezi ligandy, které kolem iontu kmitaji ve fazi, viz obr. 2.4

[86].

Obr. 2.4 — - Kmity ligandi (bilé kruhy) kolem kovového iontu (¢erny kruh) [86].

Sila pasobici na ligandy ma velikost F = -k (R - Ro), kde Ro je rovnovazna poloha, tedy
potencialni energie E = % k (R — Ro)?. Reseni pro takovy potencial je v kvantové mechanice
dobfe zndmé. Ey = (v + Y%)-hv, kde v=0, 1, 2... a v je frekvence oscilatoru. Pokud v = 0, je
nejpravdépodobnéjsi nalezeni systému v poloze blizké Ro, pii vysSich v, pak v polohach

symetricky kolem Ro rozlozenych [86].
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Obr. 2.5 - - Vlevo: Emisni a excitaéni spektrum LuAG:Ce p¥i teploté 7 K. Sipka oznaluje piechod mezi tzv.
»Zero-phonon lines“. Je uveden Stokesiv posun [87]. Vpravo: Emisni a excitaéni spektrum LuAG:Ce
epitaxniho filmu (vzorek 1LM1) prFi pokojové teploté.

Kdyz si vyneseme pro zakladni stav a kazdou vibra¢ni hladinu body s nejpravdépodobnéjSim

R, budou se tyto body nachazet na dolni parabole. KdyZ totéz u¢inime pro vzbuzeny stav,
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ziskame horni parabolu. V ptipad¢ obr. 2.3 AR = Ro" — Ro # 0. Néktera luminiscen¢ni centra
vykazuji vzbuzené stavy s nulovym AR (typicky 4f-4f piechody), pro scintilatory je vSak

nenulovost AR zasadni.

Konfiguracné koordinacni diagram umoznuje vysvétleni celé fady jevl a charakteristik
scintilacnich materidli. Naprostym zdkladem je podoba a teplotni zéavislost absorpénich,

emisnich a excitac¢nich spekter.

Obrazek 2.5 [87] ukazuje rozdil mezi excitaénimi a emisnimi spektry LuAG:Ce métenymi pii
teploté¢ 7 K a pokojové teploté (300 K). Pti teplot¢ 7 K se prakticky vSechny luminiscen¢ni
centra Ce® nachédzi v zékladnim, tj. V nejniz§im moZném stavu. Vzbuzeny stav mize byt
excitovan fotony riznych vinovych délek, ovSem s nejvétsi ucinnosti se tak déje podél Sipky
oznacené ABS v obr. 2.3 [86]. Je vSak mozny i pifechod mezi obéma nejniz§imi vibra¢nimi

substavy. Ten je oznacen Sipkou v obr. 2.5 [87].

Pii pokojové teploté se jiz fada center nachazi i na vysSich vibra¢nich hladinach a k absorpci
dochazi i z nich. Pasy v absorpcnich a excitacnich spektrech se tedy proti situaci pti teploté¢ 7 K
rozsifuji, jak ukazuje obr. 2.5 [87]. Zcela analogicka je situace u emisnich spekter. Pfi teploté
7 K se prakticky vSechny emise uskuteénuji ze stavu ,,zero-phonon line*, pti pokojové teploté

tomu tak neni a op&t dochazi k rozsifeni.

Obr. 2.3 [86] vysvétluje i tzv. teplotni zhaSeni. Pti vyssich teplotach se elektrony ve vzbuzeném
stavu mohou s nezanedbatelnou pravdépodobnosti dostdvat na vibra¢ni hladiny v okoli
pruseéiku parabol ¢ a z v obr. 2.3 [86]. Z tohoto bodu muze elektron nezatfivé deexcitovat
(zrelaxovat) postupnou emisi vétSiho mnozstvi fonond, v disledku ¢ehoz se veSkera excitacni
energie preméni v teplo. Luminiscenéni uc¢innost Q zafind velmi rychle klesat s rostouci
teplotou. Teplota, od které se vyrazné uplatni toto, tzv. teplotni zhdSeni, velmi siln€ zavisi na

matrici 1 luminiscen¢nim centru.

Existuje 1 jind moZnost pfemény excitacni energie na teplo, tzv. multifononova emise. Jde o
nezafivy prechod, pfi némz nejsou fonony emitovany postupné, ale najednou — tolik kolik
odpovida délce Sipky EM v obr. 2.3 [86] déleno energie jednoho fononu. V ptipadé obr. 2.3 by
to odpovidalo asi 40 fononiim, coz je extrémné nepravdépodobné. Nekterym materidliim

postac¢i emitovat jednotky fononti, coz jiz nevede k zanedbatelné pravdépodobnosti.

Pied dal§im vykladem jesté definujme tzv. Stokesiiv posun. Jedna se o rozdil mezi emisnim a

absorp¢nim maximem (rozdil mezi EM a ABS v obr. 2.3 nebo viz obr. 2.5). Materialy s vét§im
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Stokesovym posunem vykazuji nizsi reabsorpci scintilatnich fotonl, coz je vyhodné. Na
druhou stranu luminiscencni centra s velkym Stokesovym posunem trpi obecné teplotnim

zhéasenim jiz pii nizSich teplotach.

2.2. Scintilaéni mechanismus LuAG:Ce

LUAG:Ce krystalizuje v kubické soustavé a je opticky izotropni. Cisty LuAG bez piimési je
bezbarvy a ¢&iry. Kation Lu®" , obklopen osmi kyslikovymi ionty, se nachazi v dodekahedralni
poloze. Kation APP* se nachazi v poloze oktahedralni (40 % Al atom®l) obklopen Sesti
kyslikovymi ionty nebo v poloze tetrahedralni (60 % Al atomt) obklopen ¢tyfmi kyslikovymi
ionty [88]. Miizkova konstanta auac = 11,9164 A [89].

Sife zakazaného pasu LuAG:Ce se pohybuje kolem 7 eV, pravdépodobné je mirné vyssi [90],
viz obr. 2.6 [91] a inset 2.7 [36].
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Obr. 2.6 — Emisni (Eexc = 7,7 eV) a normalizovana excita¢ni spektra LuAG méfena pii 85 K (1a2)a 295 K
(1"a27)[91].
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Obr. 2.7 — Zména §ifky zakazaného pasu Lu3(Al,Ga)sO12:Ce v zavislosti na obsahu Ga stanovena

vypocetné (DFT — Density Functional Theory) a experimentalné (PLE — PhotoLuminescence Excitation;
OA - Optical Absorption). Inset: Excitaéni spektra pro rizné koncentrace Ga [36].
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2.2.1. Luminiscenéni centrum Ce3*

Naprosta vétsina Ce®* je substituentem Lu®* iontf, zaujima tedy dodekahedralni pozici. Mala
Zast iontll zaujima oktahedralni polohu namisto AI** [92], obdobné jako v YAG:Ce [93]. Diky
tomu, ze Ce®" ma pouze jeden elektron ve valen¢ni slupce, jsou jeho absorpéni, emisni a

excitacni spektra relativné jednoducha [94].
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Obr. 2.8 — Excita¢ni spektrum LuAG:Ce epitaxniho filmu s péti maximy. Emisni (Eexc = 7,7 €V) a
normalizovana excitaéni spektra LuAG méfena pii 85 K (1a2)a295K (1" a2") [95].

Excita¢ni spektra ukazuji 5 absorp¢nich maxim, viz obr. 2.8 [95]. Jedna se o piechody ze
zéakladniho stavu 4f1(?Fs2) do n&kolika vzbuzenych stavii. V fadé publikaci tyto stavy byvaji
oznacovany 5d: (nejdelsi vinova délka v obr. 2.8) az 5ds (nejkratsi vinova délka v obr. 2.8),
presn&jsi oznadeni je 4f°5d (?Eq) a 4f05d1(*T2g). Nizsi stav 41°5d1(°Eg) je dvakrat rozstépen a
vyssi stav 419501 (2Tog) je rozstépen tiikrat, viz obr. 2.9 [96] a 2.10 [97]. Nejdtlezit&jsi absorpéni
maxima maji vinové délky ptiblizné 345 a 445 nm, viz obr. 2.8.

(i) Free Ce* (ii) Nephelauxetic (iii) Cubic
(iv) Tetragonal (v) Stokes shill
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Obr. 2.9 — Energetické stavy (i) izolovaného Ce*, (ii) po zapo¢&itani nefelauxetického efektu v YAG:Ce, (iii)
s uvazZenim krystalické m¥iZe a (iv) symetrie luminiscen¢niho centra. (v) jiZ jen zohlediiuje Stokestiv posun.
YAG:Ce je stejné struktury jako LuAG:Ce, kvalitativné se jedna o stejny systém, polohy jednotlivych stavii

budou pouze mirné odlisné [96].

15



Conduction band

s uv
2
s PR RN AR AT
./ -~
Fee 33T 33 3 3
N ™ £ 2 3 3 o
W
3
Ce
Valence band

Obr. 2.10 — Energetické stavy a pirechody Ce®* v LUAG:Ce [97].

Emisi pozorujeme ze stavu 5d* do stavii 4f*(°Fsp2) a 4f1(?F712). V disledku toho je v emisnich
spektrech Ce-dopovanych scintilatorti bézné pozorovan charakteristicky dublet, viz obr. 2.11.
V LUAG:Ce se maximum nachazi ptiblizné na vinové délce 530-535 nm [21] [32], viz obr. 2.11
[95].

Na zakladé méfeni emisnich a excitanich spekter pifi riiznych teplotach lze sestavit
konfigura¢né koordina¢ni diagram. Situaci pro stavy 5d1, 4f*(?Fss2) a 4f*(°F712) ukazuje obr. 2.12

[87]. Pravé tyto stavy jsou pro nas nejdulezitéjsi, nebot’ ptechody mezi nimi dominuji emisi pii

vzbuzeni Ce®* excitovaného stavu v LUAG:Ce.
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2.2.2. Luminiscence matrice

Radioluminiscencni spektra monokrystalického LuAG:Ce vykazuji téZ emisi jiného ptivodu
nez z Ce3* centra. V piipadé buzeni piimo Ce®* excitovanych stavil uvnitt zakazaného pasu se
tato luminiscence neobjevuje, viz obr. 2.11. Na druhou stranu je pfitomna
Vv radioluminiscen¢nim spektru nedopovaného LUAG [98], i Vv izostrukturnim YAG [99]. Ma

tedy ptivod v samotné matrici.
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Obr. 2.11 — Emisni spektrum dvou epitaxnich vrstev LuAG:Ce dvéma zietelnymi maximy. Excita¢ni vinova

délka dexc = 445 nm [95]
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Maximum emise se nachazi v oblasti vinovych délek zhruba 300-350 nm, viz obr. 2.13 [100].
Emise se prisuzuje defektu spojenému s Lua antisite defektem [101]. Za neptimy dikaz této
hypotézy lze povazovat napf. vymizeni této emise u epitaxnich granatovych filmu [102] [103]

a keramik [104], které jsou pfipravovany pii podstatné nizsich teplotach.
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Obr. 2.13 - Luai antisite defekt. Vlevo nahoi‘e radioluminiscen¢ni spektra LuAG a LuAG:Ce, obé vykazujici
emisi v rozmezi asi 250-450 nm p¥ipisovanou tomuto defektu. S defektem je téz spojena mélka elektronova

past, viz vlevo dole [100].
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Kapitola 3

Zi4kladni charakteristiky scintilaCnich
material, hodnoty pro LUAG:Ce

Tato kapitola se bude zabyvat pouze vlastnostmi s pfimym vztahem ke zkoumané problematice,

ptipadné uvazovanym aplikacim.

3.1. Interak¢ni parametry

Detekéni ucinnost pro fotony je uréena rozmeéry, hustotou p a efektivnim atomovym
(protonovym) ¢islem Zefr. Detekéni ucinnost pro jiné druhy ¢astic diskutovat nebudeme, nebot’
je bud’ prakticky rovna 100 % (alfa ¢astice) nebo se LuAG:Ce neuvazuje k jejich detekcei (napf.

B zafeni, u néjz je vyhodou spiSe nizké Zer).

Hustota p = 6,73 g-cm™ [103] [105] je mezi scintildtory pomérné vysoka. Zef pocitime podle
vztahu [106]:

z, :i/xMAZijMBZQ +IM.Z} oat

XM, +YM; +zM,

v némz Za, Zg, Zc jsou protonova ¢isla, Ma, Mg, Mc atomové hmotnosti atomti A, B, C ze
slouceniny AxByC,. Existuji i jiné aproximativni vztahy, vysledky ziskané na zakladé nich se
vsak zasadné€ neodliSuji. R-3.1 poskytuje Zessr = 63, opét relativné vysoké ¢islo. Scintilator

LuAG:Ce ma spise vyssi detekéni ucinnost, viz obr. 3.1.

Vzhledem k tomu, Zze k méfeni svételného vytézku epitaxnich filmia se uziva zareni o, uvedeme
si hodnoty dosahu a &astic z riiznych radionuklidéi v LUAG:Ce. 2*°Pu (5,157 MeV) 10,15 pm,
241Am (5,486 MeV) 11,25 um a 2**Cm (5,805 MeV) 12,31 um. Hodnoty byly vypoéteny dle
[107].

3.2. Radioluminiscencni spektrum

Radioluminiscenéni spektrum jiz bylo uvedeno na obr. 2.13. Dosud jsme vSak nehodnotili
praktické dopady tvaru radioluminiscen¢niho spektra. PoZadujeme piedevSim, aby se
radioluminiscen¢ni spektrum nepiekryvalo se spektrem absorpénim, k ¢emuz obvykle postaci

dostate¢ny Stokestv posun. Déle je zddouci, aby co nejvétsi procento scintilacnich fotont bylo

19



emitovano v oblasti nejvétsi citlivosti fotodetektoru, kterym muze byt fotonasobic, fotodioda,

SiPM (Silicon PhotoMultiplier) atd.
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Obr. 3.1 — Linearni soudinitele zeslabeni YAG, LuAG, BGO a Nal(TIl) vypo¢tené pomoci programu X-COM
[108].
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Obr. 3.2 — Kvantova u¢innost MPPCs firmy Hamamatsu (vlevo) [109], kvantova ucinnost fotokatody

fotonasobice R1306 uzivaného ve scintila¢ni technice (vpravo) [110].

Obr. 3.2 vlevo [109] ukazuje kvantové ucinnosti ne¢kterych MPPC (Multi-Pixel Photon
Counter, v podstaté SiPM) fotodetektord, obr. 3.2 vpravo fotonasobicti [110]. Porovnanim s
obr. 2.13 (radioluminiscen¢ni spektrum LUAG:Ce) je ziejmé, Ze LuAG:Ce i dals$i Ce-dopované
granaty, na rozdil od vétSiny ,,tradi¢nich scintilatord, emituji v oblasti delSich vlnovych délek,
tedy v oblasti vyssi ucinnosti polovodi¢ovych fotodetektord. Vzhledem k znacnému rozvoji

jejich vyuziti, pfedevsim ve formé SiPM, to mtze do budoucna ptedstavovat vyhodu [111]
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[112] [113]. S maximem citlivosti klasickych fotonasobi¢t se maximum emise LuAG:Ce

nekryje.

3.3. Svételny vytézek, integralni scintilacni G€innost
Necht’ v disledku interakce jedné ¢astice o energii E vznikne Nt scintilacnich fotond, a to v ¢ase

od okamziku interakce do nekonec¢na. Pak plati [114] [77]:

E
N =—50 R-3.2
f~ BE ;
Kde E4 je sitka zakazaného pasu, S kvantova Uc¢innost transportu, Q kvantova uéinnost
luminiscen¢niho centra a  fenomenologicky parametr, jeho hodnota se pro vétSinu materiala a
pro fotonové zafeni pohybuje mezi 2-3. Hodnota B v podstaté piedstavuje podil energie vyuzité
k tvorbé jednoho paru ku $ifce zakazaného pasu, hodnota zlomku pak pocet vzniklych elektron

dérovych part.
Podélenim Nt energii E ziskame veli¢inu g, tj. integralni scintilaéni G¢innost:

Ny _ S@

Nse =

= R-3.3
E  PEg

ktera vyjadiuje, jak velky pocet scintila¢nich fotonii bude emitovan na jednotku energie.
Hodnota nsc pro zéateni o byva v naprosté vétSing pripadii nékolikrat, byt ne fadovée, nizsi nez
pro zafeni y. Rozdily aZ v fadu desitek procent se mohou vyskytnout 1 v zavislosti na energii

interagujici ¢astice.

Svételny vytézek je s nsc velmi tzce souvisejici veli¢inou. Métime-li odezvu vyvolanou jednou
castici, je nejen nepraktické, ale i nemozné ¢ekat do nekonecna na sebrani vSech scintilacnich
fotonll. Svételny vytézek (LY — light yield) je tak definovan jako velikost odezvy vyjadiena
Vv poctu fotontl, kterd je namétena urcitym zplisobem nastavenou aparaturou. Pokud ma mit
hodnota svételného vytézku néjaky smysl, je nezbytné zplisob jeho méteni udat. V piipadé
aparatury pouzité v této praci jsou podstatné predev§im pouzité pristroje, Casova konstanta
zesilovace a zplsob tvarovani impulzu. Rozdilné nastaveni pii méteni svételného vytézku je

jednou z pfi¢in znaéného rozptylu publikovanych hodnot LY.

V piipadé okamzitého vyzateni vSech fotoni by platilo nsc = LY. I pfi zanedbatelném mnoZzstvi

pomalejsich slozek odezvy mtizeme tuto rovnost povazovat za platnou. Pokud vsak jsou fotony

21



emitovany ve vetsim mnozstvi s vyraznéj$§im zpozdénim, plati: LY < msc. Rozdil miize byt

pomérné maly, ale pii pievaze pomalych fotontl i nékolikanasobny.
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Obr. 3.3 — RL spektra LuAG:Ce epitaxniho filmu (¢ervené) a BGO krystalu (¢erné).
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Obr. 3.4 — Pfiblizny teoreticky limit svételného vytézku v zavislosti na Sifce zakazaného pasu [13]. Autor
habilitaéni prace doplnil body pro LuAG:Ce a GGAG:Ce (Gd3Als012:Ce). Sipka ukazuje, jakého zlep$eni
bylo dosaZeno aplikaci ,,band-gap engineeringu®.

Velmi dobfe to lze demonstrovat pii srovnani svételného vytéZzku a intenzity
radioluminiscen¢niho spektra BGO a pravé LuAG:Ce. BGO totiZ patii k materialim, jez maji
pomalou slozku odezvy zanedbatelnou a mtizeme proto piedpokladat nse = LY. Obr. 3.3 ukazuje

RL (radioluminiscencni) spektrum epitaxniho filmu LuAG:Ce a BGO. Vidime témeéf
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Ctyinasobny rozdil v intenzité RL spekter, pfitom rozdil ve svételnych vytézcich je velmi
ptiblizn¢ dvojnasobny [115]. To jasné indikuje ptitomnost pomalych slozek odezvy LuAG:Ce,

jez nepiispivaji k hodnoté svételného vytézku.

Obr. 3.4 zobrazuje pfiblizny teoreticky limit svételného vytézku v zavislosti na Sifce
zakéazaného pasu [13]. LuAG:Ce se nachazi pomérné hluboko pod timto teoretickym limitem.
Optimalizaci LuAG:Ce by tedy mélo byt mozné dosahnout zna¢ného zlepSeni vlastnosti tohoto

materialu.

Pro svételny vytézek Ize v principu zavést obdobny vztah vztahu R-3.3:

LY = SLyQLy

R-3.4
BEg

SLy , resp. Quy bychom pak chapali jako u€innost transportu, resp. u¢innost luminiscenéniho
centra z hlediska svételného vytézku, tj. procento excitacni energie, jez ,,stihne v¢as dorazit*
K luminiscen¢nimu centru, resp. procento excitovanych luminiscenénich center, jez ,,stihne

vCas® zarive deexcitovat. V praxi se vsak s veli¢inami Spy, resp. Qry nesetkame.

Svételny vytézek neni piimo méfenou veli¢inou, tou je tzv. vytézek fotoelektronovy (PhY —

Photoelectron Yield). Vztah mezi nimi je trivialni:

PhY = LY X Qpp R-3.5

Kde Qrp je kvantova ti¢innost fotodetektoru, jez zavisi na emisnim spektru a 1isi se pro kazdy
materidl. Fotoelektronovy vytézek je tak vlastnosti nejen materialu, ale systému material-

fotodetektor.

Svételny vytézek pro LuAG:Ce pii casové konstanté zesilovace 1 ps (semigausovské tvarovani)
¢ini velmi piiblizné 12,5-26 fotont/keV [116] [25]. Vysoky rozptyl je zptisoben rozdily ve

zpracovani signalu, ale i realné existujicimi rozdily mezi riznymi krystaly LUAG:Ce.

3.4. Energeticka rozliSovaci schopnost a neproporcionalita

Energeticka rozliSovaci schopnost se nejcastéji kvantifikuje jako tzv. FWHM (Full Width on
Half Maximum), tj. plnou S$itku piku uplné absorpce v polovin¢ jeho maxima. Vzhledem
k tomu, Ze proces vzniku signalu, véetné samotného scintilaéniho procesu, je komplexni, rizné
stochastické procesy prispivaji k zvySeni rozptylu FWHM proti ideélni situaci. Nésledujici

vyklad je zalozen pfedev§im na referenci [117].
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Energetickou rozliSovaci schopnost AE/E 1ze rozepsat jako:

(AE/E)? = (850)% + (6,)" + (8s)% + (6)%  Ras

kde Osc je intrinsickd rozliSovaci schopnost krystalu, dp zohlediiuje vliv transportu fotont
k fotodetektoru, dst je statisticky rozptyl poctu nosict informace z fotodetektoru a 6, zastupuje

prispévek temného proudu/pulza.

Intrinsicka rozliSovaci schopnost dsc velmi uzce souvisi s tzv. neproporcionalitou scintilatoru,
coz je v podstaté mira (ne)zavislosti svételného vytézku na energii ¢astice [118]. Cim lepsi je

v

scintilatortt LSO:Ce a BGO. Oba maji prakticky totoZznou energetickou rozliSovaci schopnost i

ptes to, ze BGO ma asi 4x niz§i LY (PhY) [119].
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Obr. 3.5 — Relativni svételny vytéZek hypotetického scintilatoru v zavislosti na energii a vliv této zavislosti

na rozliSovaci schopnost scintilatoru [120].

Obr. 3.5 ukazuje moznou zavislost relativniho svételného vytézku na energii a zaroven dveé
moznosti ulozeni energie 10 keV ve scintilatoru. 1) jednim 10 keV elektronem (bily kruh), 2)
jednim 3 keV a druhym 7 keV elektronem (Cerné kruhy). Tiebaze je energie totozna, v druhém
piipadé je odezva nizsi. Jelikoz mize byt stejna energie uloZena nekonecné¢ mnoha zpiisoby,

vede popsany jev ke zhorSeni rozliSovaci schopnosti.
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Nyni vime, ze rozliSovaci schopnost zavisi na neproporcionalité. Kde ma ovSem pficiny
samotna neproporcionalita? V praci neni prostor na diisledny rozbor souc¢asnych teorii S timto
tématem, namisto toho si pouze naznaCime jejich vychodiska. Rozdil v odezvach zavisi
piedevsim na hustoté ionizace pifimo ionizujicich Castic (at’ uz primarnich ¢i sekundarnich).
V piipadé velmi husté ionizace dochazi k vzajemné interakci vytvorenych nosicli naboje a
excitovanych stavi, kterd velmi Casto vede k energetickym ztratdm (nezafivym ptrechodiim).
Svételny vytézek se s rostoucim linearnim pfenosem energie (LPE,) snizuje. To je typické pro

veétSinu scintilatora.

V piipadé nékterych dalSich scintilatori, mimo jiné Nal: T1, pozorujeme s rustem LPEA nejdiive
rast odezvy, teprve pro vysoka LPEa odpovidajici elektronim s energiemi pod 20 keV
(u Nal:T1) se opét dostavi pokles odezvy. Nizka hustota ionizace a vysoka pocate¢ni mobilita
elektront vede K tomu, Ze se elektrony a diry v prostoru navzajem zna¢né vzdali a nemohou
spolu rekombinovat. Pti vysSich LPEA se pravdépodobnost zafivé rekombinace zvysuje,
zatimco pravdépodobnost interakci nosic¢li naboje a excitovanych stavii vedoucich ke ztratdm

energie zastava relativné nizka. Az pii vySSich LPEa tyto ztraty pievladnou.
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Obr. 3.6 — Vlevo: Zavislost relativniho svételného vytéZku na energii pro rizné kodopovany LaBr3:Ce.
Vpravo: Spektrum ¥Cs (662 keV) méiené LaBrz:Ce,Sr. Inset: Srovnani FWHM Sr kodopovaného a
nekodopovaného LaBrs:Ce [121].

Souvislost neproprocionality, intrinsické rozliSovaci schopnosti a mobility nosi¢t naboje je
stale otevieny problém. V poslednich letech bylo nicméné dosazeno znacného pokroku ve
Shaze vypracovat teorie co nejpiesnéji popisujici a vysveétlujici pozorované skute¢nosti, napf.

viz [122] [123] [124] [125].

Je to 1 problém velmi prakticky, protoZe Gpravou technologie vyroby scintilatoru lze zavislost

svételného vytézku na energii ,,narovnat®, pticemz se dostavi zlepseni energetické rozliSovaci
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schopnosti, viz obr. 3.6, jenz ukazuje zmirnéni neproporcionality scintilatoru LaBrs:Ce a
soucasné zlepseni FWHM pomoci kodopace ionty Sr?* [121]. Téhoz Ize do urcité miry

dosahnout i vhodnym tvarovanim signalu [126] nebo aplikaci tvarové analyzy signalu [127].

Vliv neproporcionality na energetickou rozliSovaci schopnost bohuzel nebylo mozno Vv praci
zkoumat, nebot” o castice z radionuklidovych zdrojii se odliSuji svoji energii minimalné.

Rovnéz neni znam piesny piispévek dalSich ¢lent ze vztahu R-3.6.

M. Moszynski [117] pfipomina, Ze do dsc je nezbytné zahrnout i lokalni variace svételného
vytézku a neuniformitu odrazivosti reflektoru. Tyto faktory pravdépodobné hraji vyznamnou

roli pii méfeni energetické rozlisovaci schopnosti n€kterych epitaxnich filmu.

Statisticky prispévek dst zavisi predevsim na poctu fotoelektront (u fotondsobice) N, resp. poctu

elektron-dérovych para fotodiody:

8¢ = 2/ Ind X VN x 1+ ¢ R-3.7

kde € vyjadiuje rozptyl celkového zesileni fotondsobice, jez u dnesnich béznych fotonasobict
¢ini 0,1-0,2 [128]. U nami pouzivaného HPMT (Hybrid PhotoMultiplier Tube — hybridni
fotonasobic) je € niz§i. Jelikoz N = LY x Qpp x E, tj. svételny vytézek nasobeny kvantovou
ucinnosti fotodetektoru a energii ¢astice ionizujiciho zareni, pfedstavuje zvySeni LY rovnéz

cestu ke zlepseni energetické rozliSovaci schopnosti.
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Obr. 3.7 — Zavislost relativniho svételného vytéZku na energii zafeni y [22].

Nyni se podivejme na scintildtor LuAG:Ce ve svétle vySe popsanych informaci. Svételny

vytézek patii spise k primérnym, rovnéz neproporcionalita odezvy nepatii k vyjimeénym — ani
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V pozitivnim, ani v negativnim slova smyslu, viz obr. 3.7 [22]. Proto nepiekvapi, Ze vyjime¢na

neni ani energeticka rozliSovaci schopnost, jez pro *¥’Cs (662 keV) ¢ini 6,7 % [22].

3.5. Fotoluminiscencni a scintila¢ni kinetika, afterglow

V piipadé excitace stavu 5d1 Ce** v libovolném Ce dopovaném scintildtoru nasleduje za
béznych okolnosti jednoexponencidlni dosvit s casovou konstantou 1. Lze-1i zanedbat teplotni
zhaSeni luminiscence, pfenos energie z luminiscencniho centra a ionizaci excitovaného stavu,

plati [77]:

cme 22 3 \2
T=—--—\= R-3.8
8me< fn \n“+2

kde c je rychlost svétla, me hmotnost elektronu, e elementarni naboj, n index lomu materialu, A
vlnova délka a f'sila oscilatoru. Doba dosvitu roste s rostouci vinovou délkou emise, viz piiklad:
LaBrz:Ce (t =16 ns, A = 380 nm, n = 1,9) [129], LuAG:Ce (t = 70 ns, A = 535 nm, n = 1,84)
[130], LuAG:Pr (t =20 ns, A= 310 nm, n = 2,03) [131].

V piipadé, Ze dochazi k ionizaci excitovaného stavu, elektron se dostava do vodivostniho pasu.
Posléze miiZze byt zachycen v pasti. Pokud je doba setrvani v pasti del$i neZ doba dosvitu centra
T, objevuji se ve zméfené dosvitové kiivce del§i komponenty. Za urcitych okolnosti, se mohou

objevit i neexponencialnich slozky dosvitu.

Naopak neradiacni pfenos energie mimo luminiscencni centrum se projevi zrychlenim dosvitu,
doprovazenym sniZenim intenzity emitovaného svétla. Pokud se neradiacni pfenos energie
mimo centrum tyka jenom urcité, byt vyznamné ¢asti luminiscencnich center, objevuji se

Vv dosvitu dalsi, rychlejsi slozky, ale ptivodni slozka je téZ pfitomna.

Dochazi tak ke sniZzeni kvantové ucinnosti luminiscen¢niho Q. Relativni zménu Q 1ze spocitat
jako podil ploch pod dosvitovymi kiivkami (rychlejsi/pomalejsi). Znalost Q se muze uplatnit

pfi interpretaci experimentalnich dat svételnych vytézka, resp. intenzity radioluminiscence.

Teplotni zhaSeni luminiscence se rovnéz projevi jako zrychleni dosvitu pfi soucasném poklesu

poctu scintila¢nich fotond. Dosvit zistane exponencialni. Plati [86]:
T(T) = toq(T) R-3.9

kde T je termodynamicka teplota, o doba dosvitu pii T = 0 K a q(T) je relativni kvantova
ucinnost pii teploté T (q=1 pro T=0 K) [86]:
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1

Eq
1+Cexp(—m>

q(T) =

R-3.10

kde C je zhaseci konstanta, Eq zhaseci energie (viz obr. 2.3, rozdil mezi dnem paraboly ¢ a
vyskou priseciku obou parabol) a ks Boltzmanova konstanta. Priibéh zrychleni t s teplotou za
soucasného poklesu intenzity luminiscence ukazuje obr. 3.8 [132]. Vztah R-3.10 tvrdi, ze
pokles bude v obou piipadech relativné stejny, coz obr. 3.8 nepotvrzuje zcela beze zbytku, a to
v diasledku uplatnéni dosud neuvazovaného jevu, ionizace excitovaného stavu.
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Obr. 3.8 — Zavislost doby Zivota Ce®* na teploté (nahore) a intenzity fotoluminiscence na teploté. YAG:Ce.
Obé zavislosti vykazuji velmi podobny pribéh, priblizné v souladu se vztahem R-3.10. Odchylky jsou

zpusobeny ionizaci excitovaného stavu [132].

Scintila¢ni dosvit je podstatné komplikované€j$i nez dosvit fotoluminiscen¢ni, nebot’ vznikaji
elektrony ve vodivostnim pasu a diry ve valenénim pasu. Ty jsou bé¢hem faze migrace
zachytavany v pastech, objevuji se tedy dlouhé slozky dosvitu. V grandtech existuje nékolik

typu pasti riznych hloubek.

Navic se uplatituje zminéné tunelovani elektronti z pasti k luminiscenénimu centru, coz se
ve vysledku projevuje dosvitem ve tvaru mocninné funkce. Jedna se o dusledek vzajemné
distribuce pasti a luminiscencnich center. Pokud by past od centra byla vzdy stejné daleko,
dosvit by byl exponencialni, ale v redlném krystalu tomu tak neni. Obecny ptedpis pro tuto

situaci zni [133] [23]:
I(t) =A(t+ty)7P R-3.11

kde 1(t) je intenzita fosforescence (druh perzistentni luminiscence), A a to konstanty. Parametr

p je obecné z intervalu 1-2.
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Dany typ dosvitu byl u LuAG:Ce skute¢né pozorovan, poprvé v roce 2007 (obr. 3.9 vlevo) [23],
na jiné Casové skale pak v roce 2009 (obr. 3.9 vpravo) [22].
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Obr. 3.9 — Vlevo: Fosforescen¢ni dosvity LuAG:Ce po ozaieni 12 Gy pri riznych teplotach (v K) [23].

Vpravo: Scintila¢ni dosvit LuAG:Ce s vysokym dynamickym rozliSenim [22].

Jsou to pravé tyto slozky dosvitu (viditelné zvlasté dobie na obr. 3.9 vpravo), které jsou

zodpovédné za vyrazné zhorSeni uzitnych vlastnosti LuAG:Ce.

Jesté pomalejsi slozky luminiscence se oznacuji jako afterglow. Pojem afterglow neni pouZivan
naprosto jednotn€. MiiZze byt definovan jako podil poctu scintilanich fotont vyzarenych 3 ms

a pozdéji po skonc¢eni kratkého excita¢niho pulzu zateni X, K poctu vSech scintila¢nich fotona.
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Obr. 3.10 — Afterglow BGO (¢erna) a LuAG:Ce (¢ervena) (zméFil V. Babin, poskytl M. Nikl).

Dnes obvykla definice hovoii o afterglow jako podilu Grovné signidlu 3 ms po skonceni
kontinualni excitace scintilatoru zafenim X k Urovni signdlu béhem kontinudlni excitace
zéatenim X. Podminkou je, aby Groven signalu béhem ozatfovani byla ustalena. Typicky pribéh

pro monokrystal LuAG:Ce pfipraveny metodou p-PD a monokrystal BGO pfipraveny
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Czochralského metodou ukazuje obr. 3.10. pu-PD krystaly obvykle vykazuji vEétsi mnozstvi
defektd a tedy i pasti, nicméné i v pfipadé LuAG:Ce krystalu ptipraveného Czochralského
metodou by byla troven afterglow vyrazné vyssi nez u BGO. Afterglow BGO patii naopak
Kk t¢m nejnizsim [134] [135].
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Obr. 3.11 — Scintila¢ni kinetika LuAG:Ce v prvnich 10 ns. Kromé nenulové nabézné doby je zietelné

pFitomen i pik od okamzitych fotonu ¢erenkovova zareni [136].

Nekteré scintilatory vykazuji scintila¢ni kinetiku s nezanedbatelné pomalym nabéhem [137]
[138], coz je zpusobeno relativné pomalym pienosem excitaéni energie k luminiscen¢nimu
centru. V ptipadé Ce** dopovanych scintilatort se obvykle ndbézna doba zanedbava. Pokud se
(typicky subnanosekundova) nabézna doba LuAG:Ce se zanedbat neda. U LUAG:Ce je
zptisobena piedevsim relativné pomalou migraci dér, které musi k Ce3* centru dorazit pied
elektrony. Teprve potom, co dira pfeméni Ce®* na docasné Ce**, miize atom Ce zachytit
elektron z vodivostniho pasu a excitovat se. Ukazka méfeni scintilacni kinetiky na velmi kratké

Casové Skale, dobfe zobrazujici nenulovou nabéznou dobu, je na obr. 3.11 [136].

3.6. CTR — Koincidenéni rozliSovaci schopnost

Me¢éteni koincidencni rozliSovaci schopnosti scintilaéniho detektoru ¢i presnéji celé scintilacni
detekéni jednotky neni zcela béZnou charakterizacni metodou. CTR je vSak klicovym
parametrem pro nékteré aplikace, napt. presnd ¢asovd meifeni ve fyzice vysokych energii ¢i
v TOF PET (Time-Of-Flight PET). Urcuje ji jak casové rozliseni fotodetektoru a

vyhodnocovaci elektroniky, tak rozliSeni dané produkci scintila¢nich fotont v Case po interakci.
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Pomoci rychle spinaného zdroje svétla Ize zméfit CTR tzv. akviziéni ¢asti aparatury [139],
pomoci zdroje Na a dvou scintilaénich detekénich jednotek pak CTR celku. Odeétenim

kvadratu obou CTR tak lze ziskat CTR samotného scintila¢niho detektoru.

Pokud Ize zanedbat nabéznou dobu v kinetice scintilacni odezvy tr, CTR je pfiblizné rovno:

T T
CTR = d — | —< R-3.12
NQpp LYXEXQpp

kde N je pocet emitovanych scintilatnich fotonli, ¢ doba dosvitu scintildtoru, LY svételny
vytézek, E absorbovana energie cCéstice ionizujictho zafeni, Qpp kvantovd ucinnost

fotodetektoru.

Obecné vSak nabéznou dobu 1 zanedbat nelze a je nutno pouzit podstatné komplikované;si
vztah nez R-3.12. Podrobnosti mize ¢tenaf nalézt v [139]. V uvedeném ¢lanku se piedpoklada
nutnost prekrogeni uréité diskrimina¢ni hladiny. Casovy okamzik interakce se ztotoZiiuje pravé
s touto udalosti. V publikaci [140] se ¢tenai mize dozveédet o moznosti vyuZziti zmétené ¢asové
distribuce detekce jednotlivych scintilacnich fotoni, coz by CTR déle podstatné zlepsilo.

Habilita¢ni prace se vSak timto dale zabyvat nebude.

Z [139] i [140] je ziejmé, ze pro dosazeni co nejlepsiho CTR potiebujeme kratké tq i tr, vysoky

svételny vytézek 1 emisni spektrum v blizkosti maxima kvantové ti¢innosti fotodetektoru Qpp.

CTR dosazené s pouzitim LuAG:Ce za nejrychlejSimi materidly nezanedbatelné zaostava,
publikace [65] udava hodnotu 530 ps. Pro srovnani, nejlepsi hodnota v téze publikaci byla
nameétena pro 2 X 2 x 3 mm? krystal LSO:Ce,C, a to 73 ps.

3.7. Dalsi charakteristiky

Kromé vySe uvedenych vlastnosti se u scintilatord sleduji i dal$i parametry. Napt. LUAG:Ce
pozitivné vynika v nasledujicim: chemicka stabilita, mechanické a termomechanické vlastnosti,
je nehygroskopicky a vykazuje zna¢nou radia¢ni odolnost. Bohuzel piirozené¢ obsahuje
radionuklid Y8Lu (2,6 % Vv piirodni izotopové smési) s polocasem 3,78 x 10 let, coz vede
k hmotnostni aktivité 32 Bqg/g [59]**. Pti jedné pfeméné je emitovéana Eastice - s maximalni
energii 596 keV a fotony o energiich 88 (13,3 %), 202 (86 %), 307 (94 %) a 401 keV (0,33 %).
Podrobngéji se témito dal$imi vlastnostmi zabyvat nebudeme, jejich vztah k tématu prace je

marginalni, byt mohou byt (ne)vyhodné pro fadu aplikaci.
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Kapitola 4

Metody pripravy zkoumanych vzorku

V této kapitole poskytneme pouze zakladni informace o metodach piipravy méfenych vzorkii,
S hlavnim dirazem na vliv pouziti té¢ které metody na vysledné vlastnosti (zvlasté vlastnosti

scintilacni) vyrobeného scintilatoru.

4.1. Czochralského metoda

Czochralského metoda patii k nejrozsifenéj$im metodam rustu monokrystalt. Umoziuje

ptipravit monokrystaly relativné velkych rozmérti a s malym mnoZstvim dislokaci.

s

< —_—

Obr. 4.1 — Schéma Czochralského metody [141].

Rist krystalu probiha z taveniny vychozich latek, jez se nachazi v kelimku z vhodné€ zvoleného
materidlu. Rotujici zdrode¢ny krystal se ponoii tésné pod hladinu a pak jiz tahnutim vzhtiru za

stalé rotace roste krystal, viz obr. 4.1.

Material kelimku nejenze musi udrzet svoji pevnost pti obrovskych teplotach, jez v riistovych
pecich panuji, ale nesmi chemicky reagovat staveninou, ani S pfitomnou atmosférou.

Typickymi materialy pro vyrobu kelimki jsou iridium, molybden, grafit ¢i platina [142].
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Kelimky z nékterych materiala jsou velmi drahé, casteCné pro jejich vzacnost, ¢astecné pro
jejich obtiznou opracovatelnost, napt. iridium. Levnéj$i materialy, napt. Mo, zfejme nejcastéji
uzivany pfi ristu granati Czochralského metodou, mohou pro zménu pti vysokych teplotach

intenzivné oxidovat, nepouzije-li se rust v redukéni atmosféie.

Rist v redukéni atmosféfe ovSem nevyhnutelné v granatech vede ke vzniku kyslikovych
vakanci, jez se se projevuji jako hluboké elektronové pasti. Nastésti 1ze jejich koncentraci

zredukovat zihanim pfi vysoké teploté za piitomnosti kysliku, napt. ve vzduchu [143].

Teplota tani LuAG:Ce kolem 2000°C , ktera je k rastu krystalu nezbytna, vede téz ke vzniku
jiz zminénych Luai antisite defektt [144]. Ty bohuzel z krystalu jiz nijak odstranit nelze a
LUAG:Ce tak trpi jejich ptitomnosti v podobé snizeni svételného vytézku a zvyseni intenzity

pomalych slozek dosvitu.

Rist Czochralského metodou je relativné pomaly a metoda neni piilis$ flexibilni, pokud chceme
obmeénit slozeni krystalu. Pokud napt. zkouméame zavislost vlastnosti scintildtoru na sloZeni a
potfebujeme mit k dispozici vétsi mnozstvi rizné slozenych vzorkd, pouzijeme spise metody

u-PD nebo LPE.

Naopak pro ptipravu krystalti nejvyssi kvality jiz optimalizovaného sloZeni v prumyslovém

méfitku je Czochralského metoda velmi vhodna.

4.2. Micro-pulling down

K provéadéni tzv. ,,material screeningu®, tedy prizkumu zavislosti riznych vlastnosti materialu
(scintilatoru) na sloZeni, je metoda p-PD lepSim nastrojem nez Czochralského metoda.
Umoziuje podstatné rychlejsi rast krystalu, zhruba 0,05-20 mm/min [145], vyssi rychlost je

vsak pro kvalitu krystalu spiSe nepfizniva.

Rist probihd z taveniny nachazejici se v kelimku z vhodného materiadlu (mohou byt stejné jako
u Czochralského metody), v jehoZ dné je otvor pfechazejici smérem dolii v kapilaru, viz obr.
4.2 [146]. Pii prilozeni zarode¢ného krystalu se, diky povrchovému napéti, tazenim da tavenina

,vytahovat® ven skrze kapilaru, kde pti nizsi teploté tuhne a krystalizuje.

Je zfejmé, ze pfi taZzeni jednou kapilarou sice mohou vzniknout krystaly znacné délky, ale
pomérn¢ malych pramért, viz obr. 4.2. Existuji nicméné i pfistroje S vice kapilarami, které rast
krystali vétSich praimérti umoziuji, viz Obr. 4.2 [146]. Pro ,,material screening* vSak vétSich

objemt neni obvykle teba, tj. ani pro potfeby této prace.
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Bohuzel, u-PD krystaly maji obvykle niz8i kvalitu, vyskytuje se v nich mnozstvi dislokact,
mohou vykazovat nehomogenni slozeni podél osy tazeni i kolmo na ni, atd. [38]. Vyzkum
obvykle témito nevyhodami netrpi zasadn€, pokud néjaky parametr (napt. LY) zavisi v sad¢ p-
PD vzorkl s riznym slozenim uréitym zplsobem na slozeni, ziistdva tato zdvislost bézné
zachovana i v obdobnych vzorcich pfipravenych jinou metodou. Konkrétni hodnoty

sledovaného parametru mohou byt nicméné¢ jiné.

Pokud jde o vyskyt antisite defektti a kyslikovych vakanci, u-PD krystaly je obsahuji podobné
jako Czochralského metodou pfipravené krystaly. Riist probiha za stejné teploty a v redukéni

atmosféte. Priklad p-PD krystalu je na obr. 4.3 [143].
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2 ———
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Mechanism [

Obr. 4.2 — Princip metody ristu krystali micro-pulling down. Vlevo: monokapilarni rist, vpravo

polykapilarni rist pro pfipravu krystali vét§iho priméru [146].
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Obr. 4.3 — Krystal LuAG:Ce p¥ipraveny metodou p-PD [147].

4.3. Epitaxe z kapalné faze

Princip epitaxe z kapalné faze spociva ve vysrazeni rozpusténych latek v krystalické formé na

zarodeCném krystalu — substratu. Nejprve se pfipravi roztok vychozich, krystalotvornych latek
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v tzv. tavidle. Krystalizace za¢ina po sniZeni teploty nasyceného roztoku krystalotvornych
latek, v ptipadé LuAG:Ce se jedna o smés velmi ¢istych oxidii Lu2O3, Al2O3 a CeO». Ty pak

zaCinaji na substratu krystalizovat a vytvareji tenky epitaxni film.

Jako substrat se v idealnim ptipadé pouziva monokrystalu materidlu stejného slozeni, jaké ma
mit vysledny epitaxni film, ov§em nedopovaného. Jedna se o tzv. homoepitaxni rust. V ptipadé

LUAG:Ce tedy homoepitaxni rist probiha na LuAG.

Tzv. heteroepitaxni riist probihd na substratu odlisného slozeni. Nevyhodou této varianty je
obvykle nezanedbatelny rozdil mfizkovych konstant mezi filmem a substratem, ktery ptisobi
napéti zvlasté v okoli rozhrani substrat-film a mize vést k horsi kvalité filmt, v ptipadé jesté
vyrazn&jSich rozdili se rast stava prakticky nemoznym [148]. Heteroepitaxni rust se tak
pouziva piedevsim v piipadé nedostupnosti vhodnych substratli pro homoepitaxni rust. Jak

uvidime dale, v ptipadé ,,band-gap engineeringu® to znamena ,,pomérné ¢asto*.

Z krystalu zvoleného pro piipravu substratu se ufizne desticka (tvaru nizkého valce) o priméru
n¢kolika malo cm a tloust'ce asi 0,5-1 mm. Rovina fezu se voli ve sméru nékteré vyznamné
krystalografické roviny, napt. <111>. Desticka se vylesti a ocisti, ¢imz je pfiprava substratu

ukoncéena.

Tavenina se nachazi v platinovém kelimku, viz obr. 4.4. Tavenina se ohieje na teplotu asi o
100°C vyssi nez je teplota nasyceni a zhruba hodinu se pfi této teploté homogenizuje. Po
homogenizaci taveniny se jeji teplota snizi pod nasycenou teplotu (maximaln€ o 50°C nize),
k hladin¢ se pfiblizi substrat, ktery se po asi tfech minutach ohfeje na stejnou teplotu. Rust

zacina okamzité po rychlém ponofeni substratu pod hladinu [149].

Bé&hem rlstu se substrat neustdle otaci, pfiblizné rychlosti 100 otac¢ek za minutu. Po kazdych
asi 5 otackach se smér otaceni méni. Po skonceni ristu se otaceni zastavi, vzorek se vynoii a
zbytky taveniny se odstiikne rychlym roztoCenim (asi 500 otacek za minutu) a pak odstrani

lazni v horké kyselin¢ dusi¢né [149].

V piipadé potieby tenkych vrstev scintilatorti, napi. téch uzivanych v mikroradiografii,
predstavuje metoda LPE podstatné levnéj§i variantu oproti bézné uzivané, tj. rastu
monokrystalu Czochralského metodou a jeho nasledného opracovani do podoby tenké desticky.
Metodou LPE jsou dosazitelné i tloustky, které pro mechanické opracovani monokrystalu
nepiipadaji v tivahu, tj. i jednotky um. Rovnéz z hlediska ,,material screeningu® je metoda LPE

finan¢né vyhodna.
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Obr. 4.4 — Schéma zafFizeni uréeného k riastu granatovych epitaxnich vrstev pomoci metody epitaxe
z kapalné faze [149].

Rist granatovych epitaxnich filmi probiha zhruba pfi teploté 1000°C, tj. asi o 1000°C niZe, nez
rast metodou Czochralského, Bridgmanovou ¢i p-PD. Vysledkem je podstatné nizsi
koncentrace antisite defektd, tedy dalsi vyhoda metody LPE [28] [32]. RovnéZ do jiz zminéného

sniZeni ceny se nizsi teplota riistu promitne.

Podobné¢ jako v ptipadé metody pu-PD lze diky pomérné vysokému segregacnimu koeficientu

dosahnout vyssi koncentrace dopantu, zde Ce, nez umoznuje Czochralského metoda [148].

Metoda LPE mé samoziejmé i n€kolik podstatnych nevyhod. Tloustka epitaxnich filml
nepiesahuje nékolik desitek um. To mize byt dostatecné pro ucinnou detekci tézkych nabitych
¢astic nebo nizkoenergetického zafeni X, ovSem pro zatfeni § ¢i y vysSich energii je detekéni
ucinnost zcela nedostate¢na. Znamena to vyznamné z(zeni mnoziny aplikaci, kK nimz by bylo
mozno materidlu s pfislusSnym slozenim pouzit. V vahu pfipadd napf. mikroradiografie
[150]?"2 [151] [152], monitoring svazki z urychlovact [153] [154] a samozfejmé& nami uZzivany

,material screening®.
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Kvalita povrchu obvykle nedosahuje kvality povrchu vyle$téného monokrystalu. Z hlediska
aplikace v zobrazovacich metodach je to podstatna nevyhoda [150]%2. Z hlediska sbéru svétla
na fotodetektor se paradoxné muze jednat o vyhodu, nebot’ pravdépodobné dochazi ke snizeni
poctu fotond odrazenych na rozhrani scintilator-okénko fotodetektoru, viz [155]. Na rozdil od
odkazované publikace se u filmi nejednd o zdmérné vytvotrenou strukturu, jejiz podoba je pod

kontrolou, pfesto nelze urcité zvyseni poctu registrovanych scintilacnich fotonti vyloucit.

Daéle existuje riziko zaneseni kontaminantu z tavidla do epitaxniho filmu, viz nize. Kone¢né¢ je
spektrum slozeni pfipravitelnych materidli do zna¢né miry omezeno dostupnosti substrati.
V piipadé¢ granati je z tohoto hlediska situace dobra, ovSem s omezenimi, jejichz povaha bude

z dalsiho textu ziejma.

Pti dal$im hodnoceni metody LPE jiz musime piihlédnout ke slozeni tavidla. Autorovi jsou
znama Ctyfi tavidla, jez byla v minulosti alesponi jednou pouzita k vyzkumu scintilujicich
epitaxnich granatovych filmu: PbO-B20s (T-Pb), BaO-B203-BaF: (T-Ba), Bi.03-B203 a M0Os-
Li,M0O4 [156]%? [148] [72]**?. Posledni dv¢ tavidla nebyla v této praci pouzita, prodez se jimi
nebudeme dale zabyvat.

4.3.1. Tavidlo PbO-B203

T-Pb tavidlo je nejdéle a nejCastéji, ,,tradi€né* pouzivanym tavidlem pro vyroby epitaxnich
granatovych filmt. Poskytuje filmy hladkych povrcht relativné vysoké optické kvality.
Podstatnou nevyhodou viak je nevyhnutelna kontaminace epitaxniho filmu ionty Pb?*, jez se
projevuji jako tzv. zhéSeci centra. Jedna se o luminiscen¢ni centra, U nichz dochazi k teplotnimu

zhaseni jiz pti znacné nizkych teplotach [97].

Emisni spektra LuAG s obsahem Pb?* iontli vykazuji pii teploté 80 K emisni pas s vrcholem na
3,61 eV (343 nm) [97]. Excita¢ni spektrum pro emisi 343 nm fotonii ma vrchol v blizkosti
4,75 eV (261 nm). Pti zvySovani teploty nad 100 K, tato emise v disledku teplotniho zhaseni
rychle slabne, pii 130 K jiz dosahuje pouze 50 % maxima, viz obr. 4.5, kiivka 1. V souladu

s teoretickym vysvétlenim teplotniho zhaseni rovnéz rychle klesa doba dosvitu [97].

Excitaéni pas Ce®* do stavu 5dz se nastésti kryje s emisnim pasem Pb?* s vinovou délkou
343 nm. Diky tomu dochazi pii ptitomnosti Ce®* k Gi¢innému pienosu energie z Pb?" iontu na
toto luminiscen¢ni centrum. Pfesto je v disledku teplotniho zhaSeni nezanedbatelna Cést
energie ztracena, coz se vobr. 4.5 projevuje rychlejSim poklesem kiivky 2 (buzeni

excitovaného stavu Pb?*, sledovani intenzity emise Ce®") oproti kfivee 3 (buzeni excitovaného
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stavu Ce®*", sledovani intenzity emise Ce®*). O energetickém uspofadani poskytuje informace

obr. 4.6 [97].
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Obr. 4.5 — Teplotni zavislost intenzity luminiscence: 1) emise 3,61 eV, excitace 4,75 eV v LPE LUAG; 2)
emise 2,46 eV, excitace 4,75 eV v LPE LUAG:Ce; 3) emise 2,46 eV, excitace 2,8 eV v LPE LUAG:Ce [97].
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Obr. 4.6 — Energetické stavy ionti Ce** a Pb?* v LUAG:Ce a pfechody mezi nimi [97].
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V nékterych ptipadech 1ze vliv kontaminace na kvalitu LPE filmu pfipravenych z T-Pb tavidla
snizit na ptijatelnou troven, tj. pokles svételného vytézku v disledku této kontaminace neni

ptilis vyznamny. V jinych ptripadech je pouziti T-Pb tavidla naprosto vyloucené.

Pokud &tenéie zajimaji podrobnosti o tom, jaké defekty se v diisledku pfitomnosti Pb>* v LUAG

tvori a jaké jsou jejich projevy, nalezne je v [97] [157] [158].

Obr. 4.7 — Povrch epitaxnich vrstev YAG:Ce pFipravenych s pouzitim tavidla a) T-Pb, b) T-Ba [156]%62.

4.3.2. Tavidlo BaO-B203-BaF:

T-Ba tavidlo neni zdrojem zadné kontaminace ovliviiujici luminiscenci a scintila¢ni vlastnosti
LPE filml zng pfipravenych. Kromé toho umoziluje dosazeni vySSich segregacnich

koeficienti pro Ce®* a tim i vyss§i koncentrace Ce ve filmech.

Tavidlo T-Ba vykazuje nicméné podstatné vyssi viskozitu a povrchové napéti. Ulpiva na
povrchu substratu a jeho odstranéni je problematické [159]. Dusledkem je vznik povrchovych
defektil danych dislokacemi, predevsim tzv. pitfl, viz obr. 4.7 [156]?%2. Pity jsou jednou z pii¢in

horsich optickych vlastnosti filmt ptipravenych s pouzitim T-Ba tavidla.
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Kapitola 5

Metody charakterizace scintilatoru

Tato kapitola se zaméfuje pouze na ty metody charakterizace scintilatord, s kterymi pracoval
autor habilitaéni prace pfimo, tj. pfimo provadél méfeni i zpracovani dat. Portfolio metod
pouzivanych k charakterizaci scintilatort je obecné¢ mnohem S$ir$i a autor je ¢aste¢né vyuziva
téz. Méteni a vyhodnoceni nicméné provadéli jeho kolegové / spoluautofi. Zajemce blizsi popis
téchto dalsich metod nalezne v odkazovanych ¢lancich a diserta¢ni praci autora [71]. Kapitola
si klade za cil poskytnuti pouhého zékladniho piehledu. Pokud v nékterych pripadech zabiha
do podrobnosti, tak proto, Ze je popisovana metodika zavedend/pouzita autorem, kterad
umoziuje bud’ ptesnéjsi zmeteni Zddané informace, ziskani informace nové, pfipadné se jedna

o prokazani spolehlivosti metody (alespoil v rameci urcitych mezi).

Popis aparatur amplitudové spektrometrie a méfeni scintilaéniho dosvitu se nachazi uveden

v priloze 1 na konci prace.

5.1. Amplitudova spektrometrie

Amplitudova spektrometrie impulzi buzenych ionizujicim zafenim se v principu nelisi od
spektrometrie zafeni y nebo a. Scintilator je, pokud to lze, obalen reflektorem, a pfipojen
k fotonasobici, jenz detekuje scintila¢ni fotony a produkuje elektrické pulzy. Ty jsou dale
zesileny a tvarovany predzesilova¢em a zesilovacem, naceZ vstupuji do mnohokanalového

analyzatoru, ktery je rozdéluje dle amplitudy do jednotlivych kanald. Tim vznika amplitudoveé

spektrum.
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Obr. 5.1 — Kalibraéni spektra. Vlevo: HPMT DEP PP0475B citlivéjsi v ¢ervené oblasti, temné impulzy.
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Oproti spektrometrii ionizujiciho zéafeni vSak existuji nékteré podstatné rozdily. Amplitudové
spektrum neni kalibrovano v jednotkach energie, ale v poctu fotonl ¢i, pfesnéji feceno,
fotoelektronti. Ucelem neni stanovit energii Castice ionizujiciho zafeni — ta je vzdy znama.

Ucelem je stanovit pocet emitovanych fotoelektrond.

Z toho diivodu se podstatné 1isi kalibracni spektra. Namisto méteni spektra s piky se znamou
energii je nezbytné mit k dispozici spektra s piky se znamym poctem fotoelektronti. Ty se
ziskaji zméefenim tzv. spektra temnych impulzii fotondsobice, piipadné zmérenim spekter velmi
kratkych (maximalné né€kolik malo desitek ns) a velmi slabych zébleskli svétla (maximalné
jednotky fotonti). Podle pouzittho HPMT pouzival autor obou moznosti, u HPMT s vyssi
citlivosti v delSich vinovych délkach postacilo spektrum temnych impulzd, viz obr. 5.1 vlevo,
HPMT s nizsi citlivosti k fotoniim s del$imi vinovymi délkami pouzival slaby zdroj svétla, viz
obr. 5.1 vpravo [71]. Ten autor realizoval jako na fotonasobi¢ volné poloZzeny krystal PbWO4
(PWO) ozafovany *’Cs. PWO je scintilator s velice malym svételnym vytézkem a zaroveii

velmi rychlym dosvitem bez pomalych komponent [160] [161] [162].
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Obr. 5.2 — Zavislost relativniho svételného vytéZku na ¢asové konstanté zesilovace 1. Vlevo: Velky rozptyl
bodi zpusoben nedokonalou reprodukovatelnosti umisténi vzorkid. Vpravo: Rozptyl vyrazné redukovan

jednim umisténim vzorku a naslednym zméfenim vytéZku pro v§echna 1. Npheis je totoZny s RLY [71].

Jiz béhem disertacni prace [71] autor ovéfil linearitu odezvy aparatury, stanovil dlouhodobou
stabilitu aparatury a teoreticky zdtivodnil tvar spekter ziskanych pii méteni vzorku s tloustkou
mensi, neZ je dosah budicich a ¢astic — tento vysledek publikoval v anglickém jazyce nicméné
az po ziskani titulu Ph.D. [72]**2. Dale trividlnim zptisobem zpfesnil stanoveni svételného
vytézku a energetické rozliSovaci schopnosti. Postadilo piestat pti vyhodnoceni spoléhat na
program MAESTRO, ktery ziejm¢ neni optimalizovan pro scintilacni spektra s nevyraznymi

piky Uplné absorpce, ale S vyraznymi piky tinikovymi, a provadét proklady spekter samostatné.
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Konecné autor zpiesnil méfeni zavislosti svételného vytézku na casové konstanté zesilovace —
trivialnim krokem. Namisto sekvence méfeni vzorkd ,,vSechny pii jedné Casové konstanté®,
,vsechny pfi dal$i ¢asové konstanté...” pouziva sekvenci ,,jeden vzorek pti vSech ¢asovych
konstantach®, ,,druhy vzorek pii vSech ¢asovych konstantach,” atd. Tim byla vylouc¢ena chyba
dané obtiznou reprodukovatelnosti umisténi vzorkl na fotonasobic¢. Vysledky zlepSeni ukazuje

obr. 5.2 [71].

Toto zptesnéni bylo tak vyrazné, Ze umoznilo nejen ivahy o stanoveni presného vztahu mezi
scintila¢nim dosvitem a zavislosti svételného vytézku na Casové konstanté zesilovace, ale

pokusit se teoretické odvozeni této vzajemné souvislosti experimentalné ovéfit.

5.1.1. Souvislost zavislosti svételného vytéZku na casové konstanté zesilovace a

scintilaé¢niho dosvitu

Na obr. 5.2 vpravo se nachazi typicka, zptesnéna zavislost relativniho svételného vytézku RLY
(relative light yield), ktery je zaveden jako pomér LY méfeny pii pouZiti ¢asové konstanty

zesilovace. V disertacni praci autor zavedl jeji prokladani vztahem [71]:
RLY = m; — mye ™3t R-5.1

Odvozeni tohoto vztahu vychazi z pfedpokladu okamzitého vyzareni urcitého procenta fotont,
nasledované jednoexponencialnim dosvitem. Rychlou slozku scintila¢ni odezvy (doba dosvitu
1¢ maximalné desitky ns) Ize chapat jako okamzitou (a bude tak dale ozna¢ovana) ve vztahu

k nejkratsi ¢asové konstanté zesilovace, jez je k dispozici, tj. 0,5 us.

Ptedpoklad jednoexponencidlniho dosvitu s promptni sloZkou na dané casové Skale neni vzdy
povazovat za opravnéné. Proklad dle vztahu R-5.1 nelze zcela interpretovat jednoduchym
zpisobem. Pfisouzeni jednozna¢ného fyzikalniho vyznamu ziskanym parametriim, ptipadné

veli¢indm, jeZ se na jejich zaklad¢ daji vypocitat, je komplikované, jak dale uvidime.

Vztah R-5.1 ma nicméné sviij smysl jako nastroj pro srovnavani rychlosti scintilacnich odezev
na Skale blizké jednotkdm ps. Extrapolaci vztahu k nekone¢nu a k nule lze odvodit podil

okamzitych fotonil na signélu (neztotoziiovat s podilem poctu okamzitych fotont) Kye:

Krje = 100 X 0= -
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Kte a vztah R-5.1 je na Odd¢leni optickych materiald bézné pouzivan k porovnani vzork mezi

sebou.

Pokud je podil pomalejsich slozek méné€ vyrazny, parametry vztahu R-5.1 ztraceji na piesnosti
a Kye taktéz. V takovém piipade vyjadiuje autor vliv pomalych slozek odezvy prosté podilem
svételnych vytézkl pro dveé rizné ¢asové konstanty zesilovace, typicky 0,5 us a 10 ps. Pouziti
pouhého podilu dvou svételnych vytézki se stdvalo stale nezbytnéjSim s tim, jak byl napliovan

jeden z cilt vyzkumu, potlaceni podilu pomalych slozek v granatech.

Pokud dochazi k vyraznéjs$imu nartstu RLY s t, je mozno pouzit sofistikovanéjsiho zptsobu
vyhodnoceni této zavislosti. Nejprve je vSak tieba mit k dispozici metodu vypoctu zavislosti

RLY na t na zaklad¢ znalosti scintilaéniho dosvitu. Tu si nyni popiSeme.

Scintilacni zablesk se sklada z jednotlivych fotonli. Pokud zname tvar vystupu zesilovace, jenz
vyvolal jeden fotoelektron v HPMT (tj. registrovany foton), miZeme popsat odezvu na N
fotonil ve scintilaénim zablesku jako sumu N jednotlivych odezev, jez se 1i8i pouze v okamziku
svého pocatku. Schematicky to pro 8 fotont ukazuje obr. 5.3. Tim je mozno ziskat amplitudu
vysledného pulzu. Odezva vici jednotlivym fotonim zavisi na nastaveni ¢asové konstanty

zesilovace.
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Obr. 5.3 — Idea vypoétu odezvy na scintilaéni ziblesk. KaZdy z osmi fotonii vytvari totoZnou odezvu.

Celkova odezva je souétem viech jednotlivych odezev. Nakonec je vyhodnocena amplituda [72]42,

43



Odezva od jednotlivych fotonl se samoziejmé ve skutecnosti 1isi jak v amplitud¢, tak tvaru, a
to vlivem fluktuace zesileni HPMT ¢i Sumu, rozdily vSak neovlivni primérnou amplitudu,
pouze budou mit vliv na rozdéleni vSech amplitud. Rozsifeni rozdéleni amplitud zptsobi i

individualni odliSnosti mezi scintilacnimi zablesky.

Matematicky dany problém odpovidd konvoluci scintilacniho dosvitu a odezvy vyvolané
jednim fotonem. Jelikoz dosvit obvykle mame reprezentovany dosvitovou kiivkou, ktera

vyjadfuje troven signalu v ¢asovém intervalu o délce At, problém diskretizujeme. Plati [72]*4%:

— \Vk
Ry = Ji—o NiRUj_; R-5.3
kde Rk je odezva v ¢ase kAt az (k+1)At, Nj je pocet fotonti emitovanych v Case iAt az (i+1)At a
RUk.i je odezva v k-tém intervalu na jeden fotoelektron, jenz interagoval v i-tém intervalu.

Doposud jsme neuvazovali vliv ptedzesilovace. V aparature s HPMT DEP PP0475B je
ptedzesilovac¢ s casovou konstantou 500 ps, coz by mohlo vést k chybé maximalné nékolik

jednotek procent. Autor ptesto radéji vliv piedzesilovace do finalniho tvaru vypoctu zahrnul.
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Obr. 5.4 — Vlevo: Srovnani experimentalni zavislosti RLY na ¢asové konstanté zesilovace se zavislosti

vypoétenou na zakladé modelu a scintilaéniho dosvitu [72]'%2. Vpravo: PFislusny scintilaéni dosvit [163].

Uprava je relativné jednoducha. Vztah R-5.3 ziistane beze zmény, pouze Nj nahradime Ai, kde
Ai = Spreamp,i-Spreamp,i-1 bude znamenat zménu trovné signalu z piedzesilovace mezi ¢asy iAt az

(i+1)At. Ta jiz neni jednoduse pfimo imérna Ni:
— —At/Tpg
Spreamp,i - preamp,i—le / + kNi R-5.4

kde tra je Casova konstanta piedzesilovace (500 ps) a k je konstanta, ktera sice ovlivni celkovou

amplitudu pulzu, ale nikoliv relativni svételny vytézek. Ptfi vypoctu predpokladame, ze
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Spreamp,0 = 0. To obecné nemusi byt pravda. Pro splnéni této podminky je vhodné méteni
svételn¢ho vytézku pii nizké Cetnosti impulzi, coz se autor snazil zajistit. Déle je nezbytné
vyradit z provozu tzv. Pole Zero Cancellation zesilovade, jehoz vliv by bylo obtizné
kvantifikovat. V pfipad¢ velmi nizké cCetnosti impulzii by nemélo vyfazeni Pole Zero

Cancellation pfinaset problémy.
Jakmile je zndmo Rk, Ize RLY (t) pro ¢asovou konstantu t spocitat:

max R (T
RLY (7) = nax R(r) R-5.5
max Rk (T;)
Kde max R(t), resp. max Rk(tr), je amplituda pulzu pro ¢asovou konstantu t, resp. tr, tj.

referenéni casovou konstantu, v naSem piipad¢ 0,5 ps.

Ovéfeni pfistupu bylo provedeno na monokrystalu LuAG:Ce pfipravené¢ho Czochralského
metodou. Srovnani RLY naméfeného a pfedpovézeného ukazuje obr. 5.4 vlevo. Dosvit je na

obr. 5.4 vpravo.

Cesta opacnym smérem, tj. od zavislosti RLY na ¢asové konstanté zesilovace t ke scintilaénimu
dosvitu je téZ realizovatelnd. Postaci zvolit vhodny model scintilaéniho dosvitu popsany
vhodnou funkci s n€kolika parametry a postupné parametry iterativné meénit tak, aby se

ptedpovéd’ zavislosti RLY na t shodovala s experimentalnimi daty.
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Obr. 5.5 — Srovnani dosvitu ziskaného experimentilné (modfe) a na zikladé vypocétu s uzitim modelu

dvouexponencialniho dosvitu (fialové) a mocninného + exponencialniho dosvitu (Zluté) [164].
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Obr. 5.5 ukazuje srovnani scintila¢niho dosvitu ziskaného na zakladé vypoctu z experimentalni
zavislosti RLY na 1 pro model dvouexponencidlniho dosvitu a mocninného dosvitu. Zatimco u
dvouexponencialniho dosvitu vidime velmi pfibliznou shodu piiblizné v intervalu 1-8 ps,

V ptipad€¢ mocninné funkce je shoda dobra témeét v celém zobrazeném rozsahu.

Srovnani poc¢tu scintila¢nich fotonti vyzafenych od 0 do Casu t, tj. v podstaté integralu dosvitové
kiivky od 0 do t, na obr. 5.6 ukazuje jesté¢ lepsi shodu. Pomémeé dobra shoda je pozorovana i u

dvouexponencialniho dosvitu, navic v §irS§im intervalu.

7Q ——
/ — Experimental

= Double exponential
Exponential + power
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Obr. 5.6 — Vlevo: Srovnani scintilaéniho integralu ziskaného experimentalné (modie) a na zakladé vypoctu

s uzitim modelu dvouexponencialniho dosvitu (fialové) a mocninného + exponencialniho dosvitu (Zluté).

Vpravo: Podil k experimentalnim datiim, tj. relativni odchylka od experimentalnich dat [164].
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Obr. 5.7 — Srovnani zavislosti RLY na t: experimentalni, vypo¢teny na zakladé nejlepSiho odhadu dosvitu

S uzitim modelu dvouexponencialniho dosvitu a mocninného+exponencialniho dosvitu [164].

Jak ale rozhodnout, ktery model je lepsi, kdyz nemame dosvitovou kiivku k dispozici? Pokud

urc¢ity model vede k predikci zavislosti RLY na t zcela nesouhlasici s experimentalnimi daty,
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je jeho vyrazeni na misté. To ovSem neni ptipad prezentovaného vzorku, jak ukazuje obr. 5.7.
Mensi odchylka modelu exponencialniho + mocninného mize souviset s tim, Ze obsahuje jeden
parametr fitu navic. Lepsi vysledek modelu s mocninnou funkci tak lze napt. povazovat za
indicii vyznamného uplatnéni tunelovani elektronii z pasti do luminiscencnich center, ne vSak

za jeho dukaz nade vsechnu pochybnost.

VySe popsand metoda nicméné dava velmi dobry odhad tzv. scintila¢niho integralu, coz
umoziuje napft. relativné presné vypocitat, jak by se scintilator choval pii zcela jiném zptisobu

tvarovani, pokud by relevantni ¢asy byly z intervalu asi 1-20 ps.

Na okraj poznamenavame, ze neshoda v ¢asech asi 0-1 ps je dana dal$im apriornim parametrem
modelu, kterym je doba dosvitu rychlé slozky. Pro hodnoceni kvality modelu to neni relevantni,
experimentalni nepfistupnosti ¢asti 0-1 ps pti mefeni svételného vytézku si byl autor védom

predem.

Danym pfistupem lze ziskat pouze jedinou relevantni informaci o fotonech rychlé slozky, totiz
jejich procentualni zastoupeni. Na rozdil od poméru hodnoty Ky se jedné opravdu o podil poctu

fotoni, nikoli jejich podil na signalu.

V piipadé¢ jednoexponencidlnich, pomalych dosviti 1ze danym pfistupem stanovit dobu
dosvitu. Autor ovéfil tuto moznost na vzorku LiCaAlFe:Eu, pro néjz stanovil vypoctem ze
zavislosti RLY hodnotu 1,61 ps, pficemz experimentalni hodnota stanovend z dosvitové kiivky

¢ini 1,68 us [72]*2.
5.1.2. Odezva epitaxnich filmi s tloust’kou niZzsi nez dosah budicich a ¢astic

V roce 2008 méfil autor sérii vzorkd epitaxnich filmt YAG:Ce, z nichz nékteré vykazovaly
anomalni tvar spektra, totiz spektra obsahovala dva piky, viz obr. 5.8, vlevo bézné spektrum,
vpravo anomalni spektrum. VSechny vzorky s anomalnimi spektry mély tloustku podstatné
nizsi nez je dosah o ¢astic v YAG:Ce. V roce 2009 autor publikoval model, ktery vysvétloval

velikost poméru ploch mezi obéma piky [156]%%2.

Odvozeni ptedpoklada ptimou drahu vSech a ¢astic, stejny dosah vSech Castic, nulovou tloustku
zdroje, izotropni emisi a kontakt zdroje pfimo s epitaxnim filmem. Dle obr. 5.9 [156]?%? v§echny
Castice emitované pod thlem vét§im nez je kriticky uhel Ocritical, 0devzdaji veskerou svoji energii

V epitaxnim filmu, zatimco ostatni Castice piedaji pouze ¢ast své energie.
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Obr. 5.8 — Vlevo: Amplitudové spektrum epitaxniho filmu YAG:Ce s tloust’kou vétsi neZ dosah a &astic.
Vpravo: Totéz, ale vzorek s tloust’kou mensi, nezZ je dosah a ¢astic. Pik 1 je od ¢astic deponujicich pouze
¢ast energie, pik 2 od ¢éastic deponujicich veSkerou energii [156]%%.

Uvazujme nyni plochu spojujici vSechny body, kde kon¢i drahy alfa ¢astic emitovanych
Z jednoho bodu do epitaxniho filmu. Jedna se o povrch polokoule se stfedem v bodé emise a
polomérem rovnym dosahu a ¢astic Rq. Koncové body drah castic, které pronikly az do
substratu, tvoti povrch kulového vrchliku s polomérem Ry a vyskou Ry — d, kde d je tloustka
filmu. Ztejmée plati, Ze podil plochy kulového vrchliku k plose polokoule je i podilem poctu
castic, jez predaly pouze ¢ast své energie ve filmu k poctu vSech ¢astic. Pro d < R, tento podil

¢ini 1 — d/Rq. Naopak podil astic, které predaly veskerou energii, ¢ini d/R, vice viz [156]%2.

Steel holder |
deposited a-particle source |

s

YAG: Cefilm /92

pure YAG substrate

Obr. 5.9 — Geometrické uspoiadani experimentu. Castice pouze prolétavajici filmem (A,B) deponuji jen
Cast energie a prispivaji k piku 1 v Obr. 5.8. Castice C a D deponuji ve§kerou energii ve filmu a p¥ispivaji
k piku 2 v Obr. 5.8 [156]%2.
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Diky tomuto vysvétleni bylo prokazano, ze lze méfit svételny/fotoelektronovy vytézek a
energetickou rozliSovaci schopnost i pfi tloustkach nizSich nez je dosah a castic. Kriticka
hranice se pohybuje asi u tloustky d rovné tfetiné¢ dosahu R,. Pak je jiz pik Gplné absorpce

relativné nizky a vyhodnoceni trpi znacnou, S klesajici tloustkou zhorsujici se nepiesnosti.

Clanek [156]%%? nicméné nijak nefesi, pro¢ by &astice vrstvou prolétajici skrz mély vytvorit
asymetricky pik. Vysvétleni této skuteCnosti autor nabidl az v disertacni préci a dale publikoval
v [72]**2. Odvozeni je podstatné komplikovangjsi, zajemci jej naleznou v [71] a [72]*#?, zde je

uveden pouze vysledek a jeho aplikace na jednu vrstvu YAG:Ce, viz obr. 5.10 a rovnice R-5.6:

(PhY, —PhY,)
(O-PhY,E, )

aN _1,E.
2 R

= R-5.6
d

kde E, je energie a cCastice, R jeji dosah, PhYs je fotoelektronovy vytézek filmu, PhYs
fotoelektronovy vytézek substratu, O je odezva (ve fotoelektronovych ekvivalentech), A

aktivita zaFi¢e, t doba méfeni a d tloustka filmu [71] [72]4.
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Obr. 5.10 — Spektrum epitaxniho filmu YAG:Ce s tloust’kou mensi nez 2 um fitované konvoluci gaussovy

funkce a vztahu R-5.6 [72]%%2.

V obr. 5.10 je vysledek dle rovnice R-5.6 navic konvoluovan s Gaussovou funkci, aby byla
zohlednéna energetickd rozliSovaci schopnost, pficemZ je uvazovana i zavislost energetické

rozliSovaci schopnosti na energii [72]42.
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Moznost odkazat se na podrobné vysvétleni tvaru spektra rozptyluje piipadnou nedivéru
recenzentd, kterd mize vzniknout, vidi-li nestandardni tvary spekter. V ptipadé této prace se to

tyka vzorkt z publikace [74]%*, jez ¢aste¢né vykazovaly tloustku nizsi nez je dosah o ¢astic.

5.2. Scintila¢ni dosvity

Na rozdil od méfeni fotoluminiscen¢nich dosvitl dochazi pii ozafovanim ¢asticemi ionizujiciho
zateni nikoliv K pfimému buzeni jednoho konkrétniho excitovaného stavu, ale ke vzniku
mnozstvi elektron-dérovych part, jez mohou excitovat rizné stavy fady luminiscencnich
center, formovat excitony, byt zachytavany v pastech apod. Z pasti se mohou nosic¢e naboje
dostat diky tepelné energii, ale mohou znich i tunelovat. Oblibeny piimér hovoii 0

fotoluminiscenci jako o stisknuti jedné klavesy klaviru a o scintilaci jako o shozeni klaviru ze

vvvvvv

Z tohoto divodu neni méfeni scintilacnich dosviti z hlediska ziskavani informaci o
scintilacnim mechanismu ani zdaleka tak pfesné zacilené, jako méfeni fotoluminiscen¢nich
dosvitl. Jedna se vSak o zasadni uzitny parametr, rozhodujici o moznosti pouZiti scintilatoru
v fad¢ aplikaci. Urcité aplikace vyzaduji velmi nizky podil pomalych slozek a velmi rychly
dosvit — napft. zobrazovaci metody s vysokou frekvenci snimani obrazu, spektrometrie pti velmi
vysokych cetnostech. Jiné nevyZaduji extrémné rychly dosvit, nezbytny je vSak velmi nizky
afterglow — typicky CT. K tzv. tvarové diskriminaci se vyuziva existence rozdilného prib&hu

impulzli v zavislosti na druhu ¢éstice.

Z hlediska informaci o scintilacnim mechanismu, md meéfeni scintilaénich dosviti spiSe
indikaéni charakter. V ptipad€ vyskytu (i velmi) pomalych sloZek ukazuje na existenci pasti,
piipadné dlouho Zijicich excitovanych stavli. Naméti-li se slozky dosvitu rychlejsi, nez je dosvit

aktivatoru, musi se ve scintilatoru nachazet jiné, velmi rychlé luminiscen¢ni centrum.

Pfinos autora k metodice méteni scintilaénich dosvitti dosud spo¢iva spise v roving identifikace
problémt, urceni podminek, za nichz se tyto problémy (ne)vyskytuji a navrhi jejich feseni.
Jmenovité se jedna o satelitni pulzy, ,falesné pulzy®“, amplitude walk a rozptyl v detekci

prvniho fotoelektronu.

Problém se satelitnimi pulzy byl trividlni — spoc¢ival v nevhodném vybéru fotonasobice, ktery
produkoval relativné intenzivni satelitni pulzy se zpozdénim asi 700 ns, viz obr. 5.11. Literatura
o tomto druhu pulz vyslovné hovoii a dava je do souvislosti S nedokonalym vakuem ve

fotonasobici [165]. Zbytkové plyny jsou ionizovany prochazejicim oblakem elektront, pficemz
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vznikl¢é kladné ionty asi za 700 ns (v naSem piipad¢) dopadnou na fk (fotokatodu) a vyrazi z ni

urcité mnozstvi elektrontl. K feseni postacilo vyménit PMT.

4L.GB4 Scintillation decay

O 4LGB4 (decay curve)
——4LGB4 (I = -2.01exp(-/61.1ns) + 2.87exp(-t/85.6ns) + 0.19exp(-t/399ns) + 0.0010)
---- Pulse

> O 4LGB4 (decay curve)

= 4LGB4 (I = -0.86exp(-t/37.3ns) + 1.52exp(-t/88.4ns) + 0.31exp(-t/304ns) + 0.0014)

(2] ---- Pulse
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Obr. 5.11 — Scintila¢ni dosvit multikomponentniho granatového epitaxniho filmu se zi‘etelnymi satelitnimi

pulzy (zhruba 700 a 1800 ns po excitaci) (MéFila Z. Ludenicova, poskytl M. Kuéera).

Druhy problém spocival v metodice méfeni. Aparatura k mefeni scintilacnich dosvitl sestava
pouze z PMT a osciloskopu, jenZ zaznamenava scintila¢ni pulzy. Jedinou pouZitelnou trigrovaci
metodou je u daného osciloskopu LET (leading edge triggering), tj. zobrazeni prubéhu od
okamziku ptekroceni diskrimina¢ni hladiny. Pti prvnich méfenich osciloskop priméroval 512
méfeni. Pokud se mezi primérované prabéhy dostal impulz, ktery neodpovidal scintilaéni
odezve€, zméfena kiivku se zdeformovala. Diskriminaéni hladinu nebylo mozno polozit ptili§
vysoko, nebot’ by se tim mohl zvyraznit tzv. amplitude walk. V ptipad€ méteni vzorki s nizkym
svételnym vytézkem to plati zvlaste. V takovém ptipadé existovalo vysoké riziko, ze se do
pruméru ,pfimichaji“ velmi kratké temné impulzy (jedno-fotoelektronové udalosti,
cerenkovovo zafeni v okénku PMT). V soucasné dobé se jiz pribéhy nabiraji jednotlive a ru¢né
se vyfazuji — automaticky algoritmus je teprve v planu. Tim byl i tento problém vyfesen.
Zaroven tim odpadl problém amplitude walku — trigger osciloskopu slouzi nyni pouze
k rozhodnuti, zda pulz zaznamenat. Referen¢ni ¢asovy okamzik je stanoven na zakladé LET az
pfi zpracovani dat. Po vyfazeni ,,falesnych® pulzt Ize v ptipad¢€, ze byly nabrany jen pulzy
s relativné vysokou amplitudou, bez nebezpeci polozit diskrimina¢ni hladinu velmi nizko a tim

amplitude walk tém¢f eliminovat.
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Dosud nevyfeSenym problémem je rozptyl doby mezi interakci Castice a detekci prvniho
scintilacniho fotonu. Referenéni okamzik, tj. ,,domnély* okamzik interakce, urCujeme na
zaklad¢ samotného zaznamenaného signalu, Zadné nezavislé urceni referen¢niho Casu t = 0
nemame k dispozici. Na scintilaéni odezvu lze nahlizet jako na sled Vv Case emitovanych
scintila¢nich fotonl. Zméiena odezva je pak soucet odezev od jednotlivych zaznamenanych
fotonli emitovanych v riznych dobach po interakci. V tomto pfipad¢ vSak prvni foton vzdy

zaznamename v ¢ase t = 0, coz pusobi nize popsané potize.

Autor byl schopen prokazat, ze se dany problém nezanedbatelné projevuje jenom u vzorka
s malym svételnym vytézkem, resp. vzorki s malym vytézkem v rychlé komponenté. Problém
se komplikuje u vzorkd s nezanedbatelnou nabéznou dobou. To si nyni ukazeme. Vyklad
zahajime prezentaci a interpretaci dat ziskanych jednoduchymi simulacemi. Prezentované
simulace nebyly publikovény, prokazuji nicméng¢, ze vysledky méteni scintila¢nich dosvitil jsou
na ¢asovych Skalach od zhruba 10 ns dale spolehlivé, i pies vyskyt urcitych ,,artefaktt, které

by mohly bez znalosti divodu jejich vzniku vést k zpochybnéni méfeni dosvitovych kiivek.
5.2.1. Vliv triggerovaci metody na tvar zméiené dosvitové krivky

Budeme uvaZovat nasledujici:

e Nabézné doby 1w = 0, 1, 2 a 5 ns — prvni tfi pfipady odpovidaji redlnym granatim,
posledni je zatazen pro srovnani

e Rizné pocty fotoelektront

e Doba dosvitu t¢ = 50 ns — pomalé slozky nejsou uvazovany, jejich méfeni je ovlivnéno

minimalné.
1 T T T T T 1 T T T T
.. P
=, . 13880 e 7 s 300
pA [N = 200
o ;&0 - e
A ¥ 400 L RV v 50
{4 DR T
—_ ol o v —_ " . "“'vv v
— — *
= e T = PR A
E 0.1k - “’ M "v i § 01}k o * T ™ i
£ m %, rr £ m r 7 x
] . *e v v © o . v
30 n..-t e ™ v FE] has™ L4 wYYYY
[ ] + LA = P LA
- [ . "' w |.| .. L X er v
- »‘ .+ T * + e o rTw
- - n ++
.-. . Y v ...I vTr
= mm + o+
0.01 1 b L cC 1 P 0.01 T-. 1 1 1
o] 0.1 0,2 0.3 0.4 0,5 0.6 0 1 2 3 4 5
T [ns] T [ns]

i—=d i—=d

Obr. 5.12 — Frekvence scintilaénich zableski, u nichZ prvni fotoelektron byl registrovan v ¢ase Ti>d po

interakci. r = 0. Stfedni pocet fotoelektronii v zablesku je uveden v grafu.
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V prvni sad¢é simulaci budeme sledovat, jak je zpozdéna registrace prvniho fotoelektronu za
interakci. Simulace pracuje nejméneé s tisici scintila¢nimi zablesky. Simulace jednoho zablesku
nejprve generuje pocet fotoelektronti v zéblesku. Pro jednoduchost se pfedpoklada Poissonovo

rozdéleni se stfednim poctem N fotoelektronti.
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Obr. 5.13 — Vlevo: Frekvence scintila¢nich zableskii, u nichZ prvni fotoelektron byl registrovan v ¢ase Ti>d

po interakci. Tr = 0. StiFedni pocet fotoelektronii v ziblesku je uveden Vv grafu. Vpravo: Zavislost

Ywv 1

primérného zpozdéni prvniho fotoelektronu na stif‘ednim poctu fotoelektront pro riizné nabézné doby .
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Obr. 5.14 — Frekvence scintilaénich zableskii, u nichZ prvni fotoelektron byl registrovan v ¢ase Ti>d po
interakci pro riizna tr. Stiedni potet fotoelektroni v ziblesku je zleva doprava 1000, 100 a 10. C4ry namisto

experimentalnich bodi jsou pouzity kviili vétsi prehlednosti.

Pro kazdy fotoelektron je pak generovan Cas zaznamenani od interakce. Minimalni z téchto

Cast pro kazdy zablesk ztotozilujeme se zpozdénim pulzu za interakci. Obr. 5.12-5.14 ukazuji,

jak se lisi distribuce tohoto zpozdéni v zavislosti na N a 1. Pii 1 = 0 vzdy pozorujeme

exponencialni distribuci, pficemz s niz§im po¢tem fotonu se detekce prvniho fotoelektronu

53



stale vice opozd'uje. V piipadé malého poctu fotonii mize byt zpozdéni jiz pomérné znacné.
Obr. 5.13 vpravo ukazuje zavislost primérného zpozdéni na sttednim poctu fotoelektront, ktera
je pro tr nepfimo timérna poctu fotoelektroni. V ptipadé velmi malého poctu fotoelektronti 1ze

ocekavat urcity vliv na zméfeny scintilaéni dosvit.
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Obr. 5.15 — Tvar simulované odezvy v piipadé tr = 0 ns pro sti‘edni pocet fotoelektroni 10, 100 a 1 000.

V souladu s o¢ekavanim se distribuce méni v piipadé nenulové nabézné doby, viz obr. 5.13
vpravo a 5.14. Primérné zpozdéni za interakci se zvétSuje, nejpravdépodobnéjsi zpozdéni se
stava nenulovym a s rostoucim 1r se prodluzuje. Nyni zjistime, jak se tato zpozdéni projevi

V méfené odezve.

Na rozbor nejjednodussi je opét ptipad s nulovou nabéznou dobou, viz obr. 5.15. Dosvit zistal
jednoexponencialni s dosvitovou konstantou t¢ = 50 ns, ovSem s jednim dllezitym rozdilem.
VSechny prvni fotony se shromazdily v ¢ase 0 a jevi se jako okamzita, promptni slozka. Pokud
vypustime prvni bod pro t = 0 z grafu na obr. 5.15, prolozime zavislosti exponencialou a
extrapolujeme do nuly, pak rozdil mezi nasimulovanou a extrapolovanou hodnotou odpovida
poctu prvnich fotond. Podil poctu prvnich fotonii (roven poc¢tu simulovanych scintilacnich
zableskl) k po¢tu vech fotont logicky odpovida 10 % pfi stiednim poctu 10 fotont na zablesk,
1 % pii 100 fotonech a zhruba (kvili horsi statistice) i 0,1 % pti 1000 fotonech. Pokud se
Vv prezentovanych grafech jevi promptni slozka intenzivnéj$i, je tomu kvili volbé Siice
casoveho intervalu (binu) At, Sirsi interval by hodnotu opticky snizil, uzsi naopak jesté zvysil.

Promptni fotoelektrony padnou do intervalu 0-At vzdy, zatimco mnozstvi fotoelektrona
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V nasledujicich intervalech je zhruba umérné At. Provedeni konvoluce s odezvovou funkci

aparatury tento ,,opticky klam* odstrani.

FaleSna promptni slozka signalu se objevi i v pfipadé nenulovych nabéznych dob 1. Situaci

ukazuji obr. 5.16-5.18. Jeji podil je prakticky totozny jako v ptipad¢ nulové 1. Po skonceni

nabé&hu nasleduje exponencialni dosvit totozny s dosvitem redlnym, od ¢asu zhruba 10 ns dale

1ze vSechny kiivky prolozit exponencidlou s ¢asovou konstantou T

Skale n¢kolika méalo jednotek ns situace jiz tak jednoducha neni.
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Obr. 5.16 — Tvar simulované odezvy v pripadé tr = 1 ns pro stiedni pocet fotoelektroni 10, 100 a 1 000.

Poiet fotoelekirona

10° F . .
* 10
= 100
. + 1000
107 . -
10* f -
H
1000 -
100 1 1 1 1
-50 0 50 100 150 200

Cas [ng]

Potet fotoelektrona

210*

1,810* |

1610% |

s

— —

ra E:Y

— —

(e ] o
=

T

8000 |

6000 |-

4000

+ 1000 d

10 15 20

Cas [ns]

Obr. 5.17 — Tvar simulované odezvy v pfipadé tr = 2 ns pro sti‘edni pocet fotoelektroni 10, 100 a 1 000.
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Obr. 5.18 — Tvar simulované odezvy v piipadé tr =5 ns pro sti‘edni pocet fotoelektrona 10, 100 a 1 000.

Odezva velmi silné zavisi na poctu fotoelektroni. V ptipad€é 1000 fotoelektrontl se situace blizi
skuteénému pribchu scintilaéni odezvy, v ptipadé 10 naopak pozorujeme relativné ploché
maximum. Maximum se posouva ke krat$im ¢astim s klesajicim po¢tem fotoelektronti. Je tomu

tak proto, ze v pfipad¢ nizsiho poctu fotoelektronil, prvni z nich dorazi relativné pozdéji, tj.

v mnoha piipadech v dob¢, v niZ uz nabéh probéhl zcela nebo z velké ¢asti.

Z praktického hlediska jde o dulezity vysledek. Toto chovani miize ptisobit potize programu
SpectraSolve pti dekonvoluci odezvy, protoze piedpoklada pouze exponencialni odpad a ndbeh
pocinajici ve stejném Case. Vysledky na ¢asové na skéle nékolik malo jednotek ns tak nelze
povazovat za zcela spolehlivé. Na druhou stranu jsou vysledky uklidnujici v tom smyslu, Ze 1
pi1 malém poctu fotoelektronii se chyby nejpozdéji v Casech 10 ns beze zbytku ,,zahladi®.
V dobé pred vysvétlenim tohoto jevu, se fada experimentalnich dat ,,zahazovala® s tim, Ze se
jednd o ,nesmysly“. Pravé v prvnich nékolika ns se v nékterych ptipadech objevovaly
martefakty®, které neodpovidaly fyzikalnimi tivahami podloZzenému ocekavani. Nyni vime
nejen, ¢im jsou zpusobeny, ale i1 to, ze prakticky jakékoliv méfeni je vyhodnotitelné a
pravdépodobné poskytne vérohodné vysledky, pokud se vzdame informace z prvnich n¢€kolika

malo ns.

Zbyva kardinalni otdzka, maji-li vypoctené simulace vztah k realité. Existuje moznost, Ze
budou métfeny vzorky s tak nizkym fotoelektronovym vytézkem, Ze se simulované efekty
projevi? Byly simulované jevy pozorovany? Odpovédi jsou po fadé: urcité ano, s vysokou

pravdépodobnosti ano.
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Svételny vytézek LuAG:Ce dosahuje asi 20 000 fotonti/MeV. K vybuzeni odezvy se pouziva
bézn& B¥'Cs, s energii 662 keV. V ptipadé mensich vzork (tj. skoro vzdy) nemiizeme oéekavat

pravdépodobnou totalni absorpci a musime uvazovat pouze Comptonovo kontinuum.

se stiedni energii zhruba 400 keV. 8 000 fotonti na scintilani zablesk pii bé&zné kvantové
ucinnosti PMT pro LuAG:Ce asi 12,5 % a 100 % se dostavame k ¢islu 1 000 fotoelektroni.

Ovsem v ptipadé nékterych vzorki jen asi 20 % z toho pfipadé na rychlou slozku odezvy. Tj.

hodnota 200 fotoelektron nemusi byt vzacnou ani u kvalitniho vzorku.
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Obr. 5.19 — Konvoluce simulované odezvy s instrumentalni odezvovou funkci bez promptni slozky (¢erveng)

a s promptni sloZkou (¢ervené).
U jesté mensich vzorkt se nékdy pouziva 2 Am s energii pfiblizné 60 keV, coz vede k podtu
pouhych 30 fotoelektronii. Pfi védomi, ze ne kazdy krystal ma dobrou kvalitu, pak snadno
pfijmeme za mozné, Ze pramérny scintilani zablesk skutecné miiZze vyvolat odezvu sestavajici
Z pouhych 10 fotoelektrond, tj. nejzazsi hranice, pro niz jsme vypocty provadéli. V zadném

pfipadé nema smysl uvazovat mensi pocet, takové pulzy by nebyly zaznamenany jako

scintilacni.
Projev faleSn¢ promptni slozky by mél byt jednoduchy. Pokud provedeme konvoluci odezvové
funkce s nepromptni slozkou odezvy, ziskame hladkou kiivku, viz obr. 5.19 vlevo (Cerveng).
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Promptni slozku pfidame jednoduse tak, ze pii¢teme k-nasobek odezvové funkce (obr. 5.20 -
zelena kiivka). Volba k tika, jaky je podil promptni slozky na celkovém poctu fotond.
Vysledkem je zelend kiivka na obr. 5.19. VSechny nedokonalosti (vrcholy) odezvové funkce se
nam nyni objevuji v namétené kiivce, spojitd (nepromptni) slozka nic takového nevykazuje.
Hovorové fe¢eno, zelena kiivka je hrbolatd. Ze se i v realném méfeni jedna o vliv promptni
slozky, vidime na obr. 5.20. Zvyraznéna trojice vrcholi je za poc¢atkem pulzu opozdéna stejné
v kiivce instrumentalni odezvy? i ve zméfené dosvitové kfivce. Nastésti program SpectraSolve

dokaze falesn¢ promptni slozku prolozit s vyuzitim tzv. funkce spike.
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Obr. 5.20 — Srovnani naméfené instrumentalni odezvové funkce (zelené) a naméiené dosvitové kiivky
vzorku 1LGM2 (viz niZe). Vidime, Ze vrcholy instrumentalni odezvové funkce se diky promptni sloZce

fotoelektroni objevuji i v naméi‘ené dosvitové kiivce.

Vliv poctu fotonli a ndbézné doby na nepromptni slozku signdlu je podstatné subtilnéjsi.
Projevuje se jako kratky flat-top na vrcholu dosvitové kiivky, ktery na pohled nemusi byt

vyznamny, ovSem program SpectraSolve jej obvykle nedokaze zcela uspokojivé prolozit.

2V tomto pfFipadé je instrumentélni odezvova funkce obzvlasté nedokonala. Je to v dusledku snahy Fesit problém
michani odezvové funkce do priméru odezev pomoci sofistikovanéjsi triggrovaci metody. To se sice podafilo, ale
za cenu zhorseni odezvové funkce vlivem odraz(li signalu. Amplitude walk se téZ touto metodou nepodatilo zcela
eliminovat. Dnes oba problémy fe$ime vyhodnocenim vsech pribéh signalu zvlast, viz vyse. Tato dosvitova
kfivka nicméné dobfe demonstruje pfitomnost promptni slozky signalu.
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Podobna odezva ale muze vznikat i diky promptni slozce. Vzhledem k tomu, ze zmény
nepromptni slozky jsou vyraznéjsi pti niz§im poctu fotoelektront a podil promptni slozky téze

roste s klesajicim poctem fotoelektront, nelze jejich vliv jednoznacné oddélit.

Zajimavosti je, Ze pracovnici zodpovédni za méteni a zpracovani dat radéji méti s pomalejSim
PMT (k dispozici jsou dva). Divodem ziejmé je, ze se podstatné mén¢ setkavaji s ,,artefakty*
za n¢z je zodpoveédnad promptni slozka signalu. Ta se v pfipadé PMT s pomalejsi odezvou
rozlozi do delsiho Casu a tim se jeji vliv relativné snizi, protoze nepromptni slozka je rozlozena
V Case jiz ze sv¢ piirozenosti. Rozdil mezi rychlym a pomalym PMT mtize vést az k pocitu, ze,
cituji: ,,néco je Spatné.“ Podle vSeho ,,nic Spatné neni“, pti pouziti pomalejsiho PMT pouze

efekt neni pozorovatelny, ptipadné je mén¢ vyrazny. Pfitomen je vSak stéle.
Poznatky ¢asti 5.2.1 jsou velmi Cerstvé a nebyly dosud vyuzity k upravé experimentu.

Shrnuti a navrhy: Podatilo se vysvétlit plivod nékterych ,,artefakti* v dosvitovych kiivkach
a prokézat, ze jejich vliv poklesne s mnozstvim detekovanych fotoelektroni. Je tedy nanejvys
vhodné, aby byly voleny zafice, jez uc¢inn¢ ukladaji v detektoru vEétsi mnozstvi energie a zajistil

se ucinny sbér fotont (reflektor, opticky gel).

V tuto chvili nemé smysl méfit s rozliSenim lep§im nez 1-2 ns. Na kratsi Casové Skéle jsou jiz
»artefakty” dané odezvovou funkci vyrazné. Pokud nebude existovat nezavisly trigger, je
promptni slozka v principu neodstranitelnd. Ten nicméné realizovat lze, napt. pomoci velmi
rychlého detektoru (i scintilaéniho) a zaFi¢e ?’Na (2 soucasné fotony z anihilace pozitronu).

Nevyhodou je snizeni Gi¢innosti méfeni a tim jeho prodlouZeni.

5.3. Termoluminiscen¢ni méieni

Ozafenim pevné, krystalické latky ionizujicim zéfenim dochdzi k tvorbé elektron-dérovych
paru, viz obr. 2.1 [166]. B€hem faze migrace mohou byt tyto nosi¢e naboje zachyceny v pastech
a tam dlouhou dobu setrvavat. Pokud pozdé&ji zahfejeme krystal na dostate¢né vysokou teplotu,
nosice naboje zacnou past opoustét a opét mohou voln¢ migrovat krystalem. Pokud dorazi
k luminiscen¢nimu centru, rekombinuji v ném a tim jej excituji. Pfi deexcitaci mtize byt vyzafen
luminiscen¢ni foton. Jelikoz byla tato emise stimulovana zahiatim krystalu, nazyvame jev

termoluminiscenci.

Termoluminiscen¢ni méfeni se rutin€ pouzivaji k méteni absorbované davky, a to pomoci tzv.
termoluminiscen¢nich dozimetrt. Pro tuto praci je nicméné vyznamné, ze ddva moznost ziskat

informace o pastech v krystalu a jejich zakladnich charakteristikach.
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V pifipadé vyuziti termoluminiscence ke studiu scintilatorti existuji urcitd specifika.
U scintilatort hraji vyznamnou roli i pasti, v nichz nosi¢e naboje setrvavaji pouhé ps ¢i ms,
nebot’ mohou podstatné prodlouzit dobu dosvitu. Jak v§ak zméfit pfislusny termoluminiscencni
signal, kdyz je za pokojové teploty de facto soucasti scintilaéniho signalu? ReSenim je
ozatovani krystalu pii velmi nizkych teplotach, pii nichz jiz je doba Zivota nosice naboje i
v mélké pasti dostatecné dlouhd. Typicky se uzivaji teploty kolem 10 K. Postupnym ohfivanim

pak lze uvolnit z téchto mélkych pasti nosice naboje a pozorovat termoluminiscenci.

Hluboké pasti vykazujici termoluminiscenci pfi teplotach nad pokojovou teplotou jsou

predmétem zajmu téz, nebot’ jsou zodpoveédné za ztraty nosi¢i naboje béhem faze migrace.

Yol -

Intensity

Temperature

Obr. 5.21 — Termoluminisceéni pik podle Randallova-Wilkinsova vztahu R-5.7 [166].

Me¢éteni probihd nejcastéji za linearniho nértstu teploty rychlosti B (K/s) a soucasného méteni
intenzity luminiscen¢niho signdlu, nejcastéji fotonasobi¢em. Kazda past je charakterizovana
tzv. frekvenénim faktorem s a aktivacni energii E (hloubkou pasti). Frekven¢ni faktor s lze
intuitivné chapat jako pocet pokusii opustit past, které nosi¢ nadboje vykona za jednotku casu.
V ¢lanku [166] ¢i knize [167] se nachazi podrobnéjsi vyklad teorie termoluminiscence, zde se

omezime jen na zaklady.

V ptipadé€ existence jediného typu pasti, kinetiky prvniho fadu a linearniho ohfevu lze intenzitu

signalu v zavislosti na teplot¢ T popsat [166]:
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1= [ <o 5 on |-}
—_— __)_ —HU—J —’— X eXp exp - ~ !
B dr p kT f kT R-5.7

kde B je rychlost rtstu teploty, s frekvencni faktor, E aktivacni energie, To pocatecni teplota a
No pocate¢ni pocet nosiCi naboje v pasti. Prabéh dle vztahu R-5.7 je obr. 5.21. Pik je
nesymetricky, pomér &/® = 0,42 [166].

vvvvv

prvniho fadu je zdaleka nejCastéjsi. V materidlech je téméi vzdy vice typu pasti nez pouze
jedna, celkova odezva se obvykle da spocist jako soucet odezev od jednotlivych typu pasti, tj.

lze vyuzit principu superpozice.

V piipadé kinetiky prvniho fadu zavisi poloha pasti na vyhtivaci kiivce na frekvenénim faktoru
s (s rustem s se pik posouva smeérem k niz§im teplotdm) a na aktivacni energii E (s ristem E se
pik posouva smérem do vyssich teplot), no ovliviiuje pouze plochu piku. Pokud by no mélo vliv

i na polohu, je to znamka toho, Ze model kinetiky prvniho fadu neni pro danou past platny.

Tato prace se nicmén¢ nezaméfuje na stanoveni aktivacni energie E a frekvenéniho faktoru s,
ani na stanoveni fyzikalni podstaty jednotlivych pasti. Snahou je ovéfeni modelu zrychleni a
zefektivnéni scintilaéni odezvy kodopaci Ce aktivovanych granati kodopaci hot¢ikem. Dle zde
pouzité interpretace piitomnost Mg?* iontl vyrazné snizuje pravdépodobnost zachyceni

elektront v pasti n. Plati [166]:

hv
ﬁE

kde mi je intrinstickd luminiscencni Uc¢innost, hv energie ¢astice ionizujiciho zafeni, B’

Ni = =Ny DS Oese

R-5.8

fenomenologicky parametr (tentyz jako ve vztazich R-3.2 az R-3.4), Eq sSitka zakazaného pasu,
N pravdépodobnost zachyceni elektronu v pasti, p pravdépodobnost uvolnéni elektronu z pasti,
S pravdépodobnost, Ze uvolnény elektron rekombinuje Vv luminiscenénim centru, Q
pravdépodobnost zativé deexcitace luminiscen¢niho centra (i¢innost luminiscenéniho centra)

a nesc pravdépodobnost detekce fotonu.

V préci nestanovujeme piimo hodnotu n, zajimame si nicméné o to, kolikrét se v ptipadé Mg?*
kodopovanych vzorkii zméni oproti vzorkiim nekodopovanym (vice v nésledujici kapitole). Je-
li TLA a TLrer intenzita termoluminiscenéniho signalu ziskaného méfenim vzorku A a

referencniho vzorku (nekodopovaného), pak plati:
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TLa _ Mia _ Ntr,a5404
TLref Ni,Ref Ntr,RefSRefQRef

R-5.9

Sa Q na rozdil od vykracenych veli¢in taktéz zavisi na koncentraci Mg?*. Diky méfeni
svételného vytézku a fotoluminiscenéniho vytézku vsak lze stanovit, kdyZ ne piimo S a Q, tak

alespon jejich poméry a tedy mizeme psat:

NtrRef _ TLRerSaQa
Ntr,A TLASRefQRef

R-5.10

Ve vztahu R-5.10 jiz vystupuji pouze znamé hodnoty.

Pro préci je dilezitd moznost méfeni spektralné rozliSeného termoluminiscencniho signalu.
Diky tomu lze identifikovat, v jakém centru dochézi k luminiscen¢ni rekombinaci. Tento
nastroj pak l1ze pouzit napt. ke zjisténi, zda se jedné o elektronovou nebo dérovou past. V této
praci spektralni méfeni poslouzilo zjisténi, zda méfeny signal pochazi z Ce* (filmu) nebo

jiného centra (substratu).
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Kapitola 6

Zvyseni kvality granatovych scintilatorti —
metoda a fyzikalni model

Dle obr. 3.4 ma material LUAG:Ce znaény deficit svételného vytéZku oproti teoretickym
moznostem. Pfitom jeho radioluminiscence je podstatné intenzivnéj$i. To naznacuje, Ze velka
cast (dokonce vétSina) scintilacnich fotonll je vyzéaiena v dobé, kdy jiz nemaji Sanci piispét
Kk uzite¢nému signalu (mimo jiné i pfi méfeni svételného vytézku). Intenzivni slozky s dlouhym

dosvitem pak byly ve scintilaénich dosvitovych kiivkach pozorovany piimo [163].

TSL intensity (arb. units)

102 ] ] ] ] ]
50 150 250

Temperature (K)

Obr. 6.1 — VyhFivaci kiivky LuAG:Ce krystali (¢erna, ¢ervena) a epitaxnich filmi (modra, zelena) [28].

Za vyrazné zpomaleni scintilacni odezvy mohou pasti, coZ prokazuji termoluminiscencni
meéteni. Soucasny konsenzus tika, ze za né jsou zodpovédné tzv. Lual antisite defekty,
vznikajici v disledku rtstu pii vysoké teploté. Metody rustu pii nizké teploté, napi. LPE jejich
vznik potlacuji, coz se projevi redukci fady pikti v termoluminiscenénich odezvach, viz obr. 6.1

[28]. Tolik stru¢né shrnuti stavu poznani zhruba v roce 2010.

Tato kapitola pojednd o dvou pfistupech uplatnénych ve snaze zlepsit vlastnosti granatovych
scintilatorti o vyS§im Z: ,,band-gap engineering® a ,,defect engineeringu* v podob¢ kodopovani
ionty Mg?*. Obé tyto metody maji v jadru podobnou ,,filozofii*. Snahou neni zabranit vzniku
antisite defektli a s nimi spojenych pasti, ale zajistit, Ze tyto pasti nebudou mit negativni vliv na
vlastnosti scintilatoru.
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6.1. Band-gap engineering

Pro granatové scintilatory byla idea band-gap engineeringu [168] prvné prezentovana Vv praci
[36]. Vodivostni pés je tvofen stavy iontti AI**, které tedy uréuji jeho polohu. Substituce Al za
Ga (Ga je v periodické tabulce hned pod Al) vede k posunu dna vodivostniho pasu tak, ze pfi
urcité koncentraci Ga jiz pasti nejsou uvniti zakazaného pasu, ale v pasu vodivostnim, viz obr.

6.2 [36].

LUAG LuGaAG
conduction band
t conduction band
0.29eV antisite antisite
>7eV
valence band valence band

Obr. 6.2 — Schéma pasové struktury LuAG a LuGAG (Lu3(Ga,Al)s012). V LUAG se past spojena s AD
nachazi v zakazaném pasu, v LUGAG V pasu vodivoestnim [36].

Experimentalni dikaz tohoto modelu l1ze demonstrovat napf. termoluminiscenénimi métenimi,
viz obr. 6.3 [169]. S ristem koncentrace Ga klesa plocha dominantniho piku i nékterych dalsich.
Také dochazi k posunu piku smérem k niz§im teplotdm, coz indikuje pokles aktivacni energie

pasti (hloubky pasti).
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Obr. 6.3 — Vyh¥ivaci kiivky LuGAG:Pr a LuAG:Pr keramik s riznou koncentraci Ga [169].
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SniZeni dna vodivostniho pasu ma vsak i negativni efekt. Dno vodivostniho pasu se pfiblizilo
5d; excitovanému stavu Ce®*, ¢imz se stala nezanedbatelné pravdépodobnou jeho ionizace [38].

I pti pokojové teploté je pozorovan unik elektronu z tohoto stavu do vodivostniho pasu [170].

Energy

4f Ground
state

Configuration coordinate R
Obr. 6.4 — Zjednoduseny konfigura¢né koordina¢ni diagram LGGAG:Ce ¢ili (Lu,Gd)3(Al,Ga)sO12:Ce [38].

Substituce, tentokrat Lu** za Gd**,umoziiuje ovsem i posun polohy tohoto excitovaného stavu,
viz obr. 6.4 [38]. Experimentalni optimalizace vzdjemného poméru Lu/Gd a Al/Ga vedla
k velmi dobrym vysledku, pfi¢emz nejlepsi vysledky vykazoval material pfiblizného slozeni
GdsGaxAls.x012:Ce (GGAG:Ce), kde X je z intervalu 2-3. Svételny vytézek se znac¢né piiblizil
teoretickému limitu, zlepSila se energeticka rozliSovaci schopnost a byly vyrazné potlaceny
pomalé slozky odezvy, vcetné afterglow. V soucasné dobé¢ nejlepsi monokrystaly dosahuji
hodnot (LY = 60 000 fotoni/MeV [171], FWHM = 3,7 % [172]), keramiky (LY = 70 000
fotoni/MeV [39], FWHM = 8,3 % (pravdépodobné¢ PMT) [173] a epitaxni filmy LY = 8 750
fotont/MeV, FWHM = 7,4 % [73]?**. Vysledky uvedené pro epitaxni filmy jsou ziskany pfi

buzeni o ¢asticemi z 22°Pu, ostatni fotony y z 1¥'Cs.

Tolik strucné vysvétleni a popis vysledki. Zajemce o podrobnosti a dal$i prameny autor

odkazuje na své &lanky [74]%%8 [73]%%* [59]*%.
6.2. Mg?* kodopovani

Jiz delsi dobu bylo znamo, Ze kodopovani ortosilikatit LYSO:Ce a LSO:Ce ionty Ca®* a Mg?*
vede ke zlepSenti jejich scintilacnich vlastnosti, zrychleni odezvy a zvySeni svételného vytézku

[174] [175] [176] [177]. Vysvétleni mechanismu tohoto zlepSeni piislo s publikaci [176].
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lonty Ca®* a Mg?* jsou v materialu LYSO a LSO aliovalentni, tj. v materialu musi dojit ke
kompenzaci elektrického néboje. Casteéné se tak dé&je pieménou Ce®* ionti v Ce**. Je kuridzni,
7e iont Ce**, jenz piimo zodpovida za zlepSeni scintila¢nich vlastnosti, byl v minulosti velkou

Casti védecké komunity povazovan za nezadouci [178].
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Obr. 6.5 — Schéma scintilaéniho mechanismu zprostfedkovaného ionty Ce®* (vlevo) a Ce** (vpravo)
v LUAG:Ce [54].

Pochopeni mechanismu zlepSeni poskytuje obr. 6.5 [54], z n&jz je zietelny rozdil mezi

luminiscenci (scintilaci) zprostiedkovanou Ce®" a Ce** centrem:

o Ce* nejdiive zachyti diru, ¢imz se docasné zméni v Ce*" iont. Ce*" potom zachyti
elektron, vzniké excitovany stav Ce®". P¥i deexcitaci je vyzafen scintilaéni foton.

e Ce* nejdiive zachyti elektron, coz vede ke vzniku excitovaného stavu Ce®*. Pak je
vyzéten foton. Zachyceni diry do¢asnym Ce3* centrem jen vraci systém do pivodniho

stavu.

Pravé v ¢ekani na zachyceni diry spo¢ivé kriticky rozdil mezi Ce®* a Ce*" iontem. Nez Ce®*
ionty zachyti diry, podstatna ¢ast elektronl se zachyti v pastech. Rozhoduji prvni nanosekundy,
coz lze demonstrovat napf. nabéznou dobou nekodopovaného LuAG:Ce [136]. Ce** ionty jsou
ptipraveny k zachyceni elektronti jiz v okamziku interakce, soutézi tedy s pastmi o elektrony

S mnohem vys§i u¢innosti.
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Aplikace metody poprvé pouzité v ortosilikdtech na granaty vedla k uspéchu, s tim drobnym
rozdilem, Ze namisto Ca?* se jako vhodngj§i kodopant ukazal byt Mg?*. Doslo, jak k potladeni
pomalych slozek odezvy, tak k nartstu svételného vytézku u LuAG:Ce [56] | YAG:Ce [52], a
to v monokrystalech, keramikach i epitaxnich filmech. Teoretického limitu z obr. 3.4 nicméné
dosazeno nebylo, nejlepsi hodnoty jsou 25 000 fotoni/MeV [56]. Pii vySSich koncentracich
Mg?* dochazi sice k dal§imu zrychlovani odezvy, svételny vytézek viak klesa [54]. Oboji je
konzistentni s existenci tzv. rekombinacnich center. Ty davaji elektron-dérovym parim dalsi

Vv granatech je pravdépodobné O™ [179] [180].

Kodopovani Mg?" neni beze zbytku pfinosné pro viechny Ce dopované granity. V GGAG:Ce
dochazi sice ke zrychleni odezvy, ale vyznamnéjsi zlepSeni svételného vytézku pozorovano
nebylo [58] [181]. Predpoklada se, Ze v GGAG:Ce jiz naprosta vétSina scintilaénich fotont
pochazi z rychlé slozky odezvy a v pastech jsou elektrony zachytavany jen mélo. Ce*" sice
¢astecné zabrani zachyceni téchto elektronti v pastech, efekt je vSak nevyrazny z hlediska
svételného vytézku. Naopak konkurence O™ vede ke zhaSeni luminiscence — a téz k jejimu
dal§imu zrychlovani. Mg kodopovany GGAG:Ce lze tedy doporucit jen tehdy, jsou-li pomalé

slozky scintila¢ni odezvy vice nezadouci, nez svételny vytézek Zadouci.

Pokud &tenafe zajimaji dalsi podrobnosti, nalezne je v ivodu autorovy publikace [59]*2 [60]'%,

kterd mu zaroven poslouZi jako seznam recentni literatury o tomto tématu.
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Kapitola 7

Zvyseni kvality granatovych scintilatorti —
experimentalni vysledky a jejich interpretace

V kapitole 7 se nachazi vytah z publikaci autora vénujicich se zlepSeni vlastnosti granatovych
scintilatori. Jelikoz se veskeré autorovy publikace s danou tematikou nachazeji v ptilohach této
prace, kapitola se soustfedi pouze na autoruv piinos, ptipadné dopliuje nékteré informace

nezndmé v dobé publikace ¢i z jiného diivodu v publikacich nezminéné.

7.1. Monokrystaly (Lu,Gd)s(Al,Ga)s012:Ce

Vroce 2008 byly pfipraveny prvni scintilaéni keramické materidly se sloZenim
Gd3(Al,Ga)s012:Ce, vykazujici mezi granaty nizky afterglow [182]. ZvySeni svételného
vytézku a dal$ich scintilacnich vlastnosti v granatech slozeni (Lu,Y,Gd)s(Al,Ga)s012:Ce bylo
publikovano v roce 2009 [37]. Nasledovaly prace vénujici se hledani optimalniho sloZeni,
zZ nichz pro ucely této prace je zvlasté dalezity ¢lanek [35]. Pro danou studii bylo metodou -
PD pfipraveno velké mnozstvi vzorki s riznymi poméry Lu/Gd a Al/Ga. Nejvyssi svételny
vytézek vykazaly vzorky se slozenim GdsAloGasO12:Ce (42200 foton/MeV) a
Gd3AlGa2012:Ce (45900 foton/MeV), coz znamenalo dvojnasobny LY proti nejlepSim
LuAG:Ce monokrystalim té¢ doby [183]. Pozorovano bylo dale zrychleni scintilaéni odezvy i
snizeni intenzity termoluminiscencniho signalu. Nésledovaly prvni vzorky pfipravené

Czochralského metodou [69].

Diky spolupraci s Tohoku University dostal autor v roce 2012 piilezitost zméfit scintilacni
vlastnosti obdobnych vzorkii, piipravenych metodou Czochralského [67]%° [184]. SloZeni
vzorkt bylo LuyYyGdsxyAloGaz012:Ce. Téméi vSechny vzorky obsahovaly 1 % Ce, jeden pak
2 ajesté jeden 3 %. Slozeni i s vysledky méfeni jsou v Tabulce 7.1, index u pismene G odpovida
stechiometrickému koeficientu Gd (3-X-y), u pismene L odpovida Lu (X), u pismene Y
odpovida Y (y) a u pismene C obsahu Ce. Vzorky byly velikosti 5 x 5 x h mm, kde

h =1 mm, pokud neni pomoci indexu uvedeno jinak. Po¢atecni ¢islice znaci sérii vzorki.

Nejvyssiho svételného vytézku bylo dosazeno v ptipadé prvni série u vzorku 1GszCiy, ktery

rovnéZ v ramci série vykazoval nejlepsi rozliSovaci schopnost. Jeho neproporcionalita sice

v
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Vys$i obsah Ce obecné vede k vyssi Gi¢innosti pienosu energie k luminiscenénimu centru Ce®*.
Ptesto vSak pozorujeme pokles svételného vytézku, jenz je ziejmé dan tzv. koncentracnim
zhasenim vlivem toho, ze Ce se agreguje a vytvaii tak centra s odliSnymi vlastnostmi od
izolovaného Ce®* centra. Alternativni vysvétleni v podobé vzniku defektd diky vyssi
koncentraci Ce®" je méné pravdépodobné, nebot nebyly pozorovany projevy téchto

hypotetickych defektli v termoluminiscen¢nich métenich [185].

Sample LY [pthE‘V] FWHM [%] LY22/LY652 [%] K[{e [%]
1G3Cry 48 300 7.3 84 86
1G3Coy 22 700 13.2 90 94
1G5C3y 29 500 9.4 88 95
1Y5G,Cys 28 900 11.3 66 84
1L,G,C;3 25 800 12.9 81 58
1LYCix 21 300 17.0 67 85
1L;G2Crx 12 100 16.3 90 41
2G3C1s 1mm 50 600 55 85 91
2G3C 1 2mm 50 300 6.2 84 94
2G3Ci%.4.5mm 43 100 7.3 82 94
2GsCrziomm 41100 7.3 85 92

Tabulka 7.1 — SloZeni vzorka LuxYyGdsxyAl2GasO12:Ce, jejich svételny vytéZzek LY (t = 1 ps), pomér
svételného vytéZku méreného pii energii 22 a 662 keV vyjadiujici neproporcionalitu odezvy a podil rychlych

fotonti na odezvé Kre [67]%°.
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Obr. 7.1 — Zavislost svételného vytéZku vzorku prvni série na energii budiciho zafeni, 100 % odpovida
622 keV (B7Cs). Inset: Zavislost svételného vytéZzku vzorki druhé série na tloust’ce vzorku, 100 % odpovida
1 mm [67]%%E.
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Vyssi svételny vytézek vzorku 1 GaCiy V rdmci prvni série rovnéz souvisi s vyssi hodnotou Kye
a mensSim podilem pomalych slozek dosvitu na odezve, viz obr. 7.2. Pfi niz§im obsahu Gd
pravdépodobné& dochazi k ionizaci 5d; stavu Ce** a naslednému zachyceni elektronu v pasti.
V piipad¢ vzorku 1 G3Cis jiz od ¢asu 2 us prakticky vibec nedochazi ke zvySeni odezvy,

snizeni polohy excitovaného stavu je tedy dostatecné.

Inset obr. 7.1 ukazuje zavislost zméfeného svételného vytézku na velikosti vzorku. Pokles je
poméme béznym jevem a je zpusoben zhorSenym sbérem fotonii v disledku reabsorpce a

nedokonalého odrazu na sténach opattenych reflektorem [186] (zde teflonova paska).
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Obr. 7.2 — Zavislost relativniho svételného vytéZzku vzorki prvni série na ¢asové konstantné zesilovace T,
100 % odpovida T = 0,5 ps [67]%%.

Vzorky druhé série mély vyssi kvalitu neZ vzorky série prvni diky tomu, Ze podminky ristu
byly téz optimalizovany. Svételny vytézek piesahl 50 000 foton/MeV a energeticka rozliSovaci
schopnost byla 5,5-7,3 % pii méfeni s HPMT. Scintilator GAGG:Ce ma emisni spektrum
polozené v oblasti, kde mize byt vyhodné&jsi pouziti polovodiCovych fotodetektor. Proto
hodnoty FWHM ziskané pii méteni napt. s APD (Avalanche PhotoDiode, lavinova fotodioda)
mohou byt lepsi nez zde uvedené, napt. v praci [68]% ¢ini FWHM 4,2 %.

Dalsi optimalizace mimo jiné sméfovala k pfesnéjSimu urceni idedlniho poméru Ga/Al, napt.
prace [68]%!, vniz byl autor zodpovédny za proméfeni proporcionality odezvy vzorki
GdsAl6Gar,4012:Ce a GdzAl.Gaz012:Ce, viz obr. 7.3. Prvni vzorek mél svételny vytézek méné

zéavisly na energii, coz se pozitivn¢ projevilo na jeho energetické rozliSovaci schopnosti. Pro
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srovnani: vzorek Gazs FWHM = 4,2 % (mé&feno APD), LY = 46 000 foton/MeV, vzorek Gas
FWHM = 5,2 %, LY = 55 000 foton/MeV. Jedna se o témét ucebnicovy piipad negativniho
vlivu neproporcionality na energetickou rozliSovaci schopnost. Energetickd rozliSovaci

schopnost je horsi i piesto, ze svételny vytézek je vyssi.

All_nuclides,PhY,1us_per Mev_137Cs_equals_100%
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Obr. 7.3 — Zavislost svételného vytéZku vzorki Gds:Al26Gaz4012:Ce a GdsAl2GasO12:Ce pripravenych
Czochralského metodou na energii budiciho zareni, 100 % odpovida 622 keV (**'Cs) [68]%%.

Dalsi podrobnosti nalezne &tenai v ¢lancich [67]%°° [68]%! [184] [187]%% [188]%%° [189]%®.
Pokud autor habilitacni prace neni uveden jako corresponding author, tak byl zodpovédny za

méteni a vyhodnoceni neproporcionality a zavislosti svételného vytézku na ¢asové konstanté

zesilovace.

7.2. Epitaxni filmy (Lu,Gd)3(Al,Ga)s012:Ce

Materialy na bazi (Lu,Gd)3(Al,Ga)s012:Ce v podobé monokrystalti i keramik vykazaly kromé
vyrazného nartstu svételného vytézku 1 sniZzeni intenzity pomalych sloZek scintilacni odezvy.
Za tyto pomalé slozky scintila¢ni odezvy jsou zodpovédné AD defekty, které se v epitaxnich
filmech vyskytuji v podstatné nizsich koncentracich nez v krystalech. Pfesto i epitaxni filmy

vykazuji pomalé slozky odezvy, zfejmé v disledku existence jinych pasti. Predpokladalo se, ze
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i Vtomto piipadé muze substituce Al/Ga a Lu/Gd vést k vyraznému zlepSeni scintila¢nich

vlastnosti.
7.2.1. Prvni série vzorki multikomponentnich granatovych filma — rok 2013

Méfeni z prvni série vzorkil tohoto sméru vyzkumu bylo publikovano v roce 2013 [74]%.
Vzhledem Kk obtizné dostupnosti substratt se vétsi ¢ast vzorka pripravovala na podlozkach
YAG a LuAG, coz neumoznovalo péstovat vzorky se slozenim, jez by bylo blizké optimalnimu.
Pouze jeden vzorek na substratu GGG (Gd3GasO12) oznaceny jako GG1 se optimalnimu slozeni
ptiblizoval. Byl pfipraven z tavidla T-Pb, s kterym je zajisténi rastu filmu jednodussi, nicméné

hrozi riziko kontaminace filmu ionty Pb?*. Zakladni informace o vzorcich shrnuje Tabulka 7.2.

Dva vzorky mély tloustku podstatné mensi nez je dosah a ¢astic pouzitych k buzeni odezvy,
dalsi 2 jen o malo mensi. V té dob¢ uz diky autorovi prace nebyl problém s interpretaci t€chto

méfeni a vyhodnocenim svételného vytézku a dalsich veli¢in [156]%°2.

Sample Substrate Crystal orientation Flux Thickness {pm) Composition

LY1 LuAG 111 Ba0 12.3 LusAls045:Ce

Ly2 LuUAG 111 Ba0 19.7 LUz .45 Yo s7A1:0,5:Ce

LGY1 LuAG 111 Ba0 104 Luz 35 Yo 44Gdp 12Al5.06012: Ce
LGYG2 YAG 111 Ba0 15.9 Luz 02 Yo 38Gdp s5Al374Gay 31042:Ce
LGYG3 YAG 111 Ba0 17.0 Luy 08 Yo 37Gdn e1Ala73Gay 31042:Ce
LGYG4 YAG 111 Ba0 9.3 Lty s5Yo 35Gdn asAls 45Gay 5,045:Ce
LGYGS YAG 111 Ba0 7.0 Lty a5 Yo 42Gdp asAls 55Gay 45042:Ce
GG1 GGG 100 PbO 10.5 G e7Gay yafilsy g2012:Ce

GY1 YAG 111 PbO 439 Gdy =Y 1 asAls 050y 2:Ce

Tabulka 7.2 — Slozeni epitaxnich filmi, pouZity substrat véetné jeho krystalografické orientace, pouzité

tavidlo (BaO = T-Ba, PbO = T-Pb), tloust’ka a sloZeni [74]%,

—BGO
== LEYG2

3
‘
1
1

Relative intensity [a.u.]

100 200 300 400 500 600 700 800 900
Wavelength [ns]

Obr. 7.4 — Radioluminiscené¢ni spektra vzorki GY1, LGYG2 (viz Tabulka 7.2) a referen¢niho krystalu BGO

[7412%.
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Vzorky z T-Ba tavidla, s malym mnozstvim Gd (LGYG2, LGYG3) vykazovaly sice intenzivni
radioluminiscenci Ce®*" centra (maximum asi 530 nm), rovn&z viak i intenzivni emisi ostrého
maxima Gd** 4f-4f ptechodu (maximum asi 315 nm) a o néco méné intenzivni emisi defektu
ze substratu, viz obr. 7.4. Ob¢ tyto emise jsou problematické dosvitem, ktery je mnohem delsi,

viz obr. 7.5.
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Obr. 7.5 — Fotoluminiscenéni dosvitové kiivky. Vlevo: Aexc = 274 nm, hem = 312 nm (Gd®*). Vpravo:
hexc =339 nm, Aem = 520 NM (Ce3+) [74]248.

V Tabulce 7.3 vidime, Ze intenzita emise Gd*" v RL spektru je nejvyssi, relativné i absolutng,

u vzorku s nejnizs§im obsahem Gd. Tento zdanlivé paradoxni fakt 1ze vysvétlit jako projev tzv.

koncentra¢niho zhaseni. Jaky je vSak jeho mechanismus?

Nariist intenzity emise Ce®" s rostoucim obsahem Gd ukazuje na nartist uéinnosti pienosu
energie z Gd®*" na Ce®* s rostouci koncentraci Gd. Proces probihé predavanim excitaéni energie
mezi jednotlivymi Gd®" ionty (pfesnéji migraci energie v ramci Gd®* ,,sublattice*), které jsou
si pii vys§i koncentraci blizsi, dokud se nepienese na Ce®" iont. Energie excitovanych stavii
Ce®* je uz ptili§ nizka na to, aby doslo k prenosu zpét na Gd**. Pro podrobngjsi rozbor tohoto
jevu viz [190]%*°. Tato publikace mimo jiné uvadi i emisni spektra pii Aexc = 273 nm (tj. Gd*"),

které obsahuji emisi Ce®" s intenzitou zavislou na koncentraci Ce, viz obr. 7.6.

Dany mechanismus se pak odrazi i v hodnotach svételného vytézku, RL spektrech a v zavislosti
(relativniho) svételného/fotoelektronového vytézku na casové konstanté zesilovace, viz
Tabulka 7.3, obr. 7.4 a 7.7. Pti nulové koncentraci Gd pochazi RL emise v UV oblasti
predevsim od substratu, ktery ovSem neni o Casticemi buzen. Pfi zvySeni koncentrace se

podstatnd &ast energie vyzafuje skrze Gd®* emisi, ktera je velmi pomald, zvIasté pak pii nizké
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koncentraci Gd. Dochazi k tomu, Ze fotony nepfispivaji k hodnoté LY (PhY) a klesa i hodnota
Kse. S dal§im ristem koncentrace Gd jiz svételny vytézek roste, stejné tak i hodnota Kge.
Z hlediska uzitnych vlastnosti nutno konstatovat, ze pii niz§im obsahu Gd nedoslo

k vyraznéj$imu zlepseni scintilanich vlastnosti.

Sample PhY/MeV  FWHM (%) Kge 1/ms  RL(Ce/  RL(UV/

(1 ps) (1us) (%) (ns) BGO) BGO)
LY1 310 9.4 522 2261 1609 82.5
LY2 376 11.0 608 2180 1884 82.0
LGYT 150 193 364 3541 1433 475.8
LGYG2 381 105 444 2348 5914 153.0
LGYG3 335 10.7 415 3567 5803 1494
LGYG4 344 15.0 448 - 4045 1824
LGYG5 307 19.1 488 2370  343.0 138.2
GG1 69 47.0 967 3938 3082 0.8
GY1 415 83 556 1273 2894 5.6

Tabulka 7.3 — Fotoelektronovy vytézek (PhY), energeticka rozliSovaci schopnost FWHM, podil rychlé
slozky dosvitu na odezvé, parametr 1/msz (viz rovnice R-5.1), intenzita radioluminiscen¢niho signalu
V urcitém intervalu vinovych délek k celkové intenzité radioluminiscen¢niho signalu BGO (Ce -

400-700 nm; UV — 200-400 nm) [74]%8.

Photoluminescence
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Obr. 7.6 — Emisni spektrum vzorki epitaxnich filmi (Lu,Gd)3AlsO12:Ce s riznou koncentraci Ce pii
dexc =273 nm, tj. buzeni Gd**. Narist intenzity Ce** emise s rostouci Ce koncentraci svéd¢i o pienosu energie

Gd® > Ce®* [190]2%.

74



Vzorky ztavidla T-Pb, obsahovaly mens$i mnozstvi Ga. Vzorek GG1 vykazuje vysokou
intenzitu radioluminiscence, ale nizky svételny vytézek. To ukazuje na vysSi intenzitu
komponent s delsi dobou dosvitu. Jelikoz hodnota je vysoka, viz Tabulka 7.3, musi byt
scintilaéni fotony vyzafovany S mnohem vyraznéj$im zpozdénim nez v fadu ps. Zpozdéni
pravdépodobné plisobi mnozstvi defektl, vzniklych v dasledku vysokého (nejvyssiho v ramci

série vzorki) rozdilu mezi miizkovou konstantou filmu a substratu.
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Obr. 7.7 — Zavislost relativniho svételného vytézku vzorki epitaxnich filmi multikomponentnich granati

Z roku 2013 na ¢asové konstantné zesilovaée 1, 100 % odpovida T = 0,5 ps [74]%*C.

Alternativné Ize nizky svételny vytézek a vysokou intenzitu radioluminiscence vzorku GG1
vysvétlit tim, Ze RL spektra tvofi fotony emitované ze strany, v nichz se budi odezva. Fotony
pfispivajici k signalu pfi méfeni svételného vytézku musi proletét prakticky celym filmem a
substratem. Vzorek GG1 ma nejnizsi transparentnost a nejvyssi tloustku, coz je v souladu

S touto moznosti.

Emise Gd* se u vzorku GG1 nepozorovala, byt prakticky vSechny dodekahedralni pozice
obsadily pravé tyto ionty. V tomto ptipad¢€ jiz je pfenos energie k luminiscencnim centrim
skrze ,,sublattice Gd®* vysoce uginny. Dokonce ani u vzorku GY1 se tato emise téméf

nepozoruje, tedy i pomér Gd/Y = 0,5 je dostatecny.

A4

Vzorek GY1 vykazuje nejvyssi fotoelektronovy vytézek, nejlepSi energetickou rozliSovaci
schopnost a 1 pfes hodnotu Kfe 55,6 % pomérné maly narist fotoelektronového vytézku
s casovou konstantou zesilovace T, pro T > 3 ps, viz obr. 7.7. Rozdil ve svételném vytézku proti

veétSing ostatnich vzorki by byl jesté vétsi nez v pripadée fotoelektronového vytézku, nebot’ UV
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emise je u vzorku GY1 jen malo zastoupena, viz tabulka 7.3. Pfitom pravé v UV je pouzity

HPMT podstatné (zhruba 2 x) citlivéjsi, viz ptiloha 1.

7.2.2. Dalsi zlepSeni vlastnosti — rok 2015 [73]*%4

sample substrate x y thickness [gm] Aa [A ]
1LGB3 LuAG 0.14 0.00 17.9 0.006
1LGB4 LuAG 0.14 0.00 12.0

2LGB2 LuAG 045 0.00 17.3

2LGB4 LuAG 0.84 0.00 9.4 0.054
2LGBS YAG 0.95 0.00 15.3 —-0.031
3LGBI1 YAG 1.15 0.81 22.0

3LGB2 YAG 1.12 1.41 17.2 0.070
3LGB3 YAG 1.17 1.94 22.4

4LGB1 YAG 1.62 2.02 34.5 0.117
4LGB2 YAG 2.08 2.10 23.3

4LGB3 YAG 2.19 2.62 32.2 0.184
4L.GB4 GGG 2.20 2.70 24.0 —0.183
4LGBS YGG 2.19 2.69 11.9 —0.095
SLGBS GGG 3.02 2.70 25.5

SLGBé6 YGG 3.02 2.69 21.9

SLGB9 YGG 3.05 3.54 28.1

L2G3 crystal 1.00 3.00

L1G3 crystal 2.00 3.00

LOG3 crystal 3.00 3.00

L0G2.6 crystal 3.00 2.60

Tabulka 7.4 — SloZeni epitaxnich film LusxGdxAls.yGayO12:Ce, pouZity substrat, tloust'’ka, sloZeni a rozdil

m¥izkové konstanty substratu a filmu [73]214.

Dalsi série vzorki pokryvala Siroké rozmezi slozeni (Lu,Gd)3(Al,Ga)sO12:Ce. VSechny vzorky
byly pfipraveny z tavidla T-Ba pii teplotach 1040-1060°C na vhodné zvolenych granatovych
substratech, viz tabulka 7.4. VSechny vzorky vykazovaly vynikajici krystalografickou kvalitu.
Diky vysoké viskozité T-Ba tavidla vznikaly makroskopické defekty, pfedevsim tzv. pity, viz
obr. 7.8. Tyto defekty vSak nemaji negativni vliv na luminiscencni vlastnosti, s vyjimkou

rozptylu svétla na nich.

76



Obr. 7.8 — Fotografie epitaxniho filmu na substratu (Lu,Gd)3(Al,Ga)sO12:Ce ozafena fotony o vinové délce

355 nm. Na okrajich filmu je zietelna zeleno-Zluta emise. Inset: 200 x zvétSeny obraz z mikroskopu se

zietelnymi pity [73]?%.

Excitacni, emisni a radioluminiscen¢ni spektra na obr. 7.9 a 7.10 ukazuji jiz v pfedchozi sérii
pozorovany efekt zvySujici se uéinnosti prenosu energie z Gd®* excitovanych stavii na
luminiscenéni centrum Ce**. V piipadé malého obsahu Gd®*, tj. relativné izolovanych Gd
atomu, zUstava excitacni energie lokalizovana. V excitatnim spektru (Aem = 520 nm,
tj. Ce3* emise) vzorku 1LGB3 se nevyskytuji piky odpovidajici prechodiim 4f-4f v Gd** 8S->°l;
a 85->°P;. Naopak u vzorku 4LGB2 se vyskytuji, coz znamena, ze pienos energie z Gd** na
Ce*" se uskuteciiuje. Radioluminiscenéni spektrum ukazuje, Ze se uskute¢iiuje velmi ¢inng,
nebot’ emise Gd**, ktera je vzorku 1LGB3 velmi intenzivni, u vzorku 4LGB2 zcela mizi.

Namisto toho vzrista intenzita emise Ce®*.

V souladu s obr. 6.4 ovliviuji poméry Lu/Gd a Al/Ga polohu maxim v excitac¢nich i emisnich
spektrech. V excitacnich i emisnich spektrech se zvyseni obsahu Ga projevi posunem maxim

ke krat§im vlnovym délkam, zvyseni obsahu Gd k del$im vlnovym délkam.
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Obr. 7.9 — Excitaéni (hem = 520 NmM) a emisni (Aexc = 440 NM) spektra vzorki 1LGB3 a 4LGB2 [73]%4,
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Obr. 7.10 — Radioluminiscenéni spektra vzorkd 1LGB3 a 4LGB2 [73]?%4.
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Obr. 7.11 — Scintila&ni dosvitova kFivka vzorku 2LGB2 buzeného a &asticemi [73]2%.
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Obr. 7.12 — Scintila¢ni dosvitova kiivka vzorku 4LGB4 buzeného o ¢asticemi [73]%%.

Vsechny filmy vykazuji pii buzeni a ¢asticemi rychlou slozku dosvitu s ¢asovou konstantou
58-78 ns (s vyjimkou 4LGB4 — 99 ns), coz pfiblizné odpovida ¢asové konstanté pfi buzeni
440 nm. V ptipadé buzeni o ¢asticemi se vyskytuji i pomalejsi slozky dovitu: 622-714 ns
(vzorky 1LGBX), 742-752 ns (2LGBX), 643-744 (3LGBX), 349-373 ns (4LGBX) a méné néz
250 ns (SLGBX), viz téz obr. 7.11 a 7.12. Doby dosvitu se do urcité miry li$i od dosvitd
monokrystali obdobného slozeni, napt. dvojice SLGB6 (60-70 ns a ~ 200 ns) a monokrystal
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GdsAl,Gaz012:Ce (145 a 764 ns). To je pravdépodobné dusledkem jiné povahy a koncentrace

pasti u monokrystalii a filma [73]%4,

Vysledky méfeni fotoelektronového vytézku pii Casové konstanté zesilovace T = 1 us jsou
shrnuty v tabulce 7.5. Hodnoty fady vzorkt piesahly 700 fotoel./MeV, dvou dokonce 800
fotoel./MeV. Pied tfemi lety se jednalo o nejvyssi hodnoty mezi epitaxnimi filmy viibec a
dodnes nebyla tato hodnota vyrazné piekonana (srovnani ztézuje fakt, Ze fada publikaci neuvadi
absolutni hodnoty fotoelektronového vytézku). Proti nejlepSim LuAG:Ce filmim se jedna o

vice neZ dvojnasobné zlepseni [191]%2.

sample PhY,,“ PhYe, (PhYc,,,) yla’ fwhm,g) aftergl [%) Aors [%) Ly, LY,
1LGB3 139 15.1 208 1331
ILGB4 185 14.5 197 1779
2LGB2 163 12.8 302 1682
2LGB4 170 13.1 226 1827
2LGBS 180 124 283 1935
3LGB1 173 17.5 255 1849
3LGB2 432 106 192 4393
3LGB3 753 82 0.20 179 7351
4LGB1 826 9.2 0.09 133 8691
4LGB2 801 104 0.22 109 8749
4LGB3 733 127 025 108 7833
4LGB4 774 9.3 0.72 103 8276
4LGBS 797 7.4 0.96 104 8562
SLGBS 710 83 0.44 100 5922
SLGB6 771 122 1.00 100 6481
SLGB9 99 160 100 808
L2G3 383 3371(2642) 6.9 15.6 (17.0) 115 21300 3088
LIG3 387 3562(2632) 6.8 17.4 (12.9) 148 25800 3793
LOG3 883 7013(5099) 57 8.0 (5.8) 109 53800 9427
LOG2.6 884 5295(3663) 4.1 6.7 (5.4) 131 41100 9918

Tabulka 7.5 — PhYam — Fotoelektronovy vytéZzek méfeny p¥i buzeni a &sticemi z >*Am. PhYcsy, resp.
PhYcsnr — Fotoelektronovy vytéZzek méieny p¥i buzeni y zaenim z *’Cs s reflektorem, resp. bez reflektoru.
v/o. — pomér PhYcsn/ PhYam. fwhma a fwhmy — energetické rozliSovaci schopnosti zméiené p¥i buzeni a
asticemi z 2YAm a fotony y z ©*’Cs. Afterglow. Aioos — pomér PhYam pFi ¢asové konstanté zesilovace 1= 10
us a 0,5 ps. LYy — svételny vytézek zméreny pri buzeni fotony v z ¥'Cs. LY, — svételny vytéZek zméreny pri
buzeni o, ¢asticemi z 21Am [73]24,

Svételny vytézek vyrazné roste se zvySujicim se obsahem Ga v intervalu 0,81 <y < 1,8, pak je
Vv intervalu 1,8 <y < 2,7 pfiblizn¢ konstantni, pfi dosazeni hodnoty y = 2,98 velmi vyrazné
klesne (99 fotoel./MeV), viz tabulka 7.5 a obr. 7.13. Vliv Gd je obtizné sledovatelny, nebot
Z technickych diivodt a z diivodu snahy kompenzovat piiblizovani dna vodivostniho pasu
excitovanému stavu Ce®* koncentrace Gd a Ga do ur¢ité miry koreluje. Dal§i podrobnosti
k vlivu slozeni epitaxnich film&i multikomponentnich granatii jsou v [74]?*® [73]?'4 [190]%%°

[72]%2 [192] [193].
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Jiz zminénou nevyhodou udédvani fotoelektronového vytézku je fakt, Ze jeho hodnota je
ovlivnéna nejen vlastnosti samotného scintilatoru, ale téz ucinnosti sbéru fotonll neol @
kvantovou ucinnosti fk HPMT Qpp: PhY = LY X nca X Qpp. Stanoveni Qpp se provede diky
znalosti radioluminiscenéniho spektra, stanoveni ncol je problemati¢téjsi. V praci [73]°* jsme
se jej pokusili stanovit pomoci poméru PhYcsn/PhYcsnr u monokrystald, viz tabulka 7.5.
Mg¢fteni bez reflektoru probihalo tak, ze byl monokrystal prekryt neaktivnim ,,dummy* o-
zdrojem, coz vede k dosazeni podobné mco. Pokud neor = 1 je-li pouzit reflektor, pak
Neol = PhYcsn/PhYcsnr pokud reflektor pouzit neni. Tloustka vzork(i byla srovnatelna
s tloust'kou substratu s filmy. Pro jednotlivé vzorky vychazeji hodnoty neo: 0,78; 0,74; 0,73;
0,69, tj. Neol = 73,5 £ 3,7 %, coz odpovidd 5 % (100 x (3,7 / 73,5)) relativni nejistoté svételného
vytézku LY. Tuto hodnotu nyni pouzivame V ptipad¢ vSech vzorkd s obdobnym RL spektrem.
Na odli$na radioluminiscen¢ni spektra neni pienositelna, nebot’ odrazivost (nejen) a zdroje je
spektralng zavisla. Nase méfeni bohuzel nepodchycuje rozdily v buzeni a (pfi povrchu) a y
(v objemu) a ani skute¢nost, ze v krystalu neni pfitomno nic podobného rozhrani film/substrat.
Ptesto je uzite¢né, mit moznost alespon priblizného srovnani hodnot svételného vytézku, nebot

ten jiz je charakteristikou pouze a jenom samotného scintilatoru.
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Obr. 7.13 — Zavislost fotoelektronového vytézku na sloZeni filmu LusxGdxGayAls—yO12:Ce [73]%4.

Zkoumané filmy vykazuji vysokou kvalitu 1 pfi srovnani s monokrystalickym vzorkem
GGAG:Ce [73]%* s vytézkem 53 800 fotont/MeV, coz v té dobé byla jedna z nejvyssich

hodnot. Vzorek 4LGB1 zaostal o pouhych 7 %. Rovnéz rozliSovaci schopnost nejlepSich filma
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se blizila rozliSovaci schopnosti monokrystalt, viz Tabulka 7.5. Bohuzel neni dosud
z technickych divodii mozné urcit vliv nehomogenity vzorku, nehomogenity sbéru fotont a
neproporcionality na FWHM. Meéfeni s monokrystaly potvrzuje znaény vyznam
neproporcionality, nebot’ vzorek LOG2.6 vykazuje nizsi vytézek a lepsSi FWHM nez LOG3 (dva
nejlepsi monokrystaly). Na vétsi neproporcionalitu vzorku LOG3 zietelné ukazuje podstatné

vyS$$i pomér y/a. Ten zatim ziistava u filmi neméfitelny.

V souladu s modelem scintilatniho mechanismu multikomponentnich granati je i zavislost
parametru Aioo,s, iz tabulka 7.5. V piipadé nizkych koncentraci Ga dosahuje velmi vysokych
hodnot, které za¢nou vyrazné klesat pii y > 1,4. Pti x,y > 2 klesne Aiopns pod 110 % a s
rostoucim y (a x) dale klesa. K vzrastu nedojde ani v ptipad¢ vzorku SLGB9, u n¢jz doslo k

vyraznému poklesu svételné¢ho vytézku.

Na zédkladé dat PhY a Aio05 1ze formulovat nasledujici hypotézu. Pfidani malého mnozstvi Gd
nema piiliSny vliv na PhY, ani Aions. Od urcité hodnoty x vSak jiz zacina alesponl ¢astecné
prenos energie pomoci Gd** sub-lattice k Ce3* centrim. To se projevuje jako nardst svételného
vytézku, predevsim u delSich ¢asovych konstant zesilovace t a zaroven nartistem Azo/s.
Extrémné dlouhy dosvit izolovanych iontti Gd** se v hodnoté A1o05 neprojevi, ta je ovlivnéna
pouze stavy s dobou Zivota v fadu ps, nikoliv ms. Pii vysokych koncentracich Gd®* je jiz ptenos
energie z Gd* na Ce® vysoce Gcinny. Pokud viak neni piitomno Ga, na scintilaéni
mechanismus maji vyrazny vliv pasti, které snizuji svételny vytézek predevsim pfi kratSich t a
rovnéz jsou odpovédné za vyssi hodnoty Aions. S ristem koncentrace Ga vytézek roste a Aioi05

klesa.

Pii vysokych koncentracich Ga dochézi k u¢inné ionizaci excitovanych stavii Ce®*. Ionizované
elektrony pak mohou byt opét zachyceny v pastech. Pokud je doba Zivota excitovaného stavu
vici ionizaci podstatné krat$si nez vici deexcitaci, pak nutné dojde k poklesu svételného
vytézku, pficemz nemusi dojit k narlistu Aioi05, nebot’ namisto relativné mélkych pasti, které
byly diky vyssi koncentraci efektivné eliminovany, se mohou vyznamnéji uplatnit pasti hlubsi.
U vzorku 5LGB9 se nicméné s vysokou pravdépodobnosti vyznamnéji uplatiiuje teplotni
zhaseni, které se Castecné projevuje i u GGAG:Ce optimalniho slozeni [194], a jez se projevi

jak poklesem PhY, tak zachovanim Aions = 100%.

Cely problém neni v soucasnosti uzavien, struktura vodivostniho pasu multikomponentnich

granatl je komplikovana. Ga i Al obsazuji jak oktahedralni, tak tetrahedralni pozice, byt Ga
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preferuje tetrahedralni pozice [195]. Vys8i koncentrace Ga miZze mit i negativni nasledky

v podobé elektronovych pasti vzniklych v okoli perturbovaného Ga** iontu [196].

V ramci studie [73]%4 byl zkouman i afterglow. Vysledky nejsou zcela jednoznaé¢né, a to diky
vlivu substratu, jehoz buzeni se nepodatilo zcela vyhnout. Byla pozorovana negativni korelace
mezi tloustkou vzorku a hodnotou afterglow. Nicméné¢ i tak byly zméfeny hodnoty, byt je lze
povazovat spiSe za horni odhady skutecného afterglow, dobife odpovidajici hodnotam

naméfenym s monokrystaly.
7.2.3. Vzorky LGGAG:Ce, Mg - vliv kodopace Mg- rok 2017 [59]*%

V dalsi studii byl zkouman vliv kodopace Mg?" o riiznych koncentracich na scintilaéni
vlastnosti multikomponentnich granati se sloZzenim Mgx(Ceo,01LUo,27Gdo,74)3-x(Gaz,48Al2,46) O12.
Ve studiich provedenych na monokrystalech a keramickych materidlech byl pozorovan
pozitivni vliv na svételny vytézek a potlaceni pomalych sloZek scintilacni odezvy u YAG:Ce a
LuAG:Ce. Pii vysokych koncentracich (typicky1000 ppm a vyse) se odezva dale zrychlovala,
ale svételny vytézek klesal. U GGAG:Ce bylo pozorovano potlaceni pomalych slozek odezvy

a pokles svételného vytézku, viz kapitola 6.2 a odkazy v ni uvedené.

Clanek autora [59]*% se nicméné zabyval materialem blizkym GGAG:Ce, s uréitym obsahem
Lu. Navic se jednalo o prvni studii Mg kodopovanych multikomponentnich granati na
epitaxnich filmech. Vzhledem Kk velmi nizké koncentraci AD ve filmech byly ocekavany jesté
Pokud jde o zménu svételného vytézku, byl oekavan pokles u vysSich koncentraci Mg, oviem

chovani pfi niz§ich koncentraci nebylo mozno s jistotou anticipovat.

Sample? Mg conc. x [107°] / [at. ppm]? Thickness [um] LY [ph MeV-1] FWHM [%] Agjos [%4]
1LGM2 /0 15.0 6780 9.3 104.1
1LGM3 2[7 16.3 7390 9.3 105.0
1LGM4 4/15 17.7 7140 8.2 104.7
TLGMS 10/30 17.2 6770 7.8 104.7
1LGME 30/100 17.7 6680 9.2 104.9
1LGM7 80/300 16.8 5390 107 103.4
TLGME 200/700 16.7 2040 11.5 101.3

Tabulka 7.6 — Koncentrace Mg ve filmech sloZeni Mgx(Ceo 1L Uo27Gdo,74)3-x(Gaz,48Al2,46)O12, tloust’ka filmii,
svételny vytéZek, energetick4 rozliSovaci schopnost. Aioo5 — pomér PhYam pii ¢asové konstanté zesilovace

T=10 ps a 0,5 ps [59]*%.

Vzorky byly pfipraveny z T-Ba tavidla. Tloustka vzdy piesahovala dosah a ¢astic pouzitych

k buzeni scintilaéni odezvy, viz Tabulka 7.6. Piitomnost Mg?* ve filmech byla zfejma
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z vyrazného narustu absorpce v oblasti vinovych délek pod 325 nm, viz obr. 7.14, ktera byla
zplisobena prenosem naboje k Ce** centriim stabilizovanym pravé ptitomnosti Mg?*. Malo
zietelny je pokles absorpéniho maxima na 435 nm v disledku poklesu koncentrace Ce®*, coz

znamena, ze naprosta vétsina Ce iontdl ve vzorcich jsou ionty pravé Ce®*.

Emisni a excitacni spektra byla zcela typicka pro Ce-dopované multikomponentni granaty. Pfi
vyssich koncentracich Mg?" silné klesa intenzita emise v obou spektrech. Rovnéz se zrychluje
fotoluminiscencni dosvit, pficemz vykazuje dvé slozky, prvni se ,standardni Casovou
konstantou dosvitu tg 57-60 ns (vyjimka: 1ILGM8 — 50,3 ns) a rychlou 22-31 ns (vyjimka:
1LGMS8 — 14 ns). Vzhledem k obdobné absorpci vSech vzorki tyto vysledky silné indikuji
neradia¢ni pienos energie z excitovaného stavu Ce* nebo tunelovéni elektronu do blizké pasti

¢i ,,zhaSeciho* centra, napt. O'.
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Obr. 7.14 — Absorpéni spektra LGGAG:Ce epitaxnich filmi s riznymi koncentracemi kodopantu Mg?*.
1LGM2 0 ppm, 1LGM7 300 ppm, 1LGMS8 700 ppm [59]*%.

Ocekavany pokles intenzity pomalych sloZek scintilaéni odezvy byl pozorovan, jak pii méteni
scintila¢nich dosvitovych kfivek (buzeni o ¢asticemi i velmi m¢kkym zarenim X — stovky eV),
tak v poklesu parametru Aionos (statisticky vyznamné vsak jen u vzorkti ILGM7 a 1ILGMS) a
konec¢né i v poklesu hodnoty afterglow. Ten dosahl nejnizsi, dosud neptekonané hodnoty mezi
granatovymi scintilatory, i ptes to, ze mezi 5-10 % fotonti zafeni X budicich odezvu, proniklo

do substratu, ktery vykazuje vyssi hodnoty afterglow. Intenzita scintilacniho signalu poklesne
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za 3 ms o vice nez 3 fady, viz obr. 7.15. Tyto hodnoty umoziuji aplikaci pii 2D radiografickém

snimkovani s vysokou frekvenci.

Zvyseni svételného vytézku pii velmi nizkych koncentracich Mg?* je piekvapivé, jeho dalsi
pokles srostouci koncentraci Mg?* jiz je zcela vsouladu spredchozimi vysledky na
multikomponentnich granatech, viz Tabulka 7.6. Hodnoty jsou blizké svételnému vytézku
z ptedchozi publikace [73]%**. Zajimavé je zlepSeni energetické rozlisovaci schopnosti, ktera
dosahuje optima pii 30 ppm Mg?*, coz indikuje pozitivni vliv nizsich koncentraci Mg?* na

proporcionalitu odezvy (pfipadné homogenitu filmu), viz Tabulka 7.6.

Pokud skute¢né¢ doSlo k potlaceni neproporcionality odezvy, lze nabidnout alternativni
vysvétleni, pro¢ nebylo pozorovdno zvySeni svételného vytézku u krystall a keramik
GGAG:Ce,Mg s rostouci koncentraci Mg, ale v naSem métfeni pozorovano bylo. Existuje
zietelnd korelace mezi neproporcionalitou a pomérem y/a (v literatuie téz Casto jako a/y,
alternativné o/B) [197]. Pokud se snizila neproporcionalita, pak ziejmé klesl pomér y/a. To
znamena, Ze nelze zcela vylouc€it ndrlst svételného vytézku pii buzeni zafenim o ani u
monokrystali a keramik GGAG:Ce. Zareni a se vSak u nich pouziva zfidka, nebot’ to neni (na
rozdil od filmt) nezbytné. Analogicky plati, Ze narast svételného vytézku u filmi by nemusel
byt pozorovan pii buzeni odezvy zafenim v, jez je bohuzel pii energii 1*'Cs (662 keV) nemozné.
Autor v soucasné dob¢ hleda reprezentativni sérii vzorkli monokrystalit GGAG:Ce,Mg, kterou

by s vyuzitim zafeni a proméfil.

Vzhledem ke zrychleni fotoluminiscenéniho dosvitu s rostouci koncentraci Mg?* bylo ziejmé,
7e za pokles svételného vytézku s dale rostouci koncentraci Mg?* je Gaste¢né zodpovédny
pokles Uc€innosti luminiscen¢niho centra Q. Pfipada vSak v uvahu 1 mozZnost poklesu U€innosti
prenosu energie S K luminiscenénimu centru, ktery se taktéz podatilo prokazat, byt s jistotou
pouze pro vzorky 1LGM7 a 1LGMS8, nebot pouze u nich je pokles svételného vytézku

vyznamny.

Na téchto vzorcich byla téz provedena V Casopise dosud nepublikovand série
termoluminiscen¢nich méteni (predbézné vysledky prezentovany na konferenci Dny radiacni
ochrany 2016), kterd prokazuje vyznamné sniZeni termoluminiscen¢niho signalu vSech ve filmu
pritomnych pasti, snizeni né¢kolikanasobné vétsi nez je pokles svételného vytézku. Elektrony
jsou tedy prokazateln¢ v pastech zachytavany s nizs$i pravdépodobnosti. Mlize tomu tak byt
diky nizsi koncentraci pasti, se sou¢asnym stavem poznani je vsak vice v souladu interpretace

tvrdici, Ze o elektrony s pastmi soutézi Ce**, Ce®* a O centra, piic¢emz Ce** a O, jez jsou
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zéaroveh stabilizovany ionty Mg?*, tak &ini u¢inngji. Méfeni je bohuZel v této sérii zatizeno

znac¢nou neptesnosti kvili velmi nizkému TL signalu LGGAG:Ce filmi i v pfipadé nulové

koncentrace Mg a svétlocitlivosti vzork.
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Obr. 7.15 — Pokles intenzity signalu vzorku 1LGMS5 po vypnuti zdroje zaieni X. Inset: Integral signalu

(relativné k ustilenému signalu béhem ozafovani) v ¢ase 3 ms po vypnuti zdroje a dale [59]*%,

7.2.4. Vzorky LUAG:Ce, Mg — vliv kodopace Mg- rok 2018 [60]'%

sample
1LM1
1LM2
1LM3
1LM4
1LMS
1LM7
ref. SC
SC-0,
SC-500,
SC-3000,
Ceramics;,
BGO

Mg [ppm]
0
100
300
700
1500
3000

500
3000
3000

thickness [um]

300
24.7
220
21.9
219
17.7
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk

Ly, [ph/MeV]
3340 + 100
3480 + 110
3910 + 120
3950 + 120
2940 + 90
1520 + 50
3450 £ 110
4850,
18800,
14100,
25070,

fwhm [%]
126 + 0.6
116 + 0.6
12.1 + 0.6
108 £ 0.5
126 # 0.6
83 + 0.6
9.8 + 0.5

4.9

afterglow [%]

4—50 ms 4 ms
1.9 + 0.06 4.1+ 01
1.2+ 005 3.0+ 0.1
0.35 + 0.03 L3+ 02
0.11 + 0.02 0.8+ 02
0.03 £ 0.01 0.6 + 02

Afterglow not measured
Aftergluw not measured

16 +£ 0.3 19 +05
0.7 £ 0.04 25+ 03
0.03 + 0.01 0.2 + 0.4
0.39 % 0.01 0.8 £ 0.1
0.01 + 0.01 02+ 02

A'IO/O_‘« [%]

178 + 4
173 + 4
164 + 4
134 +3
110 £ 2
103 + 2
173 £ 4

115

Tabulka 7.7 — Koncentrace Mg ve filmech LuAG:Ce,Mg, tloust’ka filmi, LY« svételny vytéZek méreny

S pouZitim zafeni o, energetickd rozliSovaci schopnost, afterglow, Aioos — pomér PhYam pfi €asové

konstanté zesilovace T =10 ps a 0,5 ps [60

]123.
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Vzorky LuAG:Ce, Mg byly ptipraveny z tavidla T-Ba. Oproti vzorkim LGGAG:Ce byl pokryt
$irsi interval koncentraci Mg?* (do 3000 ppm), a to na zdkladé zkusenosti s monokrystaly a
keramikami, viz Tabulka 7.7. V autorové studii byl posouzen vliv koncentrace Mg?* na
scintila¢ni a luminiscenéni vlastnosti materialu, véetn¢ dasledného porovnani s monokrystaly i

keramikami stejného/podobného slozeni.

Podobné jako u vzorkii LGGAG:Ce,Mg dochéazi s nariistem koncentrace Mg?* K néristu
koncentrace Ce**, coz se projevuje nartistem absorpce v oblasti vinovych délek pod asi 325 nm,
vlivem pienosu naboje (elektronu) od kyslikovych ligandi k Ce**. Rovnéz dochazi k poklesu
koncentrace Ce®", v tomto p¥ipadé podstatné zfeteln&j$imu, viz obr. 7.16. Bylo prokazano, ze
kodopaci Mg?* Ize na Ce** preménit veskery Ce a absorpéni pasy s maximy na 450 nm a 345 nm

zcela zaniknou. RL spektra piesto vykazuji tvar typicky pro Ce** dopovany granat [54] [58].

—1LM1 (Mg 0 ppm)
—1LM3 (Mg 300 ppm)
—1LM4 (Mg 700 ppm)
——1LM5 (Mg 1500 ppm)
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Obr. 7.16 — Absorpéni spektrum vybranych epitaxnich filmi LuAG:Ce,Mg [60]'%.

Tvar excitaénich a emisnich spekter nijak nezivisi na koncentraci Mg?*, oviem intenzita
s rostouci koncentraci Mg?* rychle kles4, viz obr. 7.17 vlevo. Rovnéz klesa doba Zivota
excitovaného stavu Ce®* 5d!, obr. 7.17 vpravo. Oba tyto vysledky indikuji sniZeni
luminiscenéni t¢innosti Ce®* centra Q, coz se jisté tyka trvalych Ce®" center a s vysokou

pravdépodobnosti i doasnych Ce®* center (Ce** po zachytu elektronu).

Napt. dvojice vzorkti 1ILM1 a 1LMS5 vykazuje pomér intenzit excitacnich 1 emisnich spekter
2,5. Vzorek 1LM1 je tlustsi a s vy$si koncentraci Ce®', je v ném vzbuzeno asi 1,6 x vice stavii
5d* Ce®, coz je podstatné méné nez 2,5 x. Vyznamna &ast energie se tedy musi ve vzorku
1LM5 neradiaéné ptendset z Ce®* centra jinam. Pfedpoklidana ztrata dobie koreluje se

zrychlenim PL dosvitu. Pomér ploch 1ILM1/1LM5 PL dosvitovych kiivek v obr. 7.17 ¢ini 1,5.
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1,5 x 1,6 =2,4=2,5,tj. ucinnost Q je u vzorku 1LMS5 snizena o asi 30 %. Pti¢ina neni zcela

ziejma, v ¢lanku [60]*2 jsou uvedeny nejpravdépodobnéjsi moznosti.
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Obr. 7.17 — Vlevo: Emisni a excita¢ni spektra epitaxnich filmi LuAG:Ce,Mg. Vpravo: Fotoluminiscen¢ni

dosvitové kFivky vybranych epitaxnich filmi (Aex = 445 nm, Lem = 510 nm) [60]*%.
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Obr. 7.18 — Radioluminiscenéni spektra epitaxnich filmi LuAG:Ce,Mg [60]'%.

V RL spektru naprosto prevlada emise Ce center, pfiemz intenzita na Mg?* koncentraci zavisi
jinym zpusobem neZz V excitacnich/emisnich spektrech, nebot’ krom sniZzeni ucinnosti
luminiscen¢niho centra Q se zaroven do urcité miry (a do urcité koncentrace Mg) zvysuje
ucinnost prenosu excitacni energie na luminiscencni centra S, viz obr. 7.18. Nejintenzivngjsi

RL emisi tak vykazuje vzorek 1LM3 (300 ppm). V RL spektru se v oblasti asi 240-420 nm
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nachazi emise defektu v LuAG substratu, ktery tedy nutné piispival i k signalu pii méteni

afterglow.

S rostouci koncentraci Mg?" pozorujeme zrychleni dosvitu na vech &asovych $kalach.
Zrychluje se dosvit pfi excitaci o Casticemi, mékkym zafenim X (stovky eV), sniZuje se
parametr Aio/05 a snizuje se i afterglow. Prabéh dosvitu pfi buzeni o ¢asticemi a zafenim X se
zpocatku lisi, ovSem od Casu nejdéle 700 ns dale, se jiz shoduji. Od této chvile je dosvit nejspise

vvvvvv

schopnosti. Bohuzel neni mozné diskutovat pribéh signalu v ¢asech 0-10 ns, viz kapitola 5.2.1.

RL of substrate - 1LMe6 - different voltage

';:. 1 1 1 1 1

% —8.5kV
e

8 08F  Defect ——20kV | ]
g emission

2 06} i
=

o

E 0.4 emission

£ 04f J
Li]]

[i1]

Q

= 0.2} .
3 |

[i1]

E i 1

O 1 i 1 1
200 300 400 500 600 700 800
Wavelength [nm]

Obr. 7.19 — RL spektra vzorku 1LM6 (stejné sloZeni jako 1LMS5) pii rizném napéti na rentgence,

normované k emisi Ce®* [75].

Svételny vytézek vykazuje zprvu s rostouci koncentraci Mg?* nariist, mezi 300-700 ppm se
nachdzi maximum (3910 a 3950 fotoni/MeV), nakonec nasleduje pokles, viz tabulka 7.7.
Energetickd rozliSovaci schopnost se svételnym vytézkem vyznamné nekoreluje, neni zietelny
vytézkem, pro coz v tuto chvili neni jisté vysvétleni, byt nejpravdépodobnéjsi pticinou je lepsi

homogenita vzorku nebo niz§i neproporcionalita.

Pri¢inou zvySeni svételného vytézku a zrychleni scintilaéniho dosvitu s rostouci koncentraci
Mg?* je zvysena koncentrace Ce** ionti, které u¢inné soutdzi s pastmi o elektrony, viz kapitola
6.2. Koncentrace > 700 ppm vedou sice k dalSimu zrychleni odezvy, ale také poklesu svételného

vytézku. Odezvu stale vice ovliviiuji neradiacni deexcitacni cesty, zvlasté pak O centra.
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Vétsina dat vyrazné koreluje s daty ziskanymi studiem monokrystalti LuAG:Ce,Mg, s nékolika
drobnymi odchylkami. Zvyseni svételného vytézku ve srovnani s nekodopovanymi vzorky neni
u epitaxnich filma pro optimalni slozeni tak vyrazné, viz tabulka 7.7, pravdépodobné kvili nizsi
koncentraci defektii ve filmech. Ze stejného diivodu vykazuji filmy pfi stejné koncentraci Mg?*
nizsi afterglow, s vyjimkou vysokych koncentraci (= 1500 ppm), u nichz jsou kombinace
vytézku a afterglow srovnatelné. Hodnota afterglow u epitaxnich filmi muize byt nicméné

ovlivnéna, tj. zvySena, odezvou substratu.

Tato série vzorklu byla téz studovana termoluminiscenénimi metodami. Na zakladé téchto
vysledki dosud nevznikla publikace v impaktovaném Casopise, probéhla vsak jejich prezentace

na mezinarodni konferenci LUMDETR 2018 v Praze.

Vzorky byly ozatovany a vyhodnocovany autorem na Univerzité Milano-Bicocca rentgenovym
zafenim z rentgenky, bohuzel nebyl k dispozici ozafovac s radionuklidovym o zdrojem.
Z téchto divodl se pfiblizné 5-10 % z celkové davky deponovalo v substratu, konkrétni
hodnota zavisela na tloust'ce filmu. Nizs§i hodnoty neptipadaly v uvahu, pouzité napéti 10 kV
predstavuje minimalni prakticky pouzitelné. Dikaz klesajiciho ozafeni substratu s klesajicim
napétim na rentgence poskytuji RL spektra, viz obr. 7.19. Emise defektu, jenz se nachdzi pouze

V substratu, se relativné k emisi Ce®" snizuje s klesajicim napétim.

V pribéhu méfeni se nastesti ukazalo, ze termoluminiscencni odezva substratu je minimalni,
coz lze prokazat jednak pomoci vysledkli ze spektralné rozliSenych méfeni a téz z méteni

odezvy substratu, z n¢hoZz byl epitaxni film odstranén.
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Obr. 7.20 — Spektralné rozliSena termoluminiscenéni odezva vzorki 1LM1 (vlevo), 1ILM2 (uprostfed) a
1LM3 (vpravo) [75].

Spektralné rozliena méfeni nad pokojovou teplotou vykazuji pouze emise Ce®', ktery se
Vv substratu viibec nenachazi. Vzorky byly ozafovany 5 minut, ve vzdalenosti 7 cm od ohniska

rentgenky, pfi napéti 10 kV a proudu 20 mA. Davka neni uddna zdmérné, nebot’ se vyrazné
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meéni s hloubkou ve filmu a jeji primérna hodnota nema zadnou vypovidaci hodnotu (pfi
nartustu tloustky je ceteris paribus deponovano ve filmu vice energie, ale davka klesne).
Intenzita emise vyrazné klesa s rostouci koncentraci Mg2+, viz Obr. 7.20. Na obr. 7.20
neprezentovany vzorek 1LMS5 vykazuje signal tésné¢ nad detek¢nim limitem, 1LM7 jiz

meéfitelny signal nevykazuje.

Integrace signalu pres emisi Ce®* (450-650 nm) vede k tvarové velmi podobnym vyhiivacim
ktivkam. Z obr. 7.21 vlevo je opét patrny vyrazny pokles intenzity signalu S rastem Mg
koncentrace. V Mg?* kodopovanych vzorcich se objevuji dva piky, které ve vzorku 1LMI
nepozorujeme. Prvni ma vrchol mezi 70-80°C, druhy okolo 360°C. Je tedy mozné, ze
pritomnost Mg?* modifikuje ¢ast stavajicich defektt nebo introdukuje do vzorku defekt nového

typu. Nicméné i intenzita t&chto novych piki se s rostouci koncentraci Mg?* snizuje.

Obdobny jev vidime i v pripadé citlivéjsiho méfeni spektralné nerozlisené¢ho. Obr. 7.21 vpravo
ukazuje jak piky existujici pouze u Mg?"kodopovanych vzork, tak vyrazny pokles TL signalu
s rostouci koncentraci Mg?*. V signalu se projevuje i vliv substratu, predevsim u silngji
dopovanych a zaroven tenc¢ich filmi, nejvyraznéji v podobé piku s vrcholem mezi 80-90°C.
Obr. 7.21 vpravo téz demonstruje, Ze u vzorku 1LM7 je zhruba 10 % energie zafeni

absorbovano v substratu. Odezva substratu délena 10 se velmi blizi odezveé vzorku 1LM7.
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Obr. 7.21 — Vlevo: Vyhftivaci kfivky vybranych epitaxnich filmi LuAG:Ce,Mg, vzniklé integrovanim TL
signalu v intervalu vinovych délek 450-650 nm. Vpravo: Spektralné nerozliSena termoluminiscen¢ni odezva

filmi LuAG:Ce,Mg a substratu [75].

Integral spektralné nerozliSenych vyhiivacich kiivek vykazuje velmi rychly pokles s rostouci
koncentraci Mg?*, od 0 do 3000 ppm o vice nez 5 ¥ad, viz obr. 7.22. Vztah R-5.10 tika, ze za

tento pokles muze byt zodpovédny bud’ pokles luminiscencni u€innosti Q, u€innosti transportu

91



energie ve fazi migrace S nebo pravdépodobnosti zachyceni elektronu v pasti nw. Pomér

v

je niz$i nez 4,5. Priblizné tedy plati, Ze pokles S x Q <4,5. Za pokles integralu TL signalu tedy

musi byt zodpovédny piredevsim snizeni 1.

TSL curve integrated (25-300°C)
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Obr. 7.22 — Vlevo: Integral spektralné nerozliSeného TL signalu v rozmezi 25-300°C LuAG:Ce,Mg
epitaxnich filmii v zavislosti na koncentraci Mg?*. Vyjimka: Cerveny bod je dopo&itian na zakladé pomérii

spektralné rozliSeného TL signalu vzorku 1LM3 k ostatnim vzorkim [75].

Rozhodujici jsou ziejmé stovky ps az jednotky ns po interakci, jak ukazuji méfeni nabézné doby
scintilatniho signalu LuAG:Ce a LuAG:Ce,Mg [136]. Ta je v piipadé LuAG:Ce podstatné
delsi, nebot’ Ce®* se dostavaji do excitovaného stavu teprve po sekvenci ,,zachyt diry, zachyt
elektronu®, coz trva déle nez zachyt elektronu Ce**. Nez dosdhne poéet excitovanych stavi Ce>*

maxima, je jiz podstatna cast elektronti zachycena v pastech.

V piipadé spektralné rozliSenych méfeni v rozsahu teplot 10-310 K je rovnéZ pozorovan
vyrazny pokles intenzity TL signalu, viz obr. 7.23. Vzhledem k vytiZenosti aparatury a zna¢né

casové naroCnosti méteni (asi 1 vzorek/den) je sada méfeni bohuzel netiplna. Kromé poklesu
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intenzity signalu ve spektralni oblasti emise Ce®* se ve viech odezvach projevuje emise defektu

ze substratu, viz obr. 7.23.
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Obr. 7.23 — Spektralné rozliSena termoluminiscen¢ni odezva vybranych epitaxnich filmi LuAG:Ce,Mg a
substratu [75].

Na prvni pohled piekvapiva je emise Ce®*" indukovana ozafenim substratu, viz obr 7.24 vlevo.
Méfeni ovSem probihalo na vzorku 1LM6, zjehoZz jedné strany byla odstranéna vrstva
epitaxniho LuAG:Ce,Mg. Druh4 strana byla filmem pokryta i nadile. Bud’ tedy emise Ce®*
pochézi z ozéfeni hran vzorku nebo UV emise ze substratu vybudila emisi Ce®*". Emisni
spektrum defektu a excitaéni spektrum Ce3* se totiz piekryvaji. Vybuzeni emise Ce®*" UV emisi
ze substratu se jevi mnohem pravdépodobnéj$im, nebot’ intenzita obou typl emisi zavisi na

teploté prakticky stejné, viz obr. 23 vpravo dole.

Emise substratu, viz obr. 7.24 vpravo, vykazuje tfi pomérn¢ uzké piky, coz naznacuje moznost

relativné vysokého frekvenéniho faktoru [166]. Tato emise vSak nebyla dale studovana, nebot’
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neni pfedmétem zajmu vyzkumu. Znat ji musime pouze proto, abychom ji omylem nepfiisoudili

filmu.

Sada méfeni tzv. bright burn, tj. narast intenzity RL emise s rostouci davkou ve filmu, rovnéz
ukazuje vliv pasti na odezvu, viz obr. 7.25. U vzorku 1LM1 dochazi s rostouci davkou
k vyraznému narustu. Pasti, které jiz zachytily elektron, nemohou zachytit elektron dalsi, dokud
se nevyprazdni. Srostouci davkou je stale vice pasti zaplnéno a tak elektrony s véEtsi
pravdépodobnosti rekombinuji v luminiscen¢nich centrech. Zaroven mize v pribéhu méfeni
dochazet k uvolilovani elektront z pasti, které rovnéz mohou zarivé rekombinovat. Pfi urcité

davce nutné dojde k nasyceni, mnozstvi elektronti v pastech se ustali.
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Obr. 7.24 — Vlevo: Spektrum TL emise vybranych epitaxnich filmi a substratu, integrované v teplotnim
intervalu 10-310 K. Vpravo: Vyhfivaci kfivky vybranych epitaxnich filmi LuAG:Ce,Mg, vzniklé

integrovanim TL signalu v intervalu vinovych délek 450-650 nm [75].

Prezentovand sada méteni nejde az k ddvkam, které by nasyceni zajistily. Je nicméné¢ ztetelné,
7e pii stejné davce je bright burn vyssi u vzorkil s niz§im obsahem Mg, tj. jedna se o dalsi,
nezéavislé potvrzeni sniZzené pravdé€podobnosti zachytu elektronu v pastech. Rozdil je tak
podstatny, ze jiz u vzorku 1LM4 neni narist prakticky pozorovatelny pti davce, ktera ve vzorku

1LM1 vede Kk narastu o témeét 25 %, viz obr. 7.25.

Data ziskana TL méfenimi i data z méfeni bright burn jsou piiblizné v souladu s daty
publikovanymi v [198] a rovnéz s teorii, jez vysvétluje vliv Mg?* na vlastnosti LUAG:Ce,Mg

granatt, epitaxni filmy nevyjimaje.
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Obr. 7.26 — Bright burn vzorka 1LM1, 1ILM2, 1LM3 a 1LM4. Napéti 10 kV, proud 10 mA [75]. Bli

mérici aparatury v [198].
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Kapitola 8
| 4 A\
Zaver
V uplynulém desetileti jsme byli svédky zna¢ného pokroku ve vyzkumu scintilaéniho
mechanismu jako takového, ve vyvoji fady konkrétnich materiald, jejichz uzitné parametry byly
vyznamné zlepSeny, ¢i zdokonaleni charakteriza¢nich metod. Tyto sméry vyzkumu se bézné
navzajem prolinaji a ovlivituji. Typickym piikladem miize byt Sr kodopace LaBrs:Ce, ktera

vede ke sniZeni neproporcionality odezvy, a tim (jak fiké& teorie) ke zlepSeni energetické

rozliSovaci schopnosti i pfes to, ze nedoslo ke zvyseni svételného vytézku.

Jinym piipadem, ktery jiz ma vztah ktéto praci, je vysvétleni mechanismu zlepSeni
scintilacnich vlastnosti LSO:Ce/LYSO:Ce pomoci kodopace Mg/Ca. Zjisténi, ze zlepSeni
scintilaénich vlastnosti souvisi s narastem koncentrace Ce** iontd v materialu, vedlo
k pfesvédceni, ze obdobné zlepSeni muze byt pozorovano i V dalSich Ce aktivovanych
krystalech, coz se u granatdi beze zbytku potvrdilo. Rozpoznani role Ce** iontli v odezvé bylo
zase do znaéné miry podminéno pfistupnosti nékterych charakterizaénich metod,

napi. méfenim kinetiky scintilani odezvy s velmi kratkym €asovym rozliSenim.

Tato prace se vénuje pfedevSim vyvoji granatovych scintilatorit s vySSim Zesr, S dlirazem
na jejich dislednou charakterizaci. Béhem poslednich deseti let doSlo ke zlepSeni vlastnosti jak
s vyuzitim metody ,,band-gap engineering,” jez vyustila v Ce-dopované multikomponentni

granaty, tak ,,defect engineering®, jejimz vysledkem je materidl LuAG:Ce,Mg.

Prace autora je soucasti SirSiho vyzkumu provadéného celosvétové tfadou tymul Spickové
urovné. Autor musi skromné pfiznat, Zze jeho vysledky v ramci tohoto vyzkumu nejsou
pievratné, ale véfi, Ze nepatii ani k t€ém zcela zanedbatelnym, napt. jiz proto, Ze piinesl nékteré
podstatné inovace do charakteriza¢nich metod uzivanych tymem Oddéleni optickych materialt
FzU AV CR, ktery patii k vyznamnym pracovistim v oboru vyzkumu scintilatorii. Tyto inovace

si nyni shrneme.

Trivialni je zména sekvence méfeni ,,Sest Casovych konstant zesilovace — Sest umisténi vzorku*
na,,Sest casovych konstant zesilovace —jedno umisténi vzorku* pii méteni zavislosti svételného
vytézku na ¢asové konstanté zesilovace. Diky této zméné, provedené v roce 2008 nebo 2009,
doslo ke znacnému zpiesnéni méfeni relativniho svételného/fotoelektronoveého vytézku,

resp. jeho zavislosti na casové konstanté. Ukéazalo se totiz, ze pravé umisténi je zdaleka
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nejvysSim zdrojem nejistoty pii méfeni fotoelektronového vytézku. Pro uplnost je nezbytné
zdlraznit, ze zptesnéni se skuteéné tyka jen poméra svételnych/fotoelektronovych vytézkl
zmétenych pfi riznych Casovych konstantach zesilovace, nikoliv svételné¢ho/fotoelektronového

vytézku jako takového.

Bez vySe popsaného zpiesnéni by nepfipadalo v uvahu vypracovani popisu vztahu mezi
scintila¢nimi dosvity a zavislosti svételného/fotoelektronového vytézku na casové konstanté
zesilovace. V prvni fazi se podatilo na zakladé znalosti svételného vytézku a odezvy aparatury
na zablesk svétla nulové délky (jednotkovy skok na vystupu predzesilovace) s piesnosti do
zhruba 5 % predikovat zavislost svételného vytézku na ¢asové konstanté zesilovace. Autor
ukdzal i moznost postupu opacnym smérem, od zavislosti vytézku na Casové konstanté
k dosvitu. Vysledky maji omezenou platnost pouze pro ¢asovy interval jednotek az nékolika
malo desitek ps a rovnéz omezenou piesnost. Presto umoziuji dislednéjsi a hlubsi interpretaci

naméienych zavislosti.

Vysvétleni tvaru spekter pfi métfeni s epitaxnimi filmy tloustky mensi, nez je dosah o ¢astic
ve filmech ma vyznam na prvni pohled banalni, ktery by se dal shrnout do poucky: ,Jsou-li
pfitomny dva piky, svételny vytézek vyhodnocujeme z piku v oblasti vysSich energii, druhy pik
ignorujeme. Ale bez podrobného vysvétleni tvaru spektra by tento postup byl diskutabilni, az
nepodlozeny. Ze vysledek nelze oznadit za zcela trividlni lze demonstrovat nasledujici

autorovou zkuSenosti jakoZto recenzenta ¢lanku jinak kvalitniho autorského kolektivu.

V tomto ¢lanku autofi hodnotili kvalitu filmu (v podstaté skrze svételny vytézek ¢i veli¢inu na
ném zavislou) dle primérné amplitudy impulzu, pficemz nékteré vzorky mély nestejnou
tloustku mensi tloustky kritické. Tenci vzorky se tim padem neopravnéné jevily jako horsi.
Diky publikovanému podrobnému vysvétleni se snadno podafilo autory 1 editora pfesveédcit

0 nutnosti reinterpretovat vysledky.

Dale autor dokézal stanovit svételny vytézek epitaxnich filma — pted tim byly publikovany
pouze hodnoty fotoelektronového vytézku (byt' jsou v publikacich Casto oznaCovany jako
svételny vytézek). 1 pres mirn€ nizsi piesnost stanoveni se tim zlepSila moznost srovnavat

vysledky dosazené s epitaxnimi filmy a dal§imi typy materialii mezi sebou.

V piipadé méteni scintilacnich dosvitl se autorovi podafilo pfedevsim vysvétlit vznik urcitych
artefakti a stanovit, pro které Casy je dosavadni zplisob vyhodnoceni relevantni a pro které
nikoliv. Vime, v pfipad¢ jakych vzorkll nastdvaji vyraznéjsi problémy a naopak, u kterych

vzorkll se téméf neprojevuji a proC. Kritickou veli¢inou je predevSim mnozstvi fotont
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emitovanych béhem nékolika malo ns po interakci ¢astice ionizujiciho zareni ve scintilatoru.
Roli také hraje nabézna doba scintilacniho pulzu, kterd v ptipadé malého mnozstvi fotonti dale

komplikuje vyhodnoceni.

Autor vyuziva urcité podobnosti ve vztazich R-3.3 a R-5.8, kterd mu umoznuje kombinaci
vysledki ziskanych pomoci termoluminiscen¢nich metod a hodnoty svételného vytézku
(pfipadn¢ jinak ziskanych odhadti S x Q) pfiblizn¢ stanovit pravdépodobnosti zachyceni

elektronu v pasti .

Rozvoj charakteriza¢nich metod vSak neni jedinym pfinosem autora — tim je i jejich vyuziti
k charakterizaci zkoumanych materiali. Jeho vysledky na granatech v tomto sméru shrnuje
kapitola 7. Témét beze zbytku se jedna o vysledky publikované v impaktovanych €asopisech.
Podkapitola 7.1 se zabyva sérii méfeni monokrystall se slozenim (Lu,Gd)3(Al,Ga)sO12:Ce,
které v ptipadé optimalniho slozeni pfinesly vyrazné zvySeni svételného vytézku
(az 50 000 foton/MeV), zlepSeni energetické rozliSovaci schopnosti (témét 5 % s HPMT,
témet 4 % s APD) i1 potlaceni pomalych slozek odezvy.

Podkapitola 7.2 se vénuje epitaxnim granatovym filmim. Nejdtive byl uplatnén pfistup ,,band-
gap engineering“. V ¢asti 7.2.1 bylo vyrazné zlepSeni spiSe naznaceno jednim vzorkem, nez
jednoznacné pozorovano. Diivodem byla piiprava vzorkil suboptimalniho sloZeni, ktera byla
dana Spatnou dostupnosti vhodnych substrati. V ptipadé vzorku teoreticky nejbliZSiho
optimalnimu sloZeni (GG1) byl rozdil mezi mfizkovymi konstantami filmu a substratu jiz ptili§
vysoky, navic se film péstoval v tavidle T-Pb, které kontaminuje film ionty Pb?*, které silng

zhéseji luminiscenci.

V Casti 7.2.2 se tyto obtiZze podafilo prekonat. Svételny vytéZzek dosahl hodnot u epitaxnich
granatovych filmi pfedtim nepozorovanych (az 8750 fotoni/MeV pii buzeni o Casticemi),
vyrazng téz pokleslo zastoupeni pomalych slozek dosvitu v odezve. Pro uplnost je tfeba dodat,
ze svételny vytézek buzeny a ¢asticemi byl u multikomponentnich granath nizsi asi 4-7 X, nez
svételny vytézek buzeny fotony y. Za piedpokladu, ze a/y pomér je podobny i v epitaxnich
filmech, by pfi buzeni zafenim y bylo mozné oc¢ekavat hodnotu 35 000-61 250 fotont/MeV,
coz koresponduje s hodnotami zméfenymi na monokrystalech i keramikéach. Zna¢ny rozptyl a/y
poméru nicméné neumoziuje presnéjsi srovnani. Optimalni sloZeni pro filmy nebylo zcela
totozné s tim pro monokrystaly, coz miize souviset s vhodnosti substratu z hlediska miizkové

konstanty.
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V ¢asti 7.2.3 se uplatiiuje ,,defect engineering, jmenovité kodopovani Mg?*, které preméiuje
¢ast ionttl Ce®* na ionty Ce**. Ty ucinngji konkuruji pastem v zachytavani elektrond, ¢imz se
pfeméfuji v docasna centra Ce®* Vv excitovaném stavu. V diisledku toho, se v podstaté ¢ast
»pomalych® scintilacnich fotonti pfeméni v ,rychlé.“ V pfipadé LGGAG:Ce,Mg jsme
S nartstem koncentrace Mg pozorovali pokles intenzity pomalych slozek odezvy, mimo jiné téz
afterglow. Afterglow byl vibec nejniz§i mezi grandtovymi scintildtory. Pfi malych
koncentracich Mg?" bylo pozorovano mirné zlepseni svételného vytézku (do uréité miry
diskutabilni) a energetické rozliSovaci schopnosti (podstatné pritkaznéjsi). Vyrazné zlepSeni
svételného vytéZku ani nebylo mozno o¢ekéavat. Pokud zjednodusené popisujeme vliv Mg?*
jako ,,pfeménu pomalého svétla v rychlé”, pak v ptipadé LGGAG:Ce, ktery pfili§ ,,pomalého
svétla® nevykazuje, neni co ,,pfeménovat.“ Naopak, pii vys§ich koncentracich Mg?" se
dostavuje snizeni svételného vytéZku, nebot Mg?* v materidlu vytvaii téz nezafiva

rekombinac¢ni centra, jmenovité O centra. Dosvit samoziejmé dale zrychluje.

Cast 7.2.4 popisuje vysledky kodopovani Mg?* v LuAG:Ce. Mechanismus zlep3eni
scintilanich vlastnosti je stejny. LuAG:Ce nicméné vykazuje intenzivni pomalé slozky
scintilaéniho dosvitu. Dostavilo se tak nejen zlepseni Casovych vlastnosti, ale i svételného
vytézku. Svételny vytézek pti 300 ppm Mg?* je asi o 15 % vyssi nez u nekodopovaného vzorku,
coz souhlasi s daty ziskanymi na monokrystalech. Pomalé sloZky odezvy, v¢etné afterglow, té¢zZ

byly vyrazné potlaceny.

Vysledky tymu, jehoz je autor soucasti tedy prokazaly, Ze zlepSeni scintilacnich vlastnosti pti
substitucich Al/Ga a Gd/Lu i pti kodopovani Mg?* se dostavuje i v epitaxnich filmech a je tedy
do zna¢né miry nezavislé na technologii vyroby. Flexibilita epitaxni technologie rovnéz
umoznila promé&fit zavislosti scintilanich vlastnosti na slozeni s vétsi pfesnosti a podrobnéji.
Specialné u kodopace Mg?" ionty jsou vysledky vymluvné. Oproti Czochralského metodé je
snaz§i piipravit znaéné mnozstvi vzorkll s rozdilnymi koncentracemi Mg?*. Mg je napfi¢
filmem rozprostieno podstatné rovnomérnéji a reprodukovatelnéji nez v monokrystalech
ptipravenych metodou p-PD, u nichz koncentrace zavisi na hloubce, i v keramikach, u nichz se

Mg koncentruje na rozhrani zrn.

Vyzkum granatovych scintilatort jiz nyni ma praktické disledky, na trhu se objevily
spektrometry zafeni gama osazené scintilitory GGAG:Ce (Furukawa) a GGAG:Ce,Mg
(Georadis).
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Habilitacni prace se disledné¢ zabyva jen témi publikovanymi clanky Vv impaktovanych
Casopisech, které piimo souvisi s tématem prace. Autor pro ptredstavu piikladd v ptiloze 3

I dalsi publikace vénujici se vyzkumu scintilatorti, u nichz je uveden jako (spolu)autor.

Ve vyzkumu scintildtordi, granatovych i jinych, zlstavd fada nezodpovézenych otdzek a
nevyfeSenych problémii a oteviraji se dal$i moznosti vyzkumu. V ptipad¢ scintilatoru
GGAG:Ce je napt. logické usilovat o ,,narovnani neproporcionality, které¢ by mohlo vést
k vyraznému zlepSeni svételného vytéZku. Autor v tuto chvili nehodla spekulovat, jaka
kombinace slozeni matrice, kodopantu a koncentrace aktivatoru k nému povede. Dovoluje si
nicméné piipomenout, ze pozoroval dil¢i zlepSeni rozliSovaci schopnosti GGAG:Ce,Mg u

nizkych koncentraci Mg. Pro fadu uzivatelll je pravé energetickd rozliSovaci schopnost tim

vvvvvv

V piipad¢ scintilatoru LuAG:Ce ma autor jiz dnes k dispozici vzorky s dalsimi kodopanty: Ca
a Li, které by m¢ly vykazovat podobny efekt na odezvu jako Mg. Pfredbézné vysledky na Ca
kodopovanych granatech, které tento predpoklad potvrzuji, jiz prochazi recenznim fizenim

Vv Casopise Optical Materials.

Tymy vénujici se scintilatorim pfipravenym epitaxi z kapalné faze se zabyvaji nejen ristem
film0 granatovych, ale 1 perovskitovych, jejichZ riist je komplikovanéjsi. Autor prace ma nyni
k dispozici nové série perovskitovych filmt a zahy zapoc¢ne s jejich charakterizaci. Vysledky

zatim k dispozici nejsou.

V disledku utokt z 11. zafi 2001 vyznamné posilil obor zvany ,,homeland security,” v jehoz
ramci pfirozené nachazeji uplatnéni i detektory ionizujiciho zafeni. Zvlastni diraz se klade
na detekci neutrontl, jeZ se uplatni pfi odhalovani pfitomnosti Stépitelnych materiala a pti uziti
zobrazovacich metod zaloZenych na prozafovani neutrony, jez jsou vhodnéjsi k zobrazeni
objektll s niz§im Zefr, nez zafeni X. Idedlni je kombinace obou druhl zéafeni. Autor rozsiti

aparaturu k meéfeni svételného vytézku o vyuziti neutronového zdroje k buzeni odezvy.

Zvyseni rychlosti odezvy scintilatort je téZ Siroce vznasenym pozadavkem na scintilatory. Aby
bylo mozno provadét vyzkum v tomto sméru, je v pldnu vybudovat na FJFI aparaturu k métfeni
kinetiky scintilaéni odezvy s vysokym rozlisenim, zalozenou na MCP-PMT a ps-laserem
buzené rentgenové lampé. Zakoupen bude rovnéz velmi rychly life-time spectrometer (buzeni
ps diodou). Diky tomu, Ze Katedra jaderné chemie FIFI CVUT se vénuje piipravé a vyzkumu
rychlych scintilujicich nanoprasSkd, budou mit vybudované a zakoupené aparatury

nezanedbatelny synergicky efekt.
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Pouzité zkratky

u-PD Micro-pulling down
APD Avalanche PhotoDiode (lavinovéa fotodioda)
BGO BisGe3012
CT Computed tomography (vypocetni tomografie)
CTR Coincidence timing resolution (koinciden¢ni rozliSovaci doba)
DFT Density functional theory
fk photocathode (fotokatoda)
FWHM Full width on half maximum (plna Sitka v poloviné maxima)
GGAG Gdz(Ga,Al)s012
GGG GdsGasO12
GOS Gd202S
HIBL Hot intraband luminescence
HPMT Hybrid photomultiplier (hybridni fotonasobic)
IR Infrared (infraCervené)
LET Leading edge triggering (doslova ,,spousténi z nab&zné hrany*)
LGGAG (Lu,Gd)3(Ga,Al)s012
LPE Liquid phase epitaxy (epitaxe z kapalné faze)
LPEA Lineérni pfenos energie
LSO Lu,SiOs
LUAG LuzAlsO12
LUGAG Luz(Ga,Al)s012
LY Light yield (svételny vytézek)
LYSO Lu2(1-x Y2xSiOs
OA Optical absorption (opticka absorpce)
PET Positron emission tomography (pozitronova emisni tomografie)
PhY Photoelectron yield (fotoelektronovy vytézek)
PLE Photo-luminescence excitation (fotoluminiscenéni excitace)
PMT Photomultiplier (fotonasobic)
ppm parts per million (miliontina)
PWO PbWOQOg4
RL Radioluminescence (radioluminiscence)
SiPM Silicon Photomultiplier (kfemikovy fotondsobic)
SPECT Single-photon emission tomography (doslova ,,jednofotonova emisni tomografie®)
T-Ba Tavidlo BaO-B.03-BaF:
T-Pb Tavidlo PbO-B203
uv Ultraviolet (ultrafialové)
YAG Y3Als012
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Oznaceni fyzikalnich veliCin a konstant

B Fenomenologicky parametr (zohlediiuje ztraty energie pii tvorb€ nosic¢li naboje)
B (pouze v ¢asti 5.3) Rychlost rustu teploty
Neol U¢innost sbéru fotond na fk
Ntr Pravdépodobnost, ze vodivostni elektron (dira) bude zachycen v pasti
A Vlnova délka
Aem Vlnova délka emitovaného fotonu
Aexc Excita¢ni vinova délka
v Frekvence oscilatoru
p Hustota
T Casova konstanta zesilovace
Td Doba dosvitu
Tr Nabézna doba scintilacniho pulzu
A5 Pomér svételnych vytézka pii =10 us a 1= 0,5 ps
c Rychlost svétla
C Zhaseci konstanta
CTR Koinciden¢ni rozliSovaci schopnost
d Tloustka (epitaxniho filmu)
E Energie
E Hloubka pasti, jeji aktivacni energie
Eem Energie emise
Eexc Excita¢ni energie
Eq Site zakazaného pasu
Eq ZhasSeci energie
FWHM Plna $itka v poloviné maxima; kvantifikuje energetickou rozliSovaci schopnost
h Planckova konstanta
ks Boltzmanova konstanta
Kfre Podil rychlé slozky vysviceni na odezvé
LPEA Linearni pfenos energie
LY Svételny vytézek
Ma Atomova hmotnost atomu A
n Index lomu
Ns Pocet scintilaénich fotont
Nphels Pocet fotoelektront
Q Uginnost luminiscenéniho centra
Q(Mm Relativni kvantova u¢innost luminiscenéniho centra pii teploté T
Qrp Kvantova ucinnost fotodetektoru
PhY Fotoelektronovy vytézek
Ry Dosah castice a
S Frekven¢ni faktor
S Utinnost transportu energie k luminiscenénimu centru
t Cas
T Termodynamicka teplota
Za Protonové ¢islo atomu A
Zef Efektivni protonové ¢islo
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Ptiloha 1 — Amplitudové spektrometrie; Méreni
scintila¢nich dosviti — popis aparatur

A. Amplitudova spektrometrie

Uvniti temného boxu se nachazi hybridni fotonasobi¢ (HPMT). V ptipadé vSech zde uvedenych
vysledkl jde o model DEP PPO 475B (v poloving roku 2018 byl nahrazen novéjSim typem).
Spektralni kvantova ucinnost je obr. P1.1. Pouzité napéti se podle potifeby pohybuje od 6 kV
do 12 kV. Nizsi hodnoty jsou pouzivany pii méfeni vzorki s niz§im svételnym vytézkem, tak
aby nedochazelo k nasyceni odezvy. Pouzité napéti na PIN diod¢ uvnitt HPMT je 65 V.

Quantum-efficiency-HPMT-Praha
S20 UV photocathode - DEP PPO475B HPMT
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Obr. P1.1 — Spektralni kvantova ucinnost fotokatody HPMT DEP PPO 475B (fk S20 UV) (poskytl
J.A.Mare§).

Signal z PIN diody je zpracovan piedzesilovacem s odporovou zpétnou vazbou s ¢asovou
konstantou 500 ps, ktery je rovnéZz zabudovan uvnitt HPMT. Signdl z pfedzesilovace je
zpracovan zesilovacem ORTEC 672, volba zesileni zavisi na velikosti signalu (tj. svételném
vytézku a energii budici Castice). VZdy je pouzito semigauSsovské tvarovani. Zesileny a
natvarovany signal zpracovava mnohokanalovy analyzator ORTEC ASPEC 927, komunikujici
USB kabelem s pocitacem. Akvizice dat je provadéna pomoci programu MAESTRO
dodavaného k mnohokanalovému analyzatoru.

Pfed méfenim je zkoumany vzorek umistén na vstupni okénko fotokatody HPMT. Opticky
kontakt zajiSt'uje transparentni silikonovy gel. V pfipad¢ buzeni odezvy zafenim gama se
pouziva reflektor. Pro Ce dopované granaty je nejvhodngjsi teflonova paska, ktera ma v oblasti
emise téchto granatli vysokou odrazivost, je levna a dobfe se s ni manipuluje. Pro materialy
emitujici v UV oblasti pouzivame BaSO4 (netyka se této habilitacni prace). Pti buzeni odezvy

JE2 %
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B. Scintila¢ni dosvity.

Scintilacni dosvity jsou métfeny fotondsobicem R7207-01, signdl zaznamenava digitalni
osciloskop Tektronix TDS3052C. Kritériem pro zaznamenani signalu je piekro¢eni dolni
diskrimina¢ni hladiny (tzv. leading edge triggering), kterou nastavujeme tak, aby ji
piekraCovaly jen pulzy s nejvyssi amplitudou. Kazdy individudlni pulz/pribéh signélu je
pfenesen do pocitace. V pocitaci jsou z dalSiho zpracovani vylouceny signéaly s vyrazné
odlisSnou amplitudou a defektni signaly. Zbylé prubéhy jsou synchronizovany podle nizké
diskrimina¢ni hladiny. Teprve nyni jsou signaly zprimérovany. Program pro synchronizaci a
prumérovani vypracoval Martin Pokorny.

Krom¢ vzorkl je méfena i odezvova funkce aparatury, vyvolana ¢erenkovovym zafenim, jez
vzniké pisobenim kosmického zafeni v okénku fotokatody PMT. Iterativni matematickym
postupem se tak Ize od namétené odezvy dobrat redlného scintilacniho dosvitu — to je tkol
programu SpectraSolve 3.01 Pro.
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ABSTRACT: Six Mg co-doped Lu;Al;0,,:Ce scintillating films
were prepared by a liquid phase epitaxy method, having Mg
concentration of 0—3000 ppm. The following luminescence and
scintillation characteristics and their dependence on Mg concen-
tration were studied: photoluminescence emission and excitation
spectra, radioluminescence spectra, photoluminescence and scintilla-
tion decay curves, light yield, energy resolution, and afterglow. Light
yield increases with Mg concentration until 700 ppm and becomes
15—20% higher than in the Mg-free sample. Further increase of Mg
concentration leads to light yield decrease. Scintillation decay is
getting faster with an increasing Mg concentration and the afterglow
is significantly reduced. The results are compared to ceramics and
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crystals of very similar compositions.

1. INTRODUCTION

Ce- and Pr-doped garnets (RE;X;0;,, RE = Gd, Ly, Y, and X =
Al, Ga) crystallizing in cubic lattice constitute a high-
performance family of scintillators. They are chemically stable,
nonhygroscopic, and radiation resistant and show excellent
mechanical properties. The maximum emission of Ce-doped
garnets is above 500 nm, which allows efficient coupling with
semiconductor photon detectors. Therefore, they can be
applied in fields, where photomultiplier tubes are not usable.'

A standard garnet scintillator, YAG:Ce,”* exhibits a very
good light yield (up to 28—30 ph/keV), decent energy
resolution (5—6%), and fast scintillation decay dominated by
60—80 ns decay time."”® YAG:Ce is suitable for charged
particle detection. However, low density p = 4.56 g cm™ and
low effective atomic (proton) number Z 4 = 31.9 is responsible
for low y photon detection efficiency.

From the detection efficiency point of view, LuAG:Ce
(Lu3Al;0y,:Ce) is the best choice among garnet scintillators
due to high density p = 6.67 g cm™ and Z,q = 62.9.” Light
yield over 20 ph/keV” and energy resolution below 7%'® are
decent as well. Unfortunately, fast decay component of
scintillation response (7 ~ 60 ns) is accompanied by an
intense, much slower nonexponential components,'™"* and
the integral intensity of them prevails in the melt-grown
crystals. This main LuAG:Ce disadvantage is caused by shallow

electron traps, attributed to Luy antisite defects (AD)."""*~"7

-4 ACS Publications  © 2018 American Chemical Society
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ADs are formed during high-temperature growth, and thus
are always present in melt-grown single crystals. However, the
strategies for reduction of the negative influence of ADs have
been found. At first, so-called “band-gap engineering” is
discussed. The substitution of Al by Ga leads to a downward
shift of conduction band bottom.'® Electron traps become
buried in the conduction band and the trapping is no longer
possible. The light yield increases and slow scintillation
component is reduced significantly. Al/Ga substitution must
be combined with Gd/Lu substitution in order to reduce Ce>*
excited state ionization probability, which would otherwise
result in energy losses.'”*°

Band-gap engineering resulted in a discovery of a new subset
of garnet scintillators, the so-called multicomponent garnets
(Gd/Lu/Y);(Al/Ga);0,,:Ce of enhanced scintillation proper-
ties.'”~>* The optimized single crystal material exhibits the
light yield slightly below 60 ph/keV,””*" energy resolution
4.2%,” and reduced slow scintillation component.”” The
optimized ceramics connected to an avalanche photodiode
(APD) exhibits an even higher light yield value of 70 ph/keV"'
and energy resolution 3.7%.”* Furthermore, better perform-
ance is possible below room temperature.””
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“Defect engineering strategy” applies nonstoichiometri-
cally,”** which affects the AD concentration, and co-doping.
In this paper, only co-doping is discussed further. Different co-
dopants have been tested and studied for garnet scintillator
improvement and optimization in YAG:Ce, LuAG:Ce, and in
Ce-doped multicomponent garnets, e.g., B, Ba for improve-
ment of radiation hardness,” and overall scintillation perform-
ance.”® Some of the latest publications report about the
influence of Li* co-doping on scintillation properties.””~*’
Nonetheless, most publications deal with Mg2+, and to a lesser
extent with Ca®* as well.

At first, scintillation property improvement, namely, after-
glow reduction by Mg/Ca co-doping, was discovered in
orthosilicates,' ~** and the mechanism of improvement was
proposed™’ based on the positive role of stable Ce*" center in
scintillation mechanism. The essential point is that the stable
Ce*" competes much more effectively for electron capture
from a conduction band with traps than the Ce>* does.* The
primary purpose of Mg/Ca co-doping is thus the stabilization
of Ce*" center.

Ca/Mg co-doping cannot be successfully implemented in all
Ce-doped scintillators. For example, in YAP:Ce (YAIO;:Ce),
the Ce*" emission strongly overlaps with Ce*" charge transfer
(CT) absorption.*** However, positive effects of Mg co-
doping have been observed in all tested garnets, YAG:Ce,*”**
LuAG:Ce,***75% and multicomponent %arnets;‘%_60 and in
single crystals,”’ 7733355759 ceramics,*”*"%° and epitaxial
films>* as well. The results in the Ca-co-doped garnets are
generally less promising.***®

In co-doped YAG:Ce and LuAG:Ce, the light yield increases
significantly””**=>" (~25 ph/keV values are reported for
LuAG:Ce), scintillation decay is generally faster and slow
scintillation components are reduced*”**** for the opti-
mized Mg concentration. In multicomgponent garnets, much
faster rise time,””%' "% faster decay,’**"*7°*°"** and reduc-
tion of slow scintillation component relative intensity’* are
observed, but li4ght yield decreases with increasing Mg
concentration.””***>** Tentative explanations of light yield
decrease in multicomponent garnets are based on stabilization
of quenching recombination centers (e.g, O~) by Mg*",*>*
overlap between Gd** 4f-4f (GP]—SSWZ) transition in Gd-
containing multicomponent garnets and CT absorption toward
Ce*" center,”” and/or lower gap between conduction band
minimum and 5d (ZEg) state of temporary Ce®" arising from
stable Ce*.>°

The increase of Mg concentration beyond the optimum
value leads to even faster decay but is accompanied by an
undesired decrease of light yield in both YAG:Ce and
LuAG:Ce. The O~ center stabilization by Mg*" is considered
to be a reason for this behavior again. The presence of the O~
center has been proven by electron spin resonance measure-
ment (ESR) in LuAG:Ce,Mg ceramics®® and single crystal as
well.** Influence is not entirely negative, since it can be the
hole source which enables the return of the stable Ce*" center
to starting state in the scintillation cycle.”>*® Furthermore,
oxygen vacancies, representing deep electron traps, may be
formed at higher Mg concentration.”"*’

The most straightforward method of the reduction of the
AD negative influence on scintillation properties in garnets is
the growth at a lower temperature. It results in a lower AD
concentration, proved experimentally, e.g., by thermolumines-
cence measurement.'#**~’% Although single crystals could not
be prepared at a lower temperature, bulk material can be
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obtained—in the form of ceramics. Epitaxial films are grown at
a much lower temperature as well. Indeed, a reduction of slow
scintillation component has been observed in both the
LuAG:Ce ceramics’' and epitaxial films.”” "

Epitaxial garnet scintillator films of various compositions
have been produced mainly by the liquid phase epitaxy (LPE)
method so far."”?*%7%7%727% The growth temperature is
approximately 1000 °C, much lower than the melt temperature
for single crystal growth. The production cost of thin film 2D
imaging screens is lower and the LPE method is very flexible,
allowing preparation of films with various compositions in a
short time. Therefore, the LPE method is very suitable for
material screening as well.

Two types of fluxes are used for the garnet epitaxial film
preparation. The first one is “traditional”, more commonly
used PbO-B,0; (PbO-flux). Produced films exhibit very low
concentration of macrostructural defects and the surface is
mirror-like. However, Pb** ions are incorporated partially into
the crystal lattice and act as luminescence quenching
centers.””*> Novel BaO-B,0,-BaF, flux (BaO-flux) is not a
source of any contamination which results in a generally higher
light yield of films in comparison to those produced in PbO-
flux. However, a higher concentration of macrostructural
defects is observed due to higher flux viscosity.**~**

The thickness of epitaxial films is usually a few tens of
micrometers. Therefore, LPE grown film scintillators could be
used only for applications exploiting soft X-rays, lower energy
electron beams, and/or heavy char%ed particles. Among these
applications, beam diagnostic,”**~** microradiography,"**”’
or electron microscopy’’ can be mentioned. There are
materials with very slow decays, so-called storage phosphors,
applicable in X-ray imaging.”> On the other hand, we pursue
the shorest possible image acquisition time and fastest decay
time in this article.

LuAG:Ce films offer the best photon detection efficiency
among garnets at given thickness, as mentioned above.
However, the light yield is significantly lower and the slow
scintillation component more intense than in YAG:Ce or
optimized multicomponent garnet films. Light yield improve-
ment would be useful for any application, reduction of slow
scintillation component intensity, especially for high frame-rate
imaging.

Recently, the Mg-co-doping has been applied in multi-
component garnet epitaxial film>* for the first time. The results
were consistent with observations made on single crystal and
ceramics multicomponent garnets. However, the slow
scintillation component and afterglow was even less intense,
since the AD concentration is intrinsically low in epitaxial
films.

In this paper, we present a study of scintillator characteristics
of the set of the Mg-co-doped LuAG:Ce epitaxial films with
various Mg concentration. In principle, Mg*" co-doping should
be useful in diminishing the negative influence of any
electronic traps, regardless of their origin. Therefore, an
increase of the light yield, and a decrease of slow scintillation
component, including the afterglow, is expected. Scintillation
and luminescence properties of the Mg-co-doped LuAG:Ce
epitaxial films are presented for the first time.

2. EXPERIMENTS AND METHODS

The Lu3Al;0,,:Ce,Mg epitaxial garnet films with Ce doping of 0.7 at.
% and different Mg content from 0 to 3000 ppm were grown in the
Technology laboratory of the Charles University, Prague, by the
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Table 1. Properties of LuAG:Ce(0.7%),Mg Epitaxial Garnet Films“

sample Mg [ppm] thickness [pum] Ly, [ph/MeV]
1LM1 0 30.0 3340 + 100
1LM2 100 24.7 3480 + 110
1LM3 300 22.0 3910 + 120
1LM4 700 21.9 3950 + 120
1LMS 1500 219 2940 + 90
1LM7 3000 17.7 1520 + S0
ref. SC 0 Bulk 3450 + 110
sC-0, 0 Bulk 4850,
SC-500, 500 Bulk 18800,
SC-3000, 3000 Bulk 14100,
Ceramics;, 3000 Bulk 25070,
BGO 0 Bulk

afterglow [%]

fwhm [%] 4—50 ms 4 ms Ao [%]
12.6 + 0.6 1.9 + 0.06 4.1+ 0.1 178 + 4
11.6 + 0.6 1.2 + 0.05 3.0+ 0.1 173 + 4
12.1 + 0.6 0.35 + 0.03 1.3 +02 164 + 4
10.8 + 0.5 0.11 £ 0.02 0.8 +£0.2 134 £ 3
12.6 + 0.6 0.03 + 0.01 0.6 + 02 110 + 2
83 + 0.6 Afterglow not measured 103 + 2
9.8 + 0.5 Afterglow not measured 173 + 4
16 + 0.3 19 £ 0.5
0.7 + 0.04 25 +03
0.03 + 0.01 02 + 04
4.9, 0.39 + 0.01 0.8 +£ 0.1 115
0.01 + 0.01 02 +02

“Mg concentration in ppm relative to Lu, film thickness, light yield, LY,, measured under a-particle excitation at 1 s amplifier shaping time, energy
resolution (fwhm), afterglow averaged over 4—50 ms region, afterglow value at 4 ms after excitation cutoff, A,y/5 = LY ratio at 10 and 0.5 us
shaping times. SC-0, SC-500, and SC-3000 = reference LuAG:Ce, Mg single crystals. Index a = from ref 49; b = from ref 51. y = '*’Cs used for

excitation.

isothermal dipping liquid phase epitaxy from BaO-B,0;-BaF, flux
onto the Czochralski grown LuAG garnet substrates of 20 mm in
diameter, 0.5 mm thickness, and (111) crystallographic orientation.
The film thicknesses determined by weighing were in the range from
17.7 to 30 pm (see Table 1).

The Mgz+ concentrations are given as stoichiometric coefficient x
in formula (Ceqgg7Lg.903)3.:Mg:Al;O 15, x = 0 to 0.009 (0—3000 ppm)
(see Table 1). Sample composition was determined by Electron Probe
Micro-Analysis (EPMA) and by GDMS (Glow Discharge Mass
Spectrometry). All samples were grown under the same conditions, at
the growth temperature of 1030 °C and from the same melt but Mg
doping. Therefore, the Ce content and also the concentration of
potential accidental impurities coming from the flux, such as Ba and B
ions, are the same in all the samples. The content of divalent Ba** ions
in samples is <10 ppm according to the GDMS, and their influence
can be neglected.

Absorption and photoluminescence spectra were measured using
commercial spectrometers Specord 250 and Horiba JY Fluoromax 3.
Radioluminescence spectra and photoluminescence decays were
measured at the custom-made spectrofluorometer S000M, Horiba
Jobin Yvon using an X-ray tube (10 kV, S0 mA) and nanoLED pulse
excitation sources, respectively. The X-ray tube is the DX-W 10 X 1-S
2400 W (tungsten) short anode type powered by high voltage supply
ISO-DEBYEFLEX 3003 — 60 kV (Seifert Gmbh).

Photoluminescence decay is fitted by 2 exponential terms:

I= iA,. X exp(—t/7) (1)

where A; are the relative amplitudes of the exponential component
with decay time 7;, and # is the number of components. Parameters A;
and 7; are obtained iteratively by convolution of eq 1 and instrument
response function.

Pulse-height spectrometry was used for photoelectron yield (PhY),
energy resolution (full width on half maximum — fwhm), and PhY-
amplifier shaping time dependence determination. The scintillation
response was excited by the a-particles from **’Pu (5.157 MeV)
radionuclide source; the a-particles application is necessary due to the
small sample thickness. Thickness > 17 pm is larger than the a-
particle penetration range; i.e., the a-particle energy is fully absorbed
in the film. Radioactive source was placed in direct contact with an
epitaxial film to minimize energy losses in the air.”® Pulse-height
spectra were recorded by an experimental setup consisting of hybrid
photomultiplier (HPMT) model DEP PPO 475B,”* spectroscopy
amplifier ORTEC model 672 and multichannel buffer ORTEC
927TM. HMPT and films were optically coupled by a silicon grease.

5000

Small penetration range of the a-particles (10 ym approximately)
prohibits a reflector application, resulting in a poorer and badly
defined photon collection efficiency. The photon collection efficiency
(CE) is roughly estimated, CE = 0.73S. CE determination method is
described in ref 77. The light yield (LY) is calculated using CE
estimate, HPMT photocathode quantum efficiency (QE), and
photoelectron yield (PhY): LY = PhY/(QE X CE).

If slow components (decay constant at least several ys) are present
in scintillation response, the photoelectron/light yield (PhY/LY) rises
with amplifier shaping time. In this article, we used parameter A, /o5 =
PhY (10 ps)/PhY (0.5 ps) to quantify its increase, where PhY (t)
means photoelectron yield measured using amplifier shaping time ¢.
Higher A,/ 5 reflects more intense slower component.

As for the afterglow measurement, film response was excited by X-
ray tube (the same as for RL spectra measurement) operated at 10 kV.
Low voltage was used for films in order to avoid the substrate
excitation as much as possible. During the afterglow measurement, the
sample was irradiated for tens of seconds until the radioluminescence
intensity is stabilized. The signal (number of detected photons per
ms) recording starts a few milliseconds before X-ray excitation cutoff.

Scintillation decay under the a-particle (5.157 MeV, **Pu)
excitation was measured in the range 0—2 us. Decay curves were
measured using photomultiplier type Hamamatsu R7207-01 and
Tektronix TDS3052C digital Phosphor Oscilloscope. Decay curves
were approximated by the sum of 3—4 exponential terms, using eq 1.
The convolution of such multiexponential function with instrumental
response was fitted to experimental data using software SpectraSolve
3.01 PRO (1997 Ames Photonics, Inc.).

A certain percentage of emitted photons corresponds to each ith
exponential term. The percentage is called relative intensity (RI;) and
can be calculated in the following way:

_ A,
P
X AT @)

The scintillation decay was also measured under the excitation by
nanosecond-pulsed SXR (soft X-rays) photons from the infrared laser-
produced plasma in gaseous argon target.”””> The incoherent SXR
photon burst had fwhm of 4.7 ns and photon energy was within 350—
450 eV,” for which the attenuation length is a few hundreds of
nanometers. In the detection part, a quartz collection lens and a
Hamamatsu R7056 fast PMT operated in the direct current mode
were used to detect scintillation light. The instrument response
function (IRF) was obtained by the measurement of spectrally
unresolved scintillation decay of superfast Ga-doped ZnO powder
(scintillation response well below 1 ns)’® under the same
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experimental conditions. The same mathematical approach as for the
alpha-excited decay was used.

Presented data are compared to the data obtained by y-PD grown
single crystals*® and ceramics®' whenever possible. It must be noted
that MgO in ceramics is used as a sintering agent; most of MgO is
thus present at grain boundaries and does not directly affect the
scintillation process. Therefore, the direct quantitative comparison of
ceramics and film with the same Mg-concentration is not possible.

3. RESULTS AND DISCUSSION

In the absorption spectra, all the samples exhibit two
characteristic absorption maxima (centered around 34S and
450 nm) caused by the well-known 4f'(°F;,,)—5d(’E,) Ce**
transitions (see Figure 1). Below 250 nm, the 4f'(’Fs),)—
5d(*T,,) absorption bands are observed as well.

2F

—1LM1 (Mg 0 ppm)
—1LM3 (Mg 300 ppm)
—1LM4 (Mg 700 ppm)
—1LM5 (Mg 1500 ppm)

1.5}

Optical density [a.u]

0.5

0 1 1 1 1
200 300 400 500 600
Wavelength [nm]

Figure 1. Absorption spectra of LuAG:Ce(0.7%),Mg epitaxial films
with various Mg concentrations.

The Ce*" presence, important for this article, is reflected in a
significant increase of a broad absorbance in the UV region
(approximately below 350 nm) with the increasing Mg** ions
concentration. This broad absorption band is caused by the
charge transfer transition from oxygen ligands (energy levels
within the valence band) toward Ce*" ions. The presence of
Ce*" is a product of an inevitable charge compensation of
aliovalent Mg** ions embedded at trivalent lattice sites.

A slight decrease of absorption maxima of 4f'(’Fs),)—
SA(*E,) Ce’* transitions is observed with the increasing Mg**
concentration (see Figure 1) Since the Ce concentration is
approximately the same in all samples, the increase of Ce*"
concentration must be accompanied by the Ce®* concentration
decrease. Such behavior has already been observed—even a
total ehmlnatlon of 4f'(°Fp)— Sd(ZE ) Ce** absorption bands
was reported.*”>® The correlation "of the Ce* and Mg*
concentration in garnets has been proved as well, by using
the XANES (X-ray absorption near edge spectroscopy)
method.”"> Since the Mg concentration in films is much
smaller than the Ce one, slight decrease of absorption maxima
of 4f'(°F;/,)—5d(*E,) Ce’" transitions in films is observable
(Figure 1), and correlates with the Mg** concentration
increase.

The shapes of excitation and emission spectra, typical for
LuAG:Ce, are practically the same for all samples, but the
intensity is significantly lower for the samples containing a
greater amount of Mg2+ ions (above 1500 ppm) (see Figure 2).
At a higher Mg concentration (>700 ppm), photolumines-
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cence decay is significantly faster as well (see Figure 3 and
Table 2).

Intensity [a.u.]
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Figure 2. Excitation (510 nm emission) and emission (445 nm
excitation) spectra of LuAG:Ce,Mg epitaxial garnet films.
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Figure 3. Photoluminescence decays of LuAG:Ce,Mg samples with
Mg content 0—1500 ppm, excitation at 445 nm, emission at 510 nm.
The solid lines represents the fits, calculated by convolution of the
instrument response function and eq 1. Fit parameters are recorded in
Table 2.

Ce*" emission (region between 460 and 640 nm) is the most
intense component of radioluminescence (RL) spectra (see
Figure 4). At a lower Mg®* concentration, the dependence of
RL intensity on the Mg** concentration is unclear. For samples
1ILM3-7, the decrease of RL intensity with the Mg>*
concentration is evident. A similar observation has been
made in different systems.’”*>°° An antisite defect-related
emission in RL spectra in the wavelength range 240—420 nm is
observable in Figure 4 as well. It is due to substrate excitation,
because of the small film thickness.

Both sets of scintillation decay curves (alpha/SXR excited)
show similar results, i.e., the acceleration of scintillation decay
with an increasing Mg2+ concentration (see Figures Sa and 6).
The a-particle and SXR excited decays are practically the same
in the time interval between 700 and 2000 ns after excitation
(see Figure Sb). At this time interval, the luminescent centers
are probably excited by charge carriers released from the same
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Table 2. Scintillation Decay Times 7; with Relative Intensities (RI; — defined by eq 2) of the ith Component Measured under

soft X-ray (SXR) or a-Particle Excitations”

scintillation decay

PL decay

sample ex 7,/R1; [ns/%] 7,/R1, [ns/%]
1LM1 a 11.0/11.2 48.9/32.1
1LM2 a 12.2/11.4 50.8/31.5
1LM3 a 15.3/12.9 59.9/32.9
1LM4 a 15.3/16.1 65.9/38.3
1LMS a 14.7/19.2 52.1/51.3
1LM7 a 15.7/34.2 38.4/25.1
1LM1 SXR 19.3/6.4 68.1/27.4
1LMS SXR 11.1/8.7 50.6/64.9

7,/R1; [ns/%]

74/R1, [ns/%] 7,/A; [ns/-] 7,/A, [ns/-]
514/56.7 32/0.24 59/0.77
486/57.1

549/54.2

545/45.7 27/0.31 55/0.67
385/29.6 20/0.37 49/0.54
63.5/23.2 868/17.5

628/20.3 4067/45.9

273/16.0 1096/10.3

“The scintillation decay 7; and RI; parameters do not have a direct physical meaning and are meant to be used only for the reconstruction of the
measured decay curves. Photoluminescence decay times (excitation at 445 nm, emission at 510 nm), PL decay parameter precision is

approximately 1%.
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Figure 4. Radioluminescence spectra of LuAG:Ce,Mg epitaxial films,
X-ray tube at 10 kV.

type of trap. Due to the experimental artifact arising from the
triggering method used for measurement under a-particle
excitation, the decay curve is slightly deformed at the time
interval approximately 0—10 ns after excitation. Therefore, a
more thorough comparison of the a-particle and SXR excited
decay curves is not presented.

RJ; and 7; obtained using eqs 1 and 2 are presented in Table
2. Unfortunately, a straightforward comparison with single
crystals from ref 49 is not possible, since only the first and the
second exponential terms are presented in the reference. Also,
ref S1 presents only 2 exponential terms for ceramics. Still, the
comparison is possible, since the first and the second term
represent the decay of ceramic sample sufficiently. Decays of all
films are faster than the decay of the fastest ceramics which
may be caused by a lower defect concentration (see Figure 6).

The parameter A,y/,s — Mg®" concentration dependence is
consistent with both scintillation decay measurements (see
Table 1). It monotonically decreases with an increasing Mg**
concentration from 178% to 103%. According to ref 51, A;y05
~ 115% for the Mg concentrations 0.1, 0.3, and 0.6 at. % in
ceramics. More detailed dependence of PhY on amplifier
shaping time is displayed in Figure 7.

The afterglow measurement is presented in Figure 8 and
Table 1. The afterglow values in Table 1 are calculated as an
average number of detected scintillation photons per 1 ms in
the time interval 4—50 ms after X-ray excitation cut-off divided
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Figure S. (a) Scintillation decay curves (dots) measured under soft X-
ray (SXR) excitation of samples 1LM1 and 1LMS, Mg = 0 and 1500
ppm. Fits (solid lines) are convolutions of instrumental response
function and eq 1 (see Table 2 for fit parameters). (b) Comparison of
SXR-excited scintillation decay and a-particle excited scintillation
decays, normalized at the tail, sample 1LM1, Mg = 0. For SXR-excited
one, the fit from Figure Sa is shown instead of the measured data in
order to make the graph clearer.

by a number of detected scintillation photons per 1 ms during
X-ray excitation on. Less precise afterglow values 4 ms after
excitation cut-off are given as well. The afterglow measurement
data of ceramics (ref S1) and single crystals (ref 49) are used
for reference purposes (see Figure 8b and Table 1). From
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Figure 6. Scintillation decay curves measured under a-particle
excitation for selected samples with Mg = 0—3000 ppm. The decays
of samples with a low Mg content < 700 ppm (1LM2—4) are very
similar to that of Mg-free ILM1 sample and are not shown here. The
solid lines are represents the fits, calculated as convolution of
instrumental response function and eq 1. Fit parameters are recorded
in Table 2. The scintillation decay fit of the fastest ceramics (0.6%
Mg, annealed) measured under the gamma ray excitation was added
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for comparison.
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Figure 7. Relative light yield dependence on amplifier shaping time t;
100% = PhY for 0.5 7 us amplifier shaping time. Curves differ by Mg
concentration: from 1LMI to 1LM7 (0, 100, 300, 700, 1500, and
3000 ppm). The solid lines represents the fits in the form m, — m, X
exp(—t/m;), where m; are the parameters of the fit.

Figure 8a and b, it is evident that films exhibit significantly
lower afterglow than LuAG:CeMg ceramics®’ and single
crystals*” of the same/similar Mg concentration. This is caused
by higher defect concentration in u-PD crystals and ceramics,
especially evident when the SC-0 and 1LMI afterglows are
compared. The afterglow of heavily Mg-doped (3000 ppm) -
PD grown crystal,” film 1LMS (Mg-1500) and BGO reference
sample drops below detection limit within a few milliseconds.
Therefore, the results are not included in Figure 8b.

The improvement of the afterglow with increasing Mg
concentration is evident in Table 1 as well. The value reached
for the sample 1LMS (Mg-1500) is almost on par with that of
single crystal from ref 49 (Mg-3000) of lower light yield.

During the afterglow measurement, the LuAG substrate was
excited inevitably. According to the calculation using the X-ray
tube spectrum and linear attenuation coefficients found in
NIST X-COM database,”” approximately 5% of X-ray photons
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Figure 8. (a) Spectrally unresolved afterglow measurement of films at
Mg = 0-1500 ppm. (b) Comparison of spectrally unresolved
afterglow of film 1LM4 (700 ppm Mg), reference single crystal
(from ref 49), and reference ceramic sample.”' SC = single crystal (0
ppm and 500 ppm Mg), C Ann 0.6 = annealed ceramics (0.6 at%
Mg). Excitation cutoff at time t = 10 ms.

reach the substrate even if the voltage of 10 kV is used, as
evidenced in Figure 4, wavelength range 240—420 nm.
Therefore, the afterglow measurement of the film—substrate
system gives the upper limit of the real afterglow value of the
film.

The LY is increasing with an increasing Mg concentration up
to 1LM3 (Mg-300) and 1LM4 (Mg-700) samples, and then
decreases (see Table 1). Such behavior is consistent with the
previous findings.*”>" In comparison to the Mg-free sample,
the best Mg co-doped sample exhibits light yield higher by
15% or 1 ps shaping time. It is much smaller improvement
compared to ceramics (higher by 70%)°" and u-PD crystals
(470%)," but only 30% in comparison to Czochralski grown
crystal. It probably reflects the poorer quality of Mg-free
crystals and ceramics reported in the literature.

The measured energy resolution does not exhibit any trend.
The fwhm values are between 10.8% and 13.2% for 1 us
shaping time (see Table 1). Only the sample 1LM7 (Mg-3000)
exhibits fwhm = 8.3%. The best fwhm value and the worst light
yield observed while measuring the same sample are surprising
and need further research. Similar behavior was observed in
Mg co-doped multicomsponent GAGG:Ce epitaxial films (see
authors’ previous study™*).
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Thus, the overall increase of the luminescence/scintillation
decay speed with increasing Mg concentration was observed at
the time scale 10 ns — 2 us (PL decay, alpha and SXR excited
scintillation decay), 0.5—10 us time scale (PhY X shaping time
dependence), and 1—1000 ms time scale (afterglow). It is
consistent with the hypothesis that Mg>* presence leads to the
production of additional, fast radiative and nonradiative de-
excitation pathways, which effectively compete for electron
capture from the conduction band. Therefore, the percentage
of trapped electrons elsewhere is decreasing with the increasing
Mg concentration.

The most desirable is the radiative Ce*" de-excitation-based
pathway.*”*° Higher LY at higher Mg** (Ce*") concentration
would be expected, since photons emitted later than a few
microseconds after excitation due to retrapping do not
contribute to LY signal. Indeed, we do observe the LY
increase with increasing Mg2+ concentration up to some limit.
At higher Mg2+ concentration, additional nonradiative
channels appear and we tentatively associate them with the
O~ centers using analogy with reported results on crystals or
ceramics.’>* No measurement providing direct evidence of
the presence of O~ centers in films was done in this study.
However, the presence of O~ centers has been proven in other
LuAG:Ce,Mg systems by electron paramagnetic reso-
nance,””>% and their presence in the films is very probable
as well.

Nonradiative recombination channels are responsible for the
further increase of the decay speed with an increasing Mg*"
concentration (Mg > 700 ppm), yet at the expense of the
decreasing LY and RL intensity. The possibility of nonradiative
decay of an excited Ce®" center induced by increasing the Mg>*
concentration should be considered as well. There are two
indications of this effect among the presented data. The first
indication is a rapid decrease of the excitation/emission spectra
intensity with Mg** concentration. For example, the intensity
ratio of samples ILM1 and 1LMS equals 2.5 for both spectra.
According to the absorption spectra, approximately 1.6X more
photons are absorbed in 1LM1 in comparison to 1ILMS, due to
the higher Ce®* concentration and greater thickness. There-
fore, a nonradiative energy transfer from Sd(ZEg) Ce’* excited
state away is highly probable. The second indication is a faster
PL decay of the Ce* center at a higher Mg®* concentration.
The ratio of the areas under the decay curves ILM1/1LMS is
1.5. That is, the efficiency of Ce** luminescence center Q is
1.5% lower for sample 1LMI1 than for 1LMS. Interestingly,
combined lower absorption and lower Q lead to the value 1.5
X 1.6 = 2.4, which is practically the same as the excitation/
emission spectra intensity ratio 1LM1/1LMS 2.5.

A similar effect was observed in multicomponent garnet
films.>* The energy is probably transferred toward an electron
trap or the recombination center stabilized by Mg** ion (O7,
oxygen vacancy, etc.). Since no absorption has been observed
at the wavelength of Ce*" emission so far, one could also
consider the intervalence charge transfer states of mixed
valence Ce**—Ce*" pairs, as analogously done for Yb**—Yb**
and Ce**—Yb*" pairs in YAG.” This aspect requires further
experimentation and study. Lower Q at a higher Mg**
concentration leads to an even faster decrease of the LY and
RL intensity with an increasing Mg2+ concentration.

4. CONCLUSIONS

Reported results prove that the Mg®" co-doping significantly
improves scintillation characteristics of Lu3Al;O,:Ce,Mg LPE-
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grown films. At the optimal Mg concentration (~300—700
ppm), the light yield increases by 15—20% in comparison with
Mg-free film. At a higher Mg concentration the light yield
decreases. The intensity of a slow scintillation component and
afterglow is continuously reduced with an increasing Mg co-
doping. The results of the study correlate with the previous
findings on single crystals and ceramics. For ceramics, direct
comparison of samples with the same starting Mg concen-
tration is improper, since Mg could be present at the grain
boundaries mainly.

We assume that the light yield increase and faster response
are caused by an increase of the stable Ce*" centers
concentration, which are stabilized by Mg2+ co-dopant. At
the same time, Mg“ in higher concentration gives a rise to an
unknown nonradiative recombination pathway which we
tentatively associate with the stabilization of the O~ centers
arising in the charge compensation process.

Mg-free sample 1LM1 exhibits the light yield value of 3340
ph/MeV (a-particle excited) and relatively high afterglow (at 4
ms after X-ray cutoff) of 4.1%. The brightest sample 1LM4
(Mg-700) exhibits the light yield value of 3950 ph/MeV and
afterglow 0.8%. One of the fastest samples 1LMS (Mg-1500)
exhibits the light yield value of 2940 ph/MeV and afterglow
reaches 0.6% at 4 ms.

Epitaxial films retain better light yield at a given afterglow
value compared to both crystals and ceramics of analogous
composition.*”>" Presumably, it is due to the lower intrinsic
concentration of defects in epitaxial films. Fast LuAG:Ce,Mg
epitaxial films might serve in X-ray imaging devices with a high
frame rate and for beam diagnostics at accelerators. The high
effective atomic number of LuAG:Ce will bring further benefits
in such applications as well. We also emphasize the suitability
of the liquid phase epitaxy method for material screening,
which is evidenced in this study by very smooth dependencies
of the most measured parameters on the Mg concentration.
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Garnet Scintillators of Superior Timing Characteristics:
Material, Engineering by Liquid Phase Epitaxy

Petr Priisa,* Miroslav Kucera, Vladimir Babin, Petr BriZa, Dalibor Pdnek,
Alena Beitlerovd, Jiri A. Mares, Martin Hanus, Zuzana Lucenicovd, and Martin Nikl

Using liquid phase epitaxy, the Mg co-doped multicomponent garnet film
scintillators of composition (Ceg g;Lug 27Gdg 74)3xMg,(Ga, 48Al; 46)O12,

x =0-0.002 (0-700 at. ppm) are prepared. Following luminescence and
scintillation characteristics and their dependence on Mg concentration are
studied: photoluminescence emission and excitation spectra, radiolumines-
cence spectra, photoluminescence and scintillation decay curves, light yield,
energy resolution, and afterglow. At lower Mg concentration, the timing char-
acteristics are slightly improved, while light yield and energy resolution are
not negatively influenced. At higher Mg concentration, scintillation decay is
significantly accelerated, although light yield is somewhat reduced. Afterglow
values become extraordinarily low for a garnet scintillator, at least two times
better than the best values published so far, which paves the way for their
application in fast frame imaging applications. A mechanism of the improve-

energy resolution (5%-6%),1-8 fast scintil-
lation decay dominated by 60-80 ns decay
time,[>% high thermal and chemical sta-
bility, high thermal conductivity,'® and
good mechanical properties.[!!

However, YAG:Ce detection efficiency
for high-energy photons is low due to
low effective atomic (proton) number
Zer = 31.9 and density p = 4.56 g cm™3.
Isostructural, novel heavy garnet scin-
tillator, LuAG:Ce (Lu3AlsO,:Ce) shows
Zg=62.9 and density p=6.67 g cm™3.112-14]
Therefore, it has much better detec-
tion efficiency. Unfortunately, it exhibits
noticeably higher intensity of slow scin-
tillation decay components compared to
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ment is shortly discussed.

1. Introduction

Single crystal garnets, i.e., materials of general RE;Xs0,, com-
position crystallizing in the cubic system, are used for many
purposes, e.g., as gemstones, solid state lasers,!!] ferrimagnetic
materials, thermometers,? in lighting,®! and as scintillators. For
scintillators, RE = Gd, Lu, and Y, and X = Al and Ga. First bulk
single crystal garnet scintillator, namely YAG:Ce (Y;Al;0;,:Ce),
was introduced in 1967, and further investigated in 1970s.!
YAG:Ce exhibits good light yield (=21 photons keV™!), decent
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YAG:Ce.'> 8] The Lu, antisite defects

and related electron traps have been iden-

tified as the main reason of deteriorated
timing performance.619221 Another LuAG:Ce drawback is an
inevitable presence of a radioactive contaminant, 7°Lu isotope.
Natural abundance of '7°Lu is =2.6% and halflife is 3.78 x 10'°
years. This isotope emits photons of energy 88 keV (13.3%),
202 keV (86%), 307 keV (94%), and 401 keV (0.33%) and the
B spectrum with a maximum energy of 596 keV. The half-life
and natural abundance allow us to calculate the mass activity
32 Bq g! (of LuAG).

Most recent members of the garnet scintillators family
are (Lu,Y,Gd)3(Ga,Al)s0;,:Ce multicomponent garnets.[23-31]
Negative influence of electron traps is diminished in them by
adopting the so-called “band-gap engineering strategy,” which
allows the downward shift of conduction band bottom and Ce**
5d, excited state by optimizing the matrix composition. Con-
sequently, influence of electron traps and Ce** excited state
ionization were minimized.[?832

An effort to find optimal Lu/Y/ Gd and Ga/Al concentra-
tion ratios was undertaken.?*3!l The “band-gap engineering”
approach led to an unparalleled improvement. The very slow
component of scintillation response of Gd;Al,Gas_O;,:Ce
(GGAG:Ce) (x = 2-3) was significantly reduced, while light
yield of bulk crystals reached 58 ph keV™! and energy resolu-
tion 4.2%@662 keV values.’® Ceramic GGAG:Ce exhibits
even higher light yield, 70 ph keV-13* An energy resolution
of 3.7%@662 keV was reached using an avalanche photo-
diode as a photodetector.?®l Improvement in light yield and
energy resolution was also reported in similar systems, e.g.,
GYGAG:Ce ceramics (light yield: 50 ph keV~!, energy resolu-
tion: 4.8%@662 keV).1%] Moreover, there is negligible amount
of radioactive contaminants in GGAG:Ce, since Lu is not used.
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Table 1. Comparison of Mg co-doped Ce-doped garnet scintillators by
various authors.

Matrix? Mg conc. LY 7 [ns]/Rly T, [ns]/RI,
[at. ppm] [ph kev™] [%]” [%]”
LuAG®) 0 13.9 NAY NA
LUAG 1000 21.9 NA NA
LUAG? 0 17.2 58/42 958/58
LUAG,® 0 49 58/48 300/52
LuAG,9 100 23.1 48/58 380/42
LuAG,9 500 18.8 48/57 275/43
LuAG,® 3000 14.1 15/11 51/89
GGAG," 0 100%¢) 62/52 225/48
GGAG," 100 94%¢) 40/53 132/47
GGAG," 200 86%8) 40/50 140/50
GGAG," 500 87%8) 40/49 144/51
GGAG," 1000 76%¢) 40/55 131/45
YAG,M 0 16.2 99/77 464/23
YAG,M 100 21.0 91/82 292/18
YAG,M 200 19.5 90/90 544/10
YAG,M 500 16.8 84/82 257/18
YAG,M 3000 11.9 24/10 64/88

3CZ: Czochralski grown, : Micro-pulling down, and C: Ceramics; b)Scintillation decay
time and relative intensity of ith component; 9Ref. [40]; 9Not available; ®Ref. [39];
Ref. [44]; ®Relative LY; "Ref. [43].

The so-called defect engineering strategy may be seen as an
additional optimization tool to band-gap engineering and a tool
of further optimization. Various co-dopants have been adopted
for different purposes in garnets.’®l Divalent Mg?* and Ca?*
have already been adopted for the purpose of improving scin-
tillation properties in various garnets; in GGAG:Ce, boron was
used as well.l’738] Improvement of light yield was reported for
LuAG:Cel3**2 and YAG:Ce.*®l However, light yield of Mg?* and
Ca®" co-doped GGAG:Ce decreases in comparison with Mg/Ca-
free counterparts.l*~¢] Nonetheless, improvement of timing
characteristics was reported for all the material systems.[3%#7]
Previous results achieved by Mg co-doping of the Ce-doped
garnet scintillators are presented in Table 1.3%4043#] Pleage
note that concentration given at at. ppm denotes relative con-
tent of Mg in dodecahedral site in the whole paper.

Widely accepted explanation of the above-mentioned
improvements states that Mg?* ions stabilize Ce*" ions in the
material. The stable Ce3* center at first captures a hole (turns
temporarily to Ce*"), then it is excited by a captured electron
originating from the conduction band, and photon emission
is the final step. The stable Ce** turns to excited Ce>" by elec-
tron capture at first, then a photon is emitted, finally, the orig-
inal state is restored by a hole capture. Therefore, the stable
Ce*t centers compete more efficiently with electron traps for
migrating electrons in conduction band than Ce3" centers can
do.139404247] Tnterestingly, in 1990s, the Ce** center was con-
sidered undesired in scintillators by scientific community.[*&4]
In case of perovskites, the reason is an inevitable overlap of
Ce*" emission and Ce*" charge transfer (CT) absorption.[*?5%
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The “Ce?**-like” cathodoluminescence of the stable Ce*" center
has been reported in the Ca co-doped YAG:Ce already in
1992,5U but the information remained unnoticed. Absorption
caused by the Ce*" presence,’>>% faster decay time,’ and
decrease of thermoluminescence signal was observed in
Mg?* co-doped YAG:Ce samples later as well.3] However, the
reported changes were not ascribed to the presence of Ce**
ions. The consensus changed after the reported improvement
of LSO:Ce (Lu,SiOs), LYSO:Ce ((Lu,Y),SiOs) single crystal
scintillators by Ca’* and Mg?* co-doping, especially their
afterglow decrease.’*>’] The above-mentioned role of stable
Ce** center in scintillation mechanism of orthosilicates was
proposed.>®l

In orthosilicates, Ca?* co-doping produces favorable
results.**°%>8] In garnets, however, improvements in the scintil-
lation properties achieved by Mg?* co-doping are much better
than the results obtained by Ca?" co-doping.’*! Explanation
of the difference is still a matter of discussion. As mentioned
above, timing characteristics are improved by Mg?" co-doping
in garnets generally, while light yield increases in LuAG:Ce and
YAG:Ce, but decreases in GGAG:Ce.[*+*]

The consensus about the mechanism of light yield decrease
in Mg co-doped GGAG:Ce has not been reached yet in the sci-
entific community, but there are some tentative explanations.
Mg?" as well as Ca?" co-doping does not necessarily stabi-
lize only Ce*" ions; the charge equilibrium is also reached by
other means, e.g., O~ center stabilization or oxygen vacancy
formation. In fact, the presence of O~ centers in Mg?* co-doped
garnets has already been proven. O centers might serve as non-
radiative recombination centers.?-°! Furthermore, there exists
an overlap between Gd** 4f-4f (°P|-%S;)) transition in GGAG
and CT absorption toward the Ce*' center. Such an overlap may
create an energy loss pathway in scintillation mechanism of
GGAG-based materials taking into account that some energy is
collected in the Gd-sublatticel®” in scintillation mechanism of
GGAG:Ce and that the CT absorption of Ce* does not have any
luminescence output.

The liquid phase epitaxy (LPE) method has extensively
been used for preparation of single crystalline garnet films
and offers several advantages over single crystal growth from
high-temperature melt.[>-% Much lower growth temperature,
around 1000 °C, leads to lower production costs. Also, antisite
defects do not practically form in LPE-grown film due to low
growth temperature.[”:%] Absence of shallow electron traps
formed by the antisite defect has been proven, e.g., by thermo-
luminescence.l'”) As only films of thickness up to a few tens
of micrometers can be prepared by LPE usually, they can be
used only in applications exploiting soft X-rays, lower energy
electron beams, and/or heavy charged particles.®~7!l However,
even small increase in thickness could allow efficient detection
allowing application in radiography using photons of higher
energy.’?

Recently, liquid phase epitaxy technology has been adopted
for production of multicomponent (Lu,Y,Gd);(Al,Ga);O;,:Ce
films.[0273-70] Successful result, light yield of 8700 ph MeV~!
under o-particle excitation, i.e., 93% of reference bulk crystal
light yield (reference crystal light yield: 53 800 ph MeV™
under yray excitation) and suppressed slow scintillation com-
ponent, was made possible only by the application of a novel
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Table 2. Sample parameters: Mg concentration (stoichiometric/in at. ppm), film thickness, light yield (LY) measured under a-particle excitation, and
1 us shaping time, FWHM (same conditions), parameter A;q o s_relative change of the LY between 0.5 and 10 us shaping times.

Sample? Mg conc. x [107] / [at. ppm]?) Thickness [um] LY [ph MeV~] FWHM [%] Avoj05 [%]
1LGM2 0/0 15.0 6780 9.3 104.1
1LGM3 2/7 16.3 7390 9.3 105.0
TLGM4 4/15 17.7 7140 8.2 104.7
TLGMS 10/30 17.2 6770 7.8 104.7
1LGM6 30/100 17.7 6680 9.2 104.9
1LGM7 80/300 16.8 5390 10.7 103.4
1LGM8 200/700 16.7 2940 11.5 101.3

2Mg concentration, x is the stoichiometric coefficient in Mg, (Ceg,o1Lug 27Gdg 74)3-4(Gaz.48Al, 46) O12. Concentration given at at. ppm denotes relative content of Mg in dodec-

ahedral site.

BaO-B,0;-BaF, flux (BaO flux).”¥ Bright luminescence
response was already successfully exploited in scanning elec-
tron microscopy./”’!

More commonly used PbO-B,0; is a source of film con-
tamination by Pb?" ions that act as luminescence quenching
centers.[0>7>7678-81] The band-gap engineering strategy thus
appeared useful also for the LPE-grown garnet films despite the
origin of different traps in comparison with bulk crystals. Ten-
tatively, these traps may originate from unspecified macrostruc-
tural defects due to high viscosity of BaO flux.8

In principle, Mg?" co-doping should be useful against
negative influence of any electronic traps, regardless of their
origin. Improvement of light yield and energy resolution is
not very probable in GGAG-based scintillators, but rather
timing characteristics should be improved.***’| Namely,
lower afterglow, faster decay, and shorter rise time are
expected.

GGAG:Ce was recently studied as a potential scintil-
lator for fast timing application.®3>#4 The rise time of several
nanoseconds was considered to be the main drawback of
GGAG:Ce for fast timing measurement. The 8 ns rise time was
measured under 254 nm excitation,®®l while 2 ns was under
yray excitation.®¥ Mg co-doping in GGAG:Ce reduced the rise
time down to 50 ps, and timing coincidence resolution values
become close to those reported in commercial LYSO:Ce,Ca
scintillators used in TOF-PET (time-of-flight positron emission
tomography).

High fps (frames per second) rate imaging techniques could
also benefit from high light yield and fast decay of a scintillator.
However, absolute necessity for them is as low as possible after-
glow. Minimal afterglow prevents mixing of signals of consecu-
tive frames. Such detectors could find applications in industry,
in science, or in military fields.!®>8¢]

Finally, low afterglow, fast scintillation decay, and high light
yield are advantageous in applications based on pulse counting
and analysis, e.g., high counts per second (cps) yray spectrom-
etry. High light yield improves signal/noise ratio, as well as low
afterglow does. Short decay time decreases the probability of
pulse pileup. Rise time is usually not considered.

The LPE method has never been used before for production
of the Mg co-doped multicomponent films.

In this paper, we present the correlated study of scintillator
characteristics of a set of the Mg co-doped (Lu,Gd)3(Al,Ga)s04,:Ce
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epitaxial films with various Mg contents (see Table 2). The
chosen host composition and content of Gd and Ga ions are sim-
ilar to Mg-free samples with best scintillator properties reported
in the authors’ previous study.”¥l In this work, we focused on
the impact of co-doping with divalent Mg?* ions on scintillation
properties of multicomponent garnet films.

2. Results and Discussion

All samples exhibit two absorption maxima centered around
440 and 345 nm corresponding to the well-known 4f-5d, , Ce**
transitions; see Figure 1. Positions of the absorption maxima
are the same for all the samples and their amplitudes change
only slightly. In the UV spectrum region (=225-325 nm), there
is a significant increase of absorbance with the increase in Mg?*
ion concentration. This broad absorption band originates from
the electron transfer (CT) from oxygen ligands toward Ce**
ions, which arises due to the necessity of charge compensa-
tion of aliovalent Mg?" ions embedded in trivalent sites. The
weak sharp lines observed around 275 and 310 nm correspond
to spin and parity forbidden 4f—4f transitions, S — °I; and
85 — ©P}, respectively, in the Gd** ions.[”]

1.0
—= 1LGM2
e 1LGM7
0.8+ —a— 1LGMS
Q
e
g 0.6
o
3
Q 04
<
0.2
0.0 T T T T T T
250 300 350 400 450 500
Wavelength /nm

Figure 1. Wavelength dependence of the absorption coefficient: samples
1LGM2 (Mg-free), TLGM7 (Mg = 300 at. ppm), and 1LGM8 (Mg = 700 at.

ppm).
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Figure 2. Emission and excitation spectra of selected Mg co-doped
LGGAG:Ce epitaxial films: samples 1LGM2 (Mg-free), 1LGMS5
(Mg =30 at. ppm), and 1LGM8 (Mg = 700 at. ppm).

It must be noted that only a small part of Ce atoms is stabi-
lized in 4+ charge state by Mg?*, despite the significant ampli-
tude of CT Ce*' absorption. Otherwise, significant decrease
of Ce3* absorption band intensity would be observable. Such
a result is expectable, since even sample 1LGM8 with highest
Mg?* concentration exhibits a Ce/Mg stoichiometric ratio equal
to 15. Previously, a significant decrease in Ce*" absorption was
reported in Mg?* highly concentrated garnets.[3**4 We also note
that independent evidence of the presence of both the stable
Ce3* and Ce** centers can be obtained by X-ray absorption near
edge spectroscopy, and their concentration ratio can be estab-
lished with modest precision.”® This experiment, however, was
not available for the present study.

In emission spectra excited at 435 nm, see Figure 2, typical
doublet of Ce*" luminescent center originating in 5d;—4f transi-
tion can be seen. No other emissions were observed. Excitation
spectra, Figure 2, exhibit the same maxima as the absorption
spectra do, i.e., 4f-5d; ; Ce*" transitions around 435 and 345 nm.
4f—4f transitions in the Gd3* ions are present due to the overlap of
Gd** 312 nm emission and Ce** 4f-5d, absorption, and indicate
energy transfer from Gd*" to Ce3".[°287] Any transitions to higher
5d excited states of Ce3" are not observed in the excitation spectra.

Photoluminescence (PL) decays of Ce*" (emission: 540 nm;
excitation: 455 nm) were deconvoluted into two exponential
terms. Faster exponential term decay time varies in the interval
22-31 ns; only for sample 1LGM8 with the highest Mg content,
the decay decreases to 14 ns. Slower exponential term decay
time is in the interval of 57-60 ns for all samples, except for
sample 1LGMS (50.3 ns).

Sample 1LGM8 (Mg = 700 at. ppm) exhibits the fastest excited
Ce*" decay and the lowest intensity of Ce*" emission, Figures 2
and 3, even though the Ce** absorption bands in 1LGMS$ are
of similar intensity in comparison with the other samples. It
indicates a nonradiative energy transfer from the Ce** excited
5d; state away. Since no absorption is observed at the wave-
length of Ce** emission, such a transition is either forbidden or
the electron tunnels from 5d; level into an electron trap stabi-
lized by Mg?* ions (oxygen vacancy, O~ centers, etc.).[4#0%601 We
note that amplitudes in photo- and radioluminescence spectra,
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Figure 3. X-ray excited scintillation decay of selected samples with Mg =
0, 100, 300, and 700 at. ppm (decays of remaining samples are between
1LGM2 and 1LGMS).

Figure 2 and Figure S1 in the Supporting Information, can be
partly influenced by unequal thicknesses of films (Table 2);
however, the decrease of intensities in samples with higher Mg
content, 2300 at. ppm, is plausible and is supported by LY and
decay kinetics measurements.

Radioluminescence (RL) spectra are practically the same as
the photoluminescence ones in Figure 2, i.e., the Ce3* emission
completely dominates. The intensity of all samples is signifi-
cantly higher (=4-5x) than that of BGO (Bi,Ge;0y,) reference
single crystal, except for sample 1LGM8 which shows only
=~2x higher intensity (see Figure S1 in the Supporting Infor-
mation). The dependence of RL intensity on Mg?* concentra-
tion at lower concentrations does not follow a simple pattern.
Decrease of intensity at highest Mg concentration cannot be
explained by Ce** decreasing concentration, since Ce** contrib-
utes to the response as well, unlike in PL spectra. Somewhat
similar behavior was reported by many authors in various sys-
tems; 32414 we note that the O~ centers and/or the above-men-
tioned energy transfer, Gd*>" — Ce*" CT, may be responsible for
decrease in RL intensity as well.

We have performed four different types of measurement
that reflect the scintillation decay kinetics: the measurement of
scintillation decay using the soft X-rays (SXR), pulsed source,
or o-particle excitation using an oscilloscope and a fast photo-
multiplier (PMT) in current regime in the detection part. The
latter excitation was also used for the afterglow measurement
and A, /0.5 Parameter determination.

SXR-excited scintillation decay, see Figure 3, and o~particle
excited scintillation decay, see Figure S2 in the Supporting
Information, show similar results, i.e., significantly accelerated
decay with increasing Mg?* concentration.

Scintillation decay of the same sample is clearly faster under
X-ray excitation than under o-particle one; see Figure S3 in
the Supporting Information. At higher ionization density, i.e.,
under o-particle excitation, the density of charge carriers is
probably too high for immediate recombination at Ce lumi-
nescent centers. Therefore, they are more often trapped, which
leads to slower scintillation decay. Such an effect has been
reported before and is studied for the purpose of pulse-shape
particle discrimination. %59
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Table 3. Decay times with relative intensities (RI—in brackets) of the
components measured under X-ray excitation, obtained by deconvolu-
tion in order, from shortest (T;) to longest (T,).

Sample Ty [ns] (Rl [%]) Tns] (R,[%]) Tslns] (RI5[%]) Ty [ns] (Rl, [%])
ILGM2 104 (3.5) 55.0 (72.7) 166 (22.2) 1360 (1.6)
ILGM3 125 (3.6) 64.6 (73.3) 221 (20.3) 971 (2.9)
1LGM4 8.9 (2.8) 53.9 (72.1) 168 (23.5) 1237 (1.7)
ILGM5 113 (3.4) 61.6 (70.4) 187 (22.7) 747 (3.5)
1LGM6 6.2 (4.4) 473 (71.0) 148 (22.9) 979 (1.6)
1LGM7 7.8 (8.5) 42.8 (70.9) 146 (18.9) 740 (1.7)
1LGM8 1.9 (6.2) 13.4 (26.7) 45.4 (59.4) 216 (7.8)

Table 3 shows the decay times obtained by deconvolution of
scintillation decays measured under X-ray excitation and Table
S1 (Supporting Information) the same under o-particle excita-
tion. Decays were approximated by four exponential terms under
SXR excitation and two to four terms under o-particle excitation

IziAixeXp(—t/Ti) (1)

i=1

where A; is the relative intensity of the exponential component
with decay time 7;, and n is number of components. In both
cases, the dominant decay exponential component is getting
shorter with increasing Mg?* concentration. The behavior is
most apparent for higher Mg?" concentration.

Comparison with Mg?* co-doped single crystals from
ref. [44] could be made for X-ray scintillation decay
measurement, especially not only for sample 1LGM6 (the same
concentration of Mg as in ref. [44]) but also for other samples.
The dominant component of decay is slightly slower in films
than in crystals (47 and 40 ns, respectively, for 100 at. ppm). On
the other hand, it is also significantly more intense (71% and
53%, respectively). The second most intense component decay
time is very similar as well (148 and 132 ns, respectively); see
Tables 1, 2, 3 for more thorough comparison. It must be noted
that in this paper, the quadruple exponential term was used
for decay curve fit, while in ref. [44] it is the double exponen-
tial one. Such a difference in the approximation function may
cause small variations in the obtained decay times.

The relative intensity of fast (=40 ns) and slow (=140 ns) com-
ponents is =50:50 in micro-pulling-down grown crystals,3%41:44]
while 70:30 in our films and Czochralski grown crystals.[**] Most
probably, such a difference arises due to higher concentrations
of traps responsible for the longer component in micro-pulling-
down crystals. Small variations in matrix composition (different
amount of Lu) and different linear energy transfer of particles
used for excitation may be responsible as well. At much higher
concentration of Ca/Mg co-dopants, the relative intensity of
fast components increases in GGAG:Cel*! and/or LuAG:Cel**!
micro-pulling-down grown crystals. High concentration of the
co-dopant, however, has severe negative impact on the LY.3%%4

The parameter A;gjs = PhY (0.5 ps)/PhY(10 us) of Mg”*
concentration dependence is consistent with both scintilla-
tion decay measurements; see Table 2. It stays in the interval
104.1%-105% for samples 1LGM2-6 with lower Mg content,
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Figure 4. FWHM (circles) and LY estimate (triangles) dependence on Mg2*
concentration. Please note that sample 1TLGM2 Mg?* concentration is O at.
ppm, which is set to 2 at. ppm in the graph, because of the logarithmic scale.

decreases to 103.4% for sample 1LGM7 (Mg = 300 at. ppm), and
is lowest for sample 1LGM8 (Mg = 700 at. ppm), i.e., 101.3%. It
must be noted that this type of measurement is sensitive only
to slower scintillation response components within several hun-
dreds of nanoseconds up to (very) few tens of microseconds.

Regarding LY, see Figure 4, for samples 1LGM2-6, its value
is in the interval 6770-7390 ph MeV 1. Relatively sharp decrease
follows at higher concentration; 1LGM7 (Mg = 300 at. ppm)
exhibits 5390 ph MeV™! and 1LGM8 (Mg = 700 at. ppm)
exhibits 2940 ph MeV™L. It is relatively consistent with the
previous findings,**3487] though low Mg concentration was not
studied thoroughly in the past.

Let E, be the band gap, 8 the phenomenological parameter, S
the energy transport efficiency, Q the luminescence center effi-
ciency, and 1. the integral scintillation efficiency

_3Q
nsc - Egﬁ (2)

In case of negligible slow scintillation component intensity,
i.e., exactly as our case, 1, = LY. We assume 3 X E, to be almost
the same for all studied samples, since host composition does not
change. Let relative light yield of sample 1LGMX be defined as

RLYy = LYy _ 5xQx 3)
LY, 5,0,

where LYy is the light yield, Sy is the energy transport efficiency,
and Qy is the luminescence center efficiency, all for sample
1LGMX, and LY,, S,, and Q, are the same for sample 1LGM2.
According to experimental data, RLYy decreases at highest Mg
concentrations. Is it because of lower S, Q, or both?

Parameter Q is reflected in photoluminescence decay curves.
Let Iy, be defined as an area below normalized photolumines-
cence decay curve (excitation: 455 nm; emission: 540 nm) for
sample 1LGMX

Iy, = fwln (t)dt (4)
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where I,(t) is defined as the same as in Equation (1), but for
photoluminescence decay. Also, I,,(0) =1, i.e., the decay curve is
normalized. Let us define Rly, = Iy,/I, ,—faster decay of the
1LGMX sample will cause Rly, decrease. If the decrease of the
decay time is caused only by energy transfer from Ce*" center,
Rlx, = Qx/Q,. Otherwise, and more generally

RI,, <2x 5)
Q
By combining Equations (3) and (5), we obtain
X 2
Sx
RLYy 2RIy, = )

2

Since RLYy < Rly, according to experimental data for
1LGM7 and 1LGM8 samples, see Figure 5, Sx/S, < 1. It means
that energy transport efficiency S is by all means lower for
1LGM7 and 1LGM8 samples than for others.

The reason must be the existence of some competing non-
radiative recombination centers, traps, or the afore-mentioned
energy transfer from Gd>** toward CT transition of Ce*".

Energy resolution decreases with increasing Mg concentra-
tion at first, reaches a best value of 7.8% for sample 1LGMS5,
and then increases with increasing Mg concentration; see
Figure 4. Interestingly, full width at half maximum (FWHM)
is getting better with slightly decreasing LY at lower Mg?" con-
centration, which points to possible decrease of scintillator
nonproportionality. Unfortunately, nonproportionality meas-
urement of few micrometer thick samples cannot be realized
by available setup. Tentatively, the alternative explanation may
be related to homogeneity of light collection efficiency or light
yield homogeneity.

Afterglow measurement results are consistent with Ajgos
parameter measurement; see Figure 6. For samples 1LGM2—4
(Mg < 30 at. ppm), no trend is observable; afterglow values

11 T T T 3.
5
1F )
6. 2
09 | i
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« 0.8 | o7 7

RLY.

0.7 -
06 .
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o8

04 1 1 1 1
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RIX,p

Figure 5. Relative light yield (RLYy) dependence on relative photolumi-
nescence decay integral (Rlx,). Values normalized to Mg-free sample
1LGM2. Number X in the figure denotes sample TLGMX.
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Figure 6. Time dependence of signal intensity of sample 1LGMS,
Mg = 30 at. ppm. The sample is irradiated by X-ray for a few seconds
until constant radioluminescence intensity is reached (flat top in the left).
Drop corresponds to the end of irradiation. Inset: Dependence of signal
integrated in time t from 3 to X ms, where t = 0 ms corresponds to
irradiation cutoff. Integrated signal is divided by average signal during
irradiation.

measured at 3 ms after excitation cutoff are in the interval of
0.073%-0.088%. Higher Mg?* concentration leads to after-
glow decrease—1LGMS5 (Mg = 30 at. ppm): 0.065%; 1LGM6
(Mg = 100 at. ppm): 0.058%, 1LGM7 (Mg = 300 at. ppm)
0.048%, and 1LGM8 (Mg = 700 at. ppm): 0.045%. The decrease
of afterglow with Mg concentration is also demonstrated in
the inset of Figure 6. According to our calculation based on
X-ray tube spectra and attenuation coefficient obtained from
NIST X-COM, roughly 5%-10% of energy from the 10 keV
X-ray tube spectrum is absorbed in the GGAG substrate. For-
tunately, the film thicknesses are very similar, and substrate
radioluminescence is very weak. Therefore, the trend of
these results seems to be unaffected by the signal from the
substrate.

Afterglow reduction by a factor of 2 seems to be only a small
success in comparison with Mg co-doped single crystals at first
sight. The reduction of afterglow by a factor of 25 in GGAG:Ce
was reported by Mg co-doping,®¥ and by 1-2 orders of magni-
tude in Mg-codoped LuAG:Ce.[*}] The explanation of the differ-
ence is extremely simple; afterglow of films is very small even
in the Mg-free samples.” In fact, afterglow of the Mg-free
1LGM2 sample is smaller than afterglow of any (Mg co-doped
or Mg-free) bulk single crystals reported so far.3>#" The after-
glow values of LuGGAG:CeMg set of film samples reported
in this study are the lowest ever observed in the fast Ce or
Pr-doped garnet scintillators.

As mentioned in the “Introduction” section, the high fps rate
imaging techniques and high cps yray spectrometry can benefit
such advanced thin film scintillators reported in this paper. At
the same time, film morphology must be of very high quality
over a relative large area of such a detector (up to a few inches of
diameter) and it is so far compromised by high viscosity of the
BaO flux.’!! Further technical work is necessary to improve this
aspect.
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3. Conclusion

Presented results prove that the Mg?* co-doping can
significantly —improve the timing characteristics of
(Lu,Gd)3(Al,Ga)501,:Ce,Mg LPE-grown films. Namely, relative
intensity of slow scintillation component decreases; the decay
constants are getting shorter; and afterglow is reduced. We
assume that faster response is caused by an increase concen-
tration of stable Ce*" centers, which are stabilized by Mg?" co-
dopant. At the same time, Mg?" might give rise to an unknown
(nonradiative) recombination pathway, which accelerates
scintillation decay as well, however, at the cost of light yield
reduction.

The Mg-free sample, 1LGM2, shows dominant decay time in
scintillation response of 55 ns with 73% intensity; afterglow is
0.074%. Better timing results are obtained with sample 1ILGM6
(=100 at. ppm Mg), dominant scintillation component decay
time is 47 ns with 71% intensity; afterglow is 0.058%. Even
faster response in terms of decay time and afterglow could be
achieved by higher Mg?" concentration, but at the cost of lower
light yield, reduced to 79% of Mg-free sample value (=300 at.
ppm, 1LGM?7, afterglow: 0.048%) or even to 43% (=700 at. ppm,
1LGMS, afterglow: 0.045%). At the highest concentrations, the
Mg co-dopant apparently introduces undesired negative effects,
and new nonradiative recombination centers might arise due
to some unknown complex defects. Tentatively, energy transfer
from the Gd3* sublattice toward CT absorption band of Ce**
may also play a role in energy loss and light yield reduction.

Timing characteristics are improved also in comparison with
our previous study of Mg-free multicomponent garnet films,
where the decay times of dominant component were in the
50-70 ns range,’*l while for the fastest samples of this study
are well below 50 ns, and the intensity and decay time of slower
components are reduced as well. Furthermore, the lowest after-
glow value reported for Mg-free LPE-grown garnets was 0.09%
and the very same sample exhibited intense slower scintillation
decay components in few microsecond time range.’* All other
Mg-free samples exhibited afterglow at least four times higher
than the best, here studied Mg co-doped samples.”* On the
other hand, comparing the best samples from both studies, the
Mg co-doped one shows the LY value by 15% lower.

In terms of timing characteristics, (Lu,Gd)3(Al,Ga)sO,,:Ce,Mg
epitaxial films represent probably the best garnet scintillator
samples ever reported. The most striking feature of these films
is very low afterglow, at least two times better than reported for
any garnet so far. Moreover, it follows from the decays under
SXR excitation that the signal level reaches 0.1% after just 1 us
in all the samples which makes them competitive candidates for
superhigh fps rate imaging techniques. This result was made
possible by combination of band-gap engineering, defect engi-
neering (by Mg co-doping), and liquid phase epitaxy technology,
which all reduce the negative influence of electron traps.

4. Experimental Section

The Ce,Mg co-doped epitaxial garnet films (Lu,Gd);(Al,Ga)sO;,:Ce,
Mg with Ce doping of 1 at% and different Mg contents were grown
in the Technology laboratory of the Charles University, Prague, by the
isothermal dipping liquid phase epitaxy from the BaO-B,0;—BaF, flux
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onto the Czochralski-grown undoped GGAG garnet substrates of 13 mm
diameter, 1 mm thickness, and (100) crystallographic orientation. The
garnet forming oxides comprise about 20 mol% of the melt; the
details on the LPE technique and the film growth from the BaO flux
were reported elsewhere.>! Resulting film thicknesses determined
by weighing were in the range from 15 to 17.7 um; see Table 2. The
crystallographic properties and lattice parameters of 1TLGM8 film were
checked using XRD (X-ray diffraction) on a PANalytical X-ray high-
resolution diffractometer and found similar to our previous study.’4

The Mg?" concentrations are given as stoichiometric coefficient
x in formula (CegoLug27Gdo 74)3-xMgx(Gaz45Al5.46)O12, X = 0-0.002
(0-700 at. ppm); see Table 2. Sample composition was determined
by electron probe micro-analysis; Mg content was measured by glow
discharge mass spectrometry (GDMS). All samples were grown under
the same conditions, at a growth temperature of 1030 °C, and from
the same melt, but Mg doping. Therefore, the Ce content and also the
content of potential accidental impurities coming from the flux, such
as Ba and B ions, were the same in all samples. Content of divalent
Ba%* ions in samples is <10 at. ppm according to GDMS, and their
influence can be neglected. Content of trivalent boron B3* ions in films
is 100-200 at. ppm; they have [He]1s? electronic structure, and their
electronic states do not take part in optical or emission processes.

Absorption and photoluminescence spectra were measured using
the commercial spectrometers Specord 250 and Horiba )Y Fluoromax
3. Radioluminescence spectra and photoluminescence decays were
measured at a custom-made spectrofluorometer 5000M, Horiba Jobin
Yvon, using an X-ray tube (10 kV, 50 mA) and nanoLED pulse excitation
sources, respectively. The X-ray tube is type DX-W 10x1-S 2400 W
(tungsten) short anode powered by high-voltage supply ISO-DEBYEFLEX
3003—60 kV (Seifert Gmbh).

Pulse-height spectrometry of pulses induced by o-particles was
used for photoelectron yield (PhY), energy resolution (FWHM) and
PhY-amplifier shaping time-dependence determination. Pulse-height
spectra were recorded by an experimental setup consisting of hybrid
photomultiplier (HPMT) model DEP PPO 475B, spectroscopy amplifier
ORTEC model 672, and multichannel buffer ORTEC 927TM. Silicon
grease was used for the optical coupling of HPMT and samples. Given
the film thickness, only the ca-particles from 23°Pu (5.157 MeV) could be
used for the excitation of film scintillation response. A radioactive source
was placed in direct contact with epitaxial film to minimize energy losses
in airl?2%3

Due to slow components in scintillation response, the PhY rises with
amplifier shaping time. In this article, parameter Ay;05 = PhY (10 ps)/
PhY (0.5 us) was used to quantify its increase, where PhY (t) means
photoelectron yield measured using amplifier shaping time t. Higher
Aw/o,s reflects more intense slower component with decay constants
several micrometers long.

A small penetration range of a-particles (=10 um) prohibits a reflector
application, resulting in poorer and badly defined photon collection
efficiency. Due to their small penetration range, all energy is deposited
in films and the substrate is not excited. Previously,’ a method used
for rough estimation of photon collection efficiency (CE) was published.
In this study, the same value, i.e., CE = 0.735, is used. CE and HPMT
photocathode quantum efficiency (QE) enable the recalculation of PhY
to LY: PhY = LY x QE x CE.

As for afterglow measurement, substrate response was excited by the
X-ray tube (the same as for RL spectral measurement) operated at 40 kY,
film response was excited by the same tube operated at 10 kV. Lower
voltage was used for films in order to avoid the substrate excitation as
much as possible. It was calculated that even at high voltage, 10 kV, a
few percent of X-ray photons penetrates into the substrate. Afterglow
was determined as a ratio of luminescence intensity during long X-ray
excitation and average luminescence intensity in an interval starting
3 ms after the excitation cutoff, and ending 50 ms after the excitation
cutoff. The excitation cutoff was executed after the photomultiplier
current stabilization.

Scintillation decay under the o-particle (5.5 MeV, 2*'Am) was
measured. Decay curves were measured using a photomultiplier type
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Hamamatsu R7207-01 and Tektronix TDS3052C digital Phosphor
Oscilloscope. Decay curves were decomposed into 2—4 exponential
terms. The convolution of multiexponential function with instrumental
response was fitted to experimental data using software SpectraSolve
3.01 PRO (1997 Ames Photonics, Inc.).

The scintillation decay was also measured under the excitation by
nanosecond-pulsed SXR photons from the infrared laser-produced
plasma in a gaseous argon target.”.?4l The incoherent SXR photon burst
had an FWHM of 4.7 ns and photon energy was within 350-450 eV,
for which the attenuation length was of a few hundreds of nanometers.
In the detection part a quartz collection lens, Thorlabs FB550-40
(550 nm/40 nm FWHM) dielectric bandpass filter, and a Hamamatsu
R7056 fast PMT operated in the direct current mode were used to detect
scintillation light. The instrumental response function was obtained by
measurement of spectrally unresolved scintillation decay of superfast
Ga-doped ZnO powder (scintillation response below 1 ns)! under the
same experimental conditions.
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Supporting Information is available from the Wiley Online Library or
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In scintillators, the high-energy particles (electrons, protons,
neutrons, alpha particles) or photons (X-rays or gamma rays) can
excite electrons in atoms, which then return to the ground state and
this return is accompanied by emission of visible photons, which
can be easily detected (measured) by standard detectors such as
photomultipliers, CCD, etc. The de-excitation can be prompt (in
nanosecond time scale) or delayed (miliseconds up to hours)—both
types are used in practice.

The single crystalline films with thickness of several micrometers
can be used for high resolution electron, cathodoluminescent, or
X-ray screens, in various applications for imaging of microscopic
objects with submicron resolution. Such films can be grown by the
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liquid phase epitaxy (LPE) from the flux. In this chapter the present
status of epitaxial oxide films, particularly garnets, perovskites,
and oxyorthosilicates, will be reviewed. We focus especially on the
growth procedure, and their luminescent and scintillation properties
in comparison with the properties of bulk single crystal.

5.1 Introduction

X-ray or electron microimaging with high spatial submicrometer
resolution using a single crystalline thin-film scintillator have found
number of applications [14, 15]. It is operating in many synchrotron
hard X-ray light sources [19] and X-ray screens where luminescence
image of a scintillation screen is coupled to a CCD digital camera [2,
24-26]. Transparent single crystalline films provide better spatial
resolution compared to powder phosphor screens due to eliminating
light scattered by phosphor particles [29]. On the other hand, their
efficiency is somewhat reduced due to waveguide effects in high
optical quality films. The films of high crystalline perfection are
needed where number of impurity ions and defects, which would
otherwise induce electron/hole traps in the energy gap, have to be
radically reduced. Due to low thickness, the scintillating films cannot
be used for gamma detection (large penetration depth). Their main
application is thus in detection of energetic particles (e.g., electrons,
cathodoluminescent screens) or soft X-rays. On the other hand, in
imaging applications, the energy resolution of scintillators is often
of minor importance.

Liquid phase epitaxy (LPE) is a versatile method suitable for
the growth of single-crystal films on single crystal substrates from
high-temperature solution. The method can be also used in material
research for development of new scintillators and it is more flexible
compared to growth of bulk single crystals by Czochralski or
Bridgman methods.

In the next sections we focus on the LPE growth of single
crystalline oxide scintillator films, especially aluminum garnets,
perovskites, and orthosilicates doped with rare earth ions such as
Ce3*, Pr3*, Tb3*, etc. The growth process and factors influencing the
scintillation efficiency such as melt composition, growth conditions
(i.e, growth temperature, supercooling, growth rate, used
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substrates) are described. Analysis of various fluxes with respect of
their influence on the LY, material performance, and defects in films
is discussed. The characterization methods with special emphasis to
examination of scintillation properties of thin films are described,
as well. Finally, the optical and scintillation properties of selected
garnet, perovskite, and orthosilicate epitaxial films are reviewed.

5.2 Liquid Phase Epitaxy

5.2.1 Principles of LPE of Oxide Scintillators

In the liquid phase epitaxy (LPE) technique a single-crystalline oxide
film is grown from high-temperature solution, widely known as
flux growth, on an oriented single crystalline substrate. Commonly
used oxide fluxes are PbO, PbF,, BaO, B,03, Bi,03, M003, etc. and
combination of them. The films are grown from supersaturated
(supercooled) melt at temperatures much lower than the melting
point of crystals. The supersaturation is usually obtained by cooling
the melt below the liquidus (saturation) temperature. In the
undercooled metastable region of the melt, the growth of crystalline
films begins on the atomic flat surface of the substrate whereby the
crystalline structure and orientation of the film is continuation of
that of the substrate. The method is suitable also for crystals that
melt incongruently, i.e., that decompose or have a phase transition
below the melting point.

In the flux LPE technique a slow transport of the crystal species
to the liquid-solid interface and low growth rate guarantee the
growth conditions close to thermodynamic equilibrium. Lower
growth temperature supports improved structural perfection and
excellent stoichiometry and enables to use lower growth rates for
improved thickness control and better surface morphology.

The LPE method was developed to high reproducibility in
1970s and applied for the growth of iron garnets [31-33] for
magnetic bubble memories, or integrated optical devices—planar
waveguide solid state lasers, e.g., YAG:Nd, Er, Yb, Ho, Tm [34-40],
saturable absorbers [34], high-temperature superconductors [43],
or compound semiconductors laser diodes, for review, e.g., Refs.
[44, 45]. In other thin-film growth methods based on physical vapor
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depositions (MBE, MOCVD, etc.), the films are deposited at extremely
high supersaturation far from equilibrium and they usually suffer
from much lower crystallographic quality what brings problems in
scintillation applications.

In this report we call attention to important aspects, which have
to be considered in material research based on LPE. The oxides
epitaxial layers are grown from the flux. Therefore, the flux ions are
always present as impurities in the lattice as discussed below. This
requires very careful examination of the physical properties of films,
and scintillation properties combined with optical absorption and
luminescence spectroscopies, PL decay kinetics, and composition
analysis (EPMA, GDMS) are particularly useful.

It is worth noting that epitaxial films grown on a substrate are
single phase, other phases are, in principal, suppressed and are not
constituted during the epitaxial growth on the oriented crystalline
substrate. This is essential advantage of the LPE process.

5.2.2 Isothermal LPE

In the epitaxial growth the melt is supercooled below saturation
temperature. In this metastable temperature region, the nucleation
of a crystalline material begins on a seed, i.e, on a substrate
immersed into the melt. Since the deposition of 1 um thick oxide film
takes from tens of seconds up to a few minutes, the LPE growth can
be conducted isothermally, which is easy to control. The isothermal
LPE method provides high-quality films with uniform thickness,
composition, and concentration of dopants.

The complex oxides (garnets, perovskites, etc.) are grown from
the flux at temperatures ~1000 °C, i.e., considerably lower compared
to single-crystal melting point (~2000°C), which is significant
advantage. For typical practical supercoolings ~2-20 K, the melt is
stable with respect to garnet nucleation and remain supercooled for
periods as long as 48 hours [33].

The isothermal dipping technique is schematically shown
in Fig. 5.1. The melt is first heated to temperatures 40-80 K
above saturation and homogenized by stirring for several hours.
Temperature is then decreased toward growth temperature and a
polished substrate, mounted horizontally on a Pt holder, is dipped
into the supersaturated melt. In order to prevent the depletion of
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garnet compounds at the growth boundary, the substrate is rotated in
the melt and the direction of rotation is periodically reversed. In this
way the melt is also homogenized during the LPE process especially
with respect to temperature and concentration homogeneity, which
results in uniform composition and thickness (~1-2%). Typical
rotations are 50-200 rpm with reversion every 2-20 revolutions.

| __— aluminarod

| __—— Ptholder

substrate

| ——— Ptcrucible

melt solution

3-zone heater

alumina tube

insulation

Figure 5.1  Schematic showing apparatus for isothermal LPE.

The saturation temperature, T, is determined from zero growth
rate—below Ts the film growths on a substrate, while above Tg
the substrate is dissolved in the melt. The growth rate depends on
several factors: along with the flux type and melt composition, the
most important factors are supersaturation, growth temperature,
and substrate orientation. The growth rate is typically 1 wm/min but
rates between 0.1 and 3 um/min are ordinarily used. This enables
to grow reproducibly films with thickness from submicrometers
up to tens (or even hundreds) of micrometers. The best quality
and uniform films are obtained at low growth rates, i.e., at low
supersaturation.
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There are several basic technological aspects which influence
the emission efficiency and the LY of LPE film scintillators. Together
with the flux composition it is primarily the supercooling, AT, and
the growth temperature, T;. Other important factors are growth
rate (which is closely related to AT and Tg), crystal orientation and
the lattice match with the substrate. These factors influence, e.g.,
the segregation coefficients of dopants and thus the concentration
of both activators and impurities. They are discussed in the next
sections.

Provided that oriented and perfectly polished substrates without
structural defects (dislocation, inclusions, etc.) are available,
perfectly uniform single-crystalline garnet films are fabricated using
this technique from the Pb0-B,05 flux with low defect density and
excellent surface morphology with nanometer surface roughness.
Since the growth is near equilibrium, the film properties, such as
concentration of dopants and impurities or surface morphology,
principally depend on the growth conditions (melt composition,
growth temperature, supercooling) and the growth process and
temperature should be well controlled.

Advantages and properties of the LPE:

- The LPE technique provides single-crystalline films with
structure quality comparable to that of used substrate;
the films grown at low supersaturation have excellent
stoichiometry with minimum defects.

- The quasi-equilibrium growth process of the LPE is favorable
for very uniform distribution of activator ions. It ensures
minimum concentration of intrinsic defects and high structural
perfection (low dislocation density, low concentration of point
defects) and high quality surface morphology.

- LPE is highly versatile method for material research—it is
easy to change composition (or doping) of films by gradual
modification of the melt, i.e., from a single melt a set of samples
with different composition (doping) can be produced.

- Epitaxial growth of samples ensures that no second phases
are present in the single-crystalline films.

Limitations and drawbacks of the growth from the flux:

- Impurity and contaminant ions from the flux (such as Pb?",
B3+, etc.) are inevitably present in the crystal and the growth
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of chemically pure samples is impossible. This is fundamental
drawback of the flux growth especially in case when the flux
impurities may have detrimental effect on physical properties
of samples (e.g., quench emission of scintillation films).

- Most frequently used PbO flux partly attacks the Pt crucible,
which results in contamination of the films also with Pt*
impurity.

- LPE is unsuitable for growing very thin layers (<100 nm) with
sharp interfaces, where accurate layer thickness uniformity
and reproducibility are required.

- Availability of high-quality substrates with good surface
quality and good lattice match to the film is essential.

- Film morphology is very sensitive to substrate properties
(lattice misfit, misorientation), substrate surface quality
and surface defects (dislocations, surface point defects, dust
particles) and such defects are invariably replicated in the
films.

5.2.3 Fluxes

The crystal-forming oxides are melted in the flux. Various fluxes
are used for the growth of garnet, perovskite, or orhosilicate LPE
films. Standard and commonly used flux is Pb0O-Ba,03, alternate
lead-free fluxes are BaO-B,03-BaF,, rarely MoO3-LiO; or Bi,0; fluxes
(for growth of Bi-doped films) were also used. Aluminum garnets,
perovskites, and orthosilicates melt congruently. However, when
complex oxides are grown from the flux, the solute has usually
different composition than the solution. One of the reasons is
the necessity to stabilize a particular phase—e.g., while growing
aluminum garnets it is necessary to select that region of the phase
diagram in which garnet is the only stable phase. Therefore high
excess of Al compared to Y is necessary in order to stabilize the
garnet phase and to suppress the perovskite one. The second reason
is different tendency of specific ions for incorporation into the crystal
lattice. This tendency is described by the segregation coefficient,
k, i.e., concentration ratio of a specific element in the melt and in
the crystal, k = Ccrysra)/Cmelr- Some large ions, e.g., Ce or Pr, have very
low segregation in garnets or perovskites, k < 1. Basic properties of
common fluxes are described in the following paragraphs.
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5.2.3.1 PbO-B,0; flux (here referred as PbO flux)

The PbO flux is the most common flux, considered as standard, for
preparation of oxide films. Examples of garnet epitaxial films are
shown in Fig. 5.2. Growth occurs under isothermal conditions. The
advantages of this flux is reproducible growth, high structural quality
films with uniform dopant distribution, smooth atomic-like surface
can be achieved, reasonable growth temperatures 900-1050°C, low
viscosity, and it is suitable for large-scale production. Addition of
small amount of B,03 into PbO largely improves the flux properties
and especially formation of defects in films is considerably reduced
[33, 46, 47]. The molar ratio Pb0:B,05 is usually between 10:1 and
20:1. The supercooled meltis stable with respect to garnet nucleation
and highly diluted PbO-B,03-garnet oxides melt can be supercooled
up to 150 K without spontaneous nucleation of the garnet phase.
In practice, however, films with the best properties (structure
morphology, surface properties, low impurity concentration) are
grown atlow supercooloing (1-10 K) and at low or moderate growth
rates < 1 um/min. The growth rate is approximately proportional to
the undercooling and rates from < 0.1 up to several um/min can be
achieved.

There are some severe disadvantages of the PbO flux, which have
to be carefully considered in growing of scintillation films. The flux
impurities, such as Pb%* and Pt** ions from the flux (PbO flux attacks
the Pt crucible), inevitably enter the crystal lattice. In scintillator
oxides (garnets, orthosilicates, perovskites) especially Pb?* ions
quench the Ce3* emission. Finally, the PbO flux suffers from higher
evaporation and volatility above 1000°C. To overcome limitations of
the PbO flux, especially to avoid Pb?* impurity, alternative lead-free
fluxes have also been employed.

Important parameter which determines the quality of films and
concentration of dopants (and also impurities) is supersaturation,
AT = Ts - Tg, where Tg, is the growth temperature. The best quality
films grown from the PbO flux are obtained at low undercooling
with well-controlled growth conditions. Under these conditions the
concentration of impurities, including Pb?* ions, in the garnet lattice
is significantly reduced. Likewise higher T contributes to reduction
of impurities; however, at temperatures above 1000°C, increased
evaporation of the melt appears. Concentration of the doping ions,
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such as Ce or Pr, depends similarly on the undercooling due to their
very low segregation coefficients. In optimized growth process at
low supercoolings the Pb%* impurity can be kept below 50 wt ppm
in YAG or LuAG and the effect of Pb quenching on Ce emission can be
reduced.

Figure 5.2  Garnet epitaxial films: (a) YAG:Ce film grown on YAG substrate;
(b) emission from GdYAG:Ce film excited by a blue laser beam
at A = 450 nm; the white bright spot is due to yellow Ce3*
luminescence and scattered blue excitation light from rough
surface; (c) green luminescence from LuAG:Ce films excited
at 450 nm. The emission is observed from edges due to the
waveguide effect. The thickness of films is 8-15 um, diameter
20 mm.

5.2.3.2 Ba0-B,0;-BaF, flux (here referred as BaO flux)

The BaO flux was developed for iron garnet film growth [48-50],
and adapted for the growth of high-purity aluminum garnets [4, 5].
This flux is primarily suitable for the growth of high-purity samples
with lowest-possible contamination, which depends only on purity
of input raw materials. Large Ba?* ions do not enter the garnet lattice
(according to the GDMS analysis Ba content in garnet films is <5 ppm
[12]). Although boron ions were detected in films 100-300 ppm,
they have not any noticeable effect on the scintillation properties
of garnet films [12]. The scintillation and emission properties of
LPE films grown from the BaO flux are markedly better compared
to PbO-grown films and comparable with high quality single crystal
counterparts [51-54].

Evaporation of the BaO flux is low, the flux does not attack the Pt
crucible, and high supercoolings up to 80 K were also demonstrated
[4]. However, the basic disadvantage of the BaO flux is much higher
viscosity compared to the PbO flux. The melt cannot be completely
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removed from the sample surface after the growth process and
aftergrowth may occur. Likewise increased content of crystal forming
oxides (which are close to the crystal stoichiometric ratio and form
~15- 25% of the melt) leads to higher viscosity. This all results in
higher number of surface defects [21, 49] (especially surface pits,
where some of them may come from imperfectly dissolved oxides)
and worse surface quality compared to PbO-grown films, see Section
5.2.5.

5.2.3.3 Other fluxes

Mo00;-LiMo0O, flux (gradient deposition technique)

This flux was rarely used for garnet growth [5, 55, 56]. This melt does
not attack the Pt crucible and its low viscosity and low evaporation
is an advantage. Garnet films with promising emission properties
were reported [5]. However, the solubility of garnet oxides in
this flux is very low, <2 %, and the growth in the temperature
gradient is inevitable. Rather problematic growth reproducibility
is fundamental disadvantage of this flux since the growth process
is essentially dependent on the temperature profile and also on
temperature history of the melt.

Bi,03-B,0; flux

This flux can be favorably used for the growth of Bi-doped (garnet)
oxides [57-59]. Large Bi ions partly enter the garnet lattice, their
maximum concentration is, however, limited and depends on the
lattice constant of the host. This flux eliminates occurrence of Pb2*
ions in films; however, the films grown from Bi,03; do not reach the
quality of PbO grown films.

5.2.3.4 lon segregation coefficients

In the growth of substituted or multicomponent oxide systems
(e.g., garnets, silicates), the knowledge of segregation of ion species
between the melt and the crystal is important. The effect of cation
size of RE ions on the segregation coefficients in iron and gallium
garnets was frequently studied, e.g., Refs. [60-62], and general
conclusions are valid also for aluminum garnets. We report here
results concerning doping of Ce, Pr, Gd, Tb, Ga, and Sc atoms into
aluminum garnets, YAG, and LuAG.
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The segregation depends on the radius of a doped ion, but also
on growth conditions, such as the growth rate, supersaturation,
growth temperature, used flux, and on lattice constant of grown
crystal (i.e, on crystal composition). Segregation coefficients of
several ions used in scintillation garnet systems grown by the
LPE from PbO and BaO fluxes are surveyed in Table 5.1, data are
from Refs. [4, 5, 12, 20, 48, 63]. The ionic radii of light RE ions in
garnet crystal sites with CN = 8, Ce3* (1.143 A) and Pr3* (1.126 A)
are much higher compared to those of the host ions Y3* (1.019 A)
or Lu3* (0.977 A) and their segregation coefficients are very low.
Therefore high excess of Ce or Pr oxides in the melt is inevitable.
Furthermore, amount of CeO, or Prs0; oxides in the melt is limited
by their solubility in the flux: e.g., as for CeO, its maximum is about
0.2 gand 0.5 g in 100g of PbO [15] and BaO flux [4], respectively.
Above these limits the oxides are not completely dissolved and
form second phases on the melt surface with negative impact on the
morphology of the epitaxial film. Second, the segregation depends
significantly also on the growth rate especially for ions with low
segregation such as Ce and Pr. In Fig. 5.3 concentration of cerium in
Ce:LuAG films grown from PbO fluxes with various content of garnet
forming oxides in the melt is shown as a function of the growth
temperature. It is evident, that segregation coefficient of Ce can
differ by a factor of 3 for a specific flux composition in dependence
on the supersaturation (growth temperature). Similar development
is observed also for films grown the BaO flux [4]. Since the growth
rate is roughly proportional to supersaturation, we can infer general
trends and common properties of both melts: the higher the growth
rate (i.e., supersaturation), the weaker is segregation of ion species
between liquid and solid, and vice versa. This indicates, that at high
growth rates (high supersaturation) concentrations of Ce or Pr ions
in the crystal are significantly increased. However, this tendency is
observed also for other large ions including Pb%*(1.29 A) impurity,
which quench the Ce3*(5d-4f) emission.

While segregation of the RE ions does not differ much for both
PbO and BaO fluxes, interestingly, it is very different for Ga ions,
which substitutes for Al in octahedral and tetrahedral sites (see
Table 5.1).
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Figure 5.3  Concentration of cerium in LuAG:Ce films grown from various
Pb0-Ba,0; fluxes as a function of the growth temperature. The
films were grown on (111) oriented LuAG substrates except
for series 6LuC and 8LuC which were grown on (110) oriented
substrates. The content of garnet forming oxides in particular
fluxes varied in the range from 4.1 to 5.6 mol. %, cerium
content was in the range from 2.7 mol. % (1LuC) to 5.6 mol. %
(9LuC) of garnet oxides. Reprinted from Ref. 4, Copyright 2010,
with permission from Elsevier.

Table 5.1 Segregation coefficients for selected trivalent ions in LuAG and
multicomponent GAGG garnet epitaxial films grown from PbO-
B,03 and Ba0-B,053-BaF, fluxes

PbO flux BaO flux

LuAG* LGAGG**  LuAG LGAGG
Y 0.9 1.1
Ce 0.01-0.05 0.05-0.08 0.05-0.2 0.1-0.2
Pr 0.03 0.03-0.06
Gd 0.65-0.75 0.8-0.9 0.5-0.7 0.8-0.95
Tb 0.5-0.7 0.7-0.9
La 0.005
Ga 0.35-0.5 0.55-0.65 1.3 1.3-1.5
Sc 1.2-1.8 2-4 1-1.6

* LuAG = LuzAl50;,
** LGAGG = (LuGd);(GaAl)50;,
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Furthermore, the lattice parameter plays also substantial role for
ion segregation. LUAG and GAGG have different lattice constant, a
= 11.91 and 12.3 A, respectively. Higher k values for large RE ions
(Ce, Pr and also Pb, Ga, Sc) in multicomponent GAGG films is mostly
related to their larger lattice parameter and consequently more
space available for large RE or Ga substitution.

5.2.4 Epitaxial Growth on Substrates

Growth of high quality single crystalline films by the LPE is limited
by availability of suitable substrates. Since the LPE is a near-
equilibrium process, it is very sensitive to growth parameters.
Basic requirements on substrates are low lattice misfit at growth
temperature, similar thermal expansion coefficients of the substrate
and the film, low misorientation, and good chemical/thermal
stability. In homoepitaxial growth, the substrate should have the
same crystallographic structure and match the lattice constant
with the film. The formation energy of dislocations in garnets is so
high that mechanical stress induced by a difference in the lattice
constants of film and substrate cannot be released through misfit
dislocations. Instead, the film on the substrate is elastically strained.
The lattice misfit (mismatch), i.e., difference between substrate and
film lattice constants, Aa = a, - a¢", can easily be determined by X-ray
diffraction. At low misfit, Aa/as < 0.2%, the film is grown under the
tension or stress and in-plane lattice constant afl of the film is the
same as that of substrate, while out of plane constant a¢- differs. High
quality garnet films with nanometer rms surface roughness (see Fig.
5.4) can only be grown on substrates at low lattice mismatch, <0.1
%. In heteroepitaxial growth, the growth of single crystal garnet (or
silicates) films on garnet (silicate) substrate at mismatch as high
as ~2 % was demonstrated [4, 63, 64]; however, at the expense of
surface morphology and flatness. At high mismatch the rms surface
roughness is as high as hundreds of nm and the film surface is matte.

The lattice misfit has a substantial effect on nucleation and
epitaxial growth and consequently on structural perfection
of an epitaxial layer. During the layer growth the misfit is first
accommodated by ahomogeneous strain, and after reaching a critical
layer thickness, which depends on the degree of misfit and thickness
of the film, the strain is released by cracking of the film-substrate
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structure. In garnets the misfit dislocations, which accommodate the
strain are prevented—they are energetically unfavorable due to the
high energy necessary for their formation. As a consequence, if the
mismatch between film and substrate exceeds critical value (about
~2% in garnets or orthosilicates), nucleation does not occur even
in strongly supersaturated melt. Critical mismatch depends to some
extend on material to be grown, flux used, substrate parameters
(orientation, composition).

1.695 nm

& 0nm

Figure 5.4  AFM topography of the surface morphology of Yb3(AlGa)504,:Er
garnet epitaxial film grown homoepitaxially onto (111)
oriented YAG substrate from the PbO flux. Reprinted from Ref.
16, Copyright 2015, with permission from Elsevier.

One of possible mechanisms of growth of films with large misfit
is formation of a transient layer at the film-substrate interface [31].
It is formed both in homo- and heteroepitaxial growth. Its thickness
is from tens of nanometers up to micrometers. The composition of
the transient layer gradually varies, it contains usually surplus of
flux or doping ions, e.g., Pb, Ga. At small misfit it balances the lattice
constants of the epilayer and the substrate.

Homoepitaxially and heteroepitaxially grown films observed in
optical microscope are shown in Fig. 5.5. The homoepitaxial films
with lattice mismatch Aa < 0.2 % have smooth glossy surface, those
grown heteroepitaxially with Aa > 0.5 % are matte with rough surface.
The rms surface roughness measured by the Zygo interferometric
profiler is ~1 nm and ~300 nm in homo- and heteroepitaxial films,
respectively.

An important issue is the morphology of the film surface and
film/substrate interface. Large lattice mismatch between the
Ce:LuAG film and the YAG substrate at heteroepitaxial growth, Aa
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= -0.09 4, is the main problem in obtaining films of high surface
perfection. The formation of a transient layer at the film-substrate
interface is of real importance, especially for very thin films. In the
transient layer the chemical composition changes and a crucial issue
is its contamination by impurity ions from the flux and presence of
other defects. For small film-substrate lattice mismatch, Aa < 0.02
A, this transient layer is usually narrow from several to dozens of
nanometers. For higher lattice mismatch the morphology of the
transient layer is more complicated. The edges of samples cleaved
normal to the film-substrate interface are shown in Fig. 5.6. Sharp
film-substrate interface is observed at homoepitaxial growth of
the Ce:LuAG/LuAG system (Fig. 5.6a), where the lattice constants
of the film and substrate virtually merge. Because of nearly the
same chemical composition, the optical contrast between film and
substrate is very weak and the film-substrate interface is difficult to
observe. On the other hand, at heteroepitaxial growth of Ce:LuAG/
YAG system, where the lattice mismatch is high and the film-substrate
interface is apparent, Fig. 5.6b. An oriented columnar-like structure
of the film is observed in optical microscope. The morphology of the
transient layer may be critical especially in micrometer thick films
and a detailed study of its structure is called for.

IMG_0331 . IMG_0019

Figure 5.5  Optical microscopy of (111) oriented LuAG:Ce epitaxial films
grown from PbO-flux: (a) high quality film grown on LuAG
substrate, lattice misfit Aa < 0.01 A (homoepitaxial growth),
(b) LuAG:Ce film grown on YAG substrate (heteroepitaxial
growth), lattice misfit Aa = 0.09 A. Reprinted from Ref. 21,
Copyright 2010, with permission from Elsevier.

The LPE growth process depends also on substrate
crystallographic orientation. The misorientation of a substrate from
optimal direction may lead to step-like surface of films. Only LPE at
low supersaturation can yield atomically flat surfaces.
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Figure 5.6 Cross section of cleaved samples observed in optical
microscope; the arrows point to the film/substrate interface.
(a) Homoepitaxially grown Ce:LuAG film on LuAG substrate,
lattice constants of the film and substrate are almost the same,
Aa < 0.01 A, and sharp film-substrate interface is observed. (b)
Heteroepitaxially grown Ce:LuAG film on YAG substrate, the
lattice mismatch is rather high, Aa = 0.9 A. Transient layer and
columnar-like film growth is easily observed. Both films were
grown from the PbO flux. Reprinted from Ref. 4, Copyright
2010, with permission from Elsevier.

Aluminum garnets are routinely grown on YAG substrates
cut from Czochralski grown single crystals, which are available in
diameters up to 100 mm. Other garnet substrates with different
lattice parameters such as LuAG, GGG, rarely NdGG, YGG, etc., were
also used, their structural parameters are shown in Table 5.2.
Substrates with perovskite and orthosilicate crystal structure are of
limited availability, the epitaxial films are usually grown on YAP or
YSO, respectively.

The substratesreported in Table 5.2 suffer from one disadvantage:
under high-energy excitation the host emission is induced in the
UV spectral range. This may cause problems in some thin-film
applications, since gamma or hard X-rays penetrates through
the film into the substrate and the substrate emission is excited
simultaneously with the emission from epitaxial film. Because of
different timing characteristics of film and substrate emissions, it is
be desirable to suppress the substrate emission. This can be carried
out by intentional substitution of the host crystal by appropriate rare
earth ions, e.g,, Yb, Tm. At high RE concentrations, the RE emission
also disappears due to concentration quenching [65]. As an example,
crystals such as YbAG, YGG, GGG, YbSO have negligible emission. This
approach was used for LSO:Tb scintillation films for microimaging
using hard synchrotron radiation in ESRF [2].
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Table 5.2 Parameters of typical garnet, perovskite, and orthosilicate
substrates. CN, coordination number; Z.;, effective atomic
number; p [g/cm3], density

Crystal Lattice Cation CN,
structure, constant Y3+
Substrate space group [A] symmetry) Zs/p References
Garnet
YAG cubic, Ia3d a=12.008 Y-8 (D,),Al-6,4 32/4.56 [31]
LuAG “ a=11913 “ 62/6.70
GGG “ a=12383 “ 70/7.08
Perovskite
YAP orthorhombic a=5.332  Y-12 (Cyy), Al-6  33/5.35 [66]
Pnma b=7.356
c=5.176
LuAP “ a=5330 “ 65/8.34 [66]
b=7.294
¢=5.100
Orthosilicate
YSO monoclinic  a=14.371 Y1-7,Y2-6 (C;), 39/4.54 [67]
B2/b b=10.388 Si-4
c=6.710
y=122.17°
GSO P2,/c a=9.131 Y1-9,Y2-7 (Cy) [68]
b =7.045
c=6.749
y=107.52°
LSO B2/b a=14277 Y1-7,Y2-6 (C;) 66/7.4 [69]
b=10.246
c=6.640
y=122.22°

5.2.5 Defects in LPE Films

Compared to Czochralski grown single crystals, the layers prepared
by the liquid phase epitaxy (LPE) are grown from the flux at much
lower temperatures and hence with lower structural disorder and
lower number of intrinsic defects, e.g., antisite defects. On the other
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hand, various impurities can enter into the crystal lattice from
the flux and some new defects specific to the LPE technology are
induced during the growth. Furthermore, other factors inherent
for epitaxial layers such as flux properties (composition, viscosity),
growth conditions (growth temperature, supercooling, growth
rate), substrate properties (film-substrate lattice match, defects in
substrates) influence the quality of epitaxial films and subsequently
their scintillation properties.

The crystallographic quality of substrates is of primary impor-
tance for growth of high-quality epitaxial films. All defects which in-
tersect the substrate surface, e.g.,, dislocations, inclusions near the
surface, scratches due to imperfect polishing, dust particles on the
surface, etc., are replicated into the film and result in macroscopic
defects. Although such defects usually do not affect notably the scin-
tillation properties, however, they have to be eliminated in imaging
screen application, where also high-quality surface morphology is of
crucial importance.

The second type of defect are intrinsic ones on the microscopic
(atomic) scale, such as impurity ions, various structural defects,
vacancies, antisite defects, which may have, on the other hand,
a dramatic impact on the scintillation properties since they may
induce trap states in the forbidden gap.

Lattice (structural) defects

- Antisite defects (AD) Yy, Luy, observed in oxides with two
or more cation crystal sites (YAG, YAP), where Y or Lu ion
is situated in octahedral (preferable Al) site instead of its
preferred dodecahedral site. They form shallow trap states
and induce slow component in the scintillation decay and
seriously reduce the LY. AD defects are produced due to high
crystal growth temperature in Czochralski or Bridgman
techniques. In epitaxial films the AD are significantly reduced
compared to SC due to lower growth temperature [70];
however, recent studies indicate non-negligible AD content
even in films grown from the flux [71].

- Deep traps formed by oxygen vacancies, such as F+ or F
color centers, drastically decrease the scintillation LY. These
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vacancies form very effective electron traps. The vacancies are
induced during the growth of single crystals in the reducing
protective atmosphere [72] and they are eliminated by post
growth heat treatment in oxidizing atmosphere. The color
centers are effectively suppressed in epitaxial films due to
the growth in oxidizing atmosphere and at significantly lower
growth temperatures ~1000°C compared to single crystals.

Impurities

In the LPE techniques the films are grown from the flux and
elimination of impurities is of significant importance.

- Isoelectronic trivalent impurity with closed electron shell,
such as B3*(1s?) Sc3*(3p®) La®*(5p®) do not show any
radiative transitions in the visible and UV spectral regions.
At low concentrations they do not influence notably the LY.
However, as a point defect in the lattice they change the ion-
ion distance and cause deformation of the crystalline field due
to different ionic radii. Generally, the efficiency of scintillator
materials is decreased by processes associated with electrons
or holes trapped at point defects. When Sc- or La-doped YAG/
LuAG is excited at the bandedge or by high-energy photons/
particles, an intense broad emission band is induced near 275
nm in photoluminescence or radioluminescence spectra [73].
This emission, which has decay time of ~0.6-1 s, originates
from recombination of an exciton located near the Sc defect.

- Divalent or tetravalent impurities with closed electron shell
np® (e.g, Mg?*, Ca?*, Zr**, Hf**): their effect on scintillation
properties is divers depending on their concentration and type
of the host lattice. At higher concentrations the non-isovalent
ions always quench the 5d-4f luminescence of Ce3* or Pr3*
ions since they are electron/hole capture centers. However,
atlow concentrations as trace impurities, they can sometimes
even improve scintillation properties, e.g.,, co-doping with
Ca?* in LSO/YSO:Ce increases LY and shorten decays [74] and
reduce afterglow. It has been proposed that doping YAP:Ce
with Zr** can change the concentration of point defects
[75], e.g., decrease concentration of oxygen vacancies [76].
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Divalent ions Mg?* or Ca?* change valency of cerium to Ce**.
Stabilization of a part of the cerium in the tetravalent charge
state provides an additional fast radiative recombination
pathway in the scintillation mechanism [77]. Discussion of
intrinsic or extrinsic defects (“defect engineering”) can be
found in number of publications [70, 78-86].

- Transition metals (TM) usually quench RE emission, e.g., Fe3*
heavily quenches the PL, its emission is at 780 nm at RT.

- Pb, Pt are typical impurities in LPE films grown from the PbO
flux. Pb?* ion has large radius and its concentration is typically
tens of ppm in YAG/LuAG [4, 63]. Nevertheless, presence of
Pb2* appeared problematic since they induce absorption in
the deep UV range and quench effectively the Ce3* emission
[87, 88]. Furthermore, in garnets with larger lattice constant
(GAGG) and especially in perovskites and othosilicates, where
larger lattice space is available, concentration of Pb ions
significantly increases.

- Energy levels of most of defects are situated in the energy gap.
These trap states can capture electrons or holes, and represent
thus a parallel channel for recombination (either radiative or
nonradiative) with negative impact on scintillation efficiency
(decreased LY, delayed decay or afterglow).

Macroscopic defects in epitaxial films

Good lattice match between the layer and the substrate is required
in order to obtain good-quality single-crystalline layers. If the lattice
mismatch exceeds about + 0.02 A, faceting or cracking appears in
layers grown under pressure or under strain, respectively.

The epitaxial garnet films can be grown on substrates of various
orientation, the best results are usually obtained for (111) oriented
substrates. While a slight misorientation of (111) planes, even
of several degrees, has a negligible effect on the surface quality, a
misorientation of (110) plane of 0.5 deg resulted in faceted surface.

Many of surface defects of the LPE films are closely connected
to the growth process and to the flux properties. The surface pits
are frequent defects observed in LPE layers. Typical triangular and
hexagonal pits observed in (111) surfaces are shown in Fig. 5.7a.
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The orientation of pits is closely related to the crystal axis, the edges
of triangles are in 110 directions. The origin of the pits is diverse—
they may come from the point defects in the substrate (dislocation
pits), from microscopic dust particles firmly attached on the surface
during immersing the substrate into the flux, or directly from the
flux (solvent particles).

In addition, the defects in the substrate that intersect the surface
(such as dislocations, cation inclusions or mechanical defects) are
often replicated into the film in the form of pits. Mechanical defects
(scratches) in the substrate induced during the polishing are
amplified in films and pit lines may appear (Fig. 5.7b).

IMG_0172 >

Figure 5.7 Triangular and hexagonal surface pits observed by optical
microscopy in YAG:Ce films grown on (111) oriented YAG
substrates (a), the pit lines in epitaxial film grown onto
insufficiently polished YAG substrate (b); the films were grown
from the MoOj; flux. Reprinted from Ref. 21, Copyright 2010,
with permission from Elsevier.

The pit defects are usually created at the very beginning of the
growth process in the film/substrate interface due to the starting
instability of the growth. However, a detailed inspection of Fig. 5.7
reveals also pits of smaller dimensions, which do not originate from
the interface but were generated later during the layer growth. This is
supported also by the fact that thick layers (dozens of micrometers)
contain higher number of pits than the thin ones. Such pits come
from “solvent particles,” namely from some oxide components
insufficiently dissolved in the flux. Particularly the layers grown
from the BaO flux are susceptible to the pit creation. This flux suffers
from high viscosity and high surface tension compared to the PbO or
Mo0Oj3 ones. This brings about a reduced flowing of the BaO flux and
slows down dissolving of individual melt components. The surface
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pits cause scattering of emitted light and they should be eliminated
in high resolution scintillation imaging screens.

Dislocation defects, shown in Fig. 5.8 (left), result in individual
dislocation pits as those in Fig. 5.7a. Very rough surface in Fig. 5.8
(right), with large number of pits was grown from nonhomogenous
flux with undissolved solvent particles.

Figure 5.8  Left: Dislocations in LuAG single-crystal substrate observed
in polarizing microscope. Right: Large number surface pits
in Ce:LuAG epitaxial film grown on (111) oriented substrate;
the pits were induced during the growth due to undissolved
solvent particles.

5.3 Characterization Methods: Experimental
Techniques

Characterization methods for thin-film scintillator differ in many
details from those commonly used for characterization of bulk
materials. As an example, the LY or scintillation decays cannot be
measured by standard y-excitation, since the penetration depth of y
rays is much larger than the films thickness (mm x pm) and thus the
effective signal comes mostly from the substrate. The films are usually
excited either by soft X-rays (e.g., steady state RL measurements) or
by alpha particles at 5.166 MeV (which have penetration depth about
10-15 um in YAG/LuAG [41]) or by energetic electrons, penetration
depth < 1 um for 10 keV electrons [89].

5.3.1 XRD and Structural Properties of Films

The films grown by the LPE are single crystalline and single phase
and their structural properties are comparable to those of substrate.
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Combination of XRD, EPMA, and lattice constant calculations [90]
provide valuable information not only on composition but also on
occupation of individual crystallographic sites by particular ions.

XRD properties of several films are demonstrated in Fig. 5.9.
The diffraction profile of the symmetric 444 diffraction of a Ce:YAG
film grown on YAG substrate (homoepitaxy) from the PbO flux is
shown in Fig. 5.9a. Lower intensity of substrate diffraction is due to
radiation absorption in 11 um thick film. Observed half-width of 444
diffraction peak in the epitaxial film, 12 ang. seconds, is comparable
to that of the substrate (10 ang. seconds) giving evidence of high
crystallographic quality of the film. From the position of the 444
diffraction peak in this sample, the lattice constant in the direction
normal to the film surface was determined as a; = 12.0114(1) A. The
measured lattice constant of the YAG substrate was as = 12.0093(1)
A. The higher lattice constant of the films compared to the substrate
isin accord with the doping of large Ce3* ions, ionicradius r'"' = 1.143
A, into the dodecahedral sites of YAG. On the contrary, the XRD study
shows that the lattice constant of Ce-doped LuAG films is even lower
than that of pure LuAG substrates. This discrepancy can be explained
due to the antisite Luy defects which occur in the Cz grown LuAG
crystals, i.e., a part of small Lu3* ions, r¥!!! = 0.977 A, is situated in the
octahedral sites instead of regular Al®* ions. These defects increase
the lattice constant of a substrate compared to the stoichiometric
crystal. In epitaxial LuAG films the concentration of these Luy,
defects is presumed to be much smaller than in the substrates [7,
30] due to much lower growth temperature of films compared to
that of the Czochralski or Bridgman grown crystals. As concerned
the YAG substrates, the ionic radius of the Y3* ions is much higher
(rV'' = 1,016 A) compared to Lu3* ions. Therefore the concentration
of antisite Y, defects in YAG crystals is accordingly lower than that
in LuAG crystals and the deviation from the stoichiometry of YAG is
also significantly lower.

The asymmetrical reciprocal space map (RSM) around the
asymmetric diffraction 664 (Fig. 5.9b) suggests that homoepitaxially
grown samples, ie. Ce:YAG/YAG and Ce:LuAG/LuAG, showed
pseudomorphic film on substrate (the intensities of scattered X-rays
in the reciprocal space exhibit the same Q, coordinate in the RSM),
i.e. the film lattice parameter in the plane is the same as that of
substrate, a; = as. Since a, differs only slightly, <2 x 10~*, any misfit
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dislocations are not expected in the film/substrate interface and a
macroscopic elastic strain is present in the film.

In the hetereoepitaxy, i.e, Ce:LuAG films grown on the YAG
substrates or vice versa, due to their different compositions,
an emergence of the film-substrate mismatch is expected. The
prepared films were admittedly crack-free but they were relaxed
and exhibited different growth morphology than the homoepitaxial
films. The lattice mismatch between the substrate and the film was
as high as Aa = ag - ag = - 0.09 A (Aa/a = 0.8 %). This value is too
large for the pseudomorphic growth. It is worth noting that for iron
garnets the condition for the mismatch is rather severe and the
mismatch should not exceed +0.02 A to avoid cracking or faceting of
films. At excessive mismatch the films do not even nucleate [31]. In
contrast, the crack-free LuAG epitaxial films on YAG substrates were
successfully grown in spite of large mismatch. In this case the films
were completely relaxed and both the normal and in plane lattice
parameters of a film and a substrate strictly differ. The RSM around
the asymmetric diffraction 664 for Ce:LuAG film grown on (111)
oriented YAG substrate from the PbO flux is shown in Fig. 5.9c. The
lattice parameter of the Ce:LuAG film corresponds to that of LUAG
crystal,a=11.916 A, while the measured parameter of YAG substrate
is ag = 12.009 A. Therefore the misfit dislocations that release the
misfit strain are in the film/substrate interface. This fact enables to
grow rather thick heteroepitaxial garnet films. The RSM of the film
diffraction is broad compared to that of the substrate, Fig. 5.9c, which
shows that macroscopic defects are present in films. Nevertheless,
the XRD proved that the films are of single garnet phase and the
films exhibit a distinct (111) orientation. The other parameters of
heteroepitaxial films, e.g. growth rates, concentration of cerium or
impurity ions, optical and emission properties, decay kinetics, are
quite comparable with those for the homoepitaxial films. The major
difference between these two types of films is surface roughness,
film/substrate interface and different growth morphology.

5.3.2 Optical Methods: Absorption, Photoluminescence,
PL Decay Kinetics

The optical methods—absorption, PL, and PL decay method—
are in principle the same as those for bulk sample measurement.
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We mention here only some problems specific to thin-film
measurements.

Photoluminescence (PL) spectroscopy. Mutual comparison of
the emission spectra in an absolute way (i.e.,, comparison of PL
intensities) of thin-film samples is problematic due to various
geometric factors influencing the PL intensity, which are difficult
to take into consideration, as waveguide effect, quality of the edge
profile, surface quality. Especially scattering centers on the surface—
ideal optical waveguide with emission from the edge in high-quality
films with perfect surface morphology vs. intense emission from the
rough surface of heteroepitaxially grown films. Nevertheless, the
PL spectra can be reliably compared in a relative way (normalized
spectra). When the PL spectra are to be compared in an absolute way,
great care should be devoted to the elimination of the geometric and
surface factors (such as surface quality and scattering centers on the
surface, edge profile, thickness of films, etc.). In the PL experiments
the substrate can be also excited, since the films are semitransparent
in the visible and UV spectral ranges up to 200 nm. If the substrate
contains intentional RE or TM impurities or color centers it can
contribute to the measured signal.

Thermo stimulated luminescence (TSL) is important technique
providing information on shallow defects (e.g., AD). However, only
limited number of experiments were published in thin films [13]
due to very weak signal from the film (several micrometers thick).
Attention should be paid to filter out the signal from the substrate,
which can be orders of magnitude higher, the best way is to polish
the substrate out.

Scintillation decay kinetics of emission centers—very important and
reliable method providing information on physical processes in the
scintillator (on emission centers, traps, energy transfer, possible
quenching centers, etc.). In epitaxial films decays excited by alpha
particles or by electrons (CL decay) are the only possible ways.

5.3.3 Scintillation Properties

Radioluminescence spectroscopy (RL) excited by X-rays or by alpha
particles, cathodoluminescence (CL) is excited by an electron beam.
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Both RL and CL originate from host-to-activator energy transfer
mechanism and characterize the steady state scintillation properties.
The RLis measured under X-ray excitation usually at lower excitation
voltage of 10 kV (just to decrease the penetration depth) which
would ensure that the film is primarily excited and contribution of
the substrate to the RL emission is suppressed as much as possible.
However, low excitation voltage is at the expense of decreased signal-
to-noise ratio. Absorption efficiency as a function of X-ray energy, in
% of absorbed radiation, for several garnets and oxide scintillators
is displayed in Fig. 5.10. It is evident that thin films are not suitable
for detection of high-energy X-rays.
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Figure 5.10 Absorption efficiency of oxide scintillators used for high-
resolution X-ray imaging for 5 pum thick films. Reproduced
from Ref. 19, with permission of the International Union of
Crystallography.

The penetration depth of electrons [89] is significantly lower
compared to @ particles or X-rays and submicrons films can be reliably
measured. Apparatus for cathodoluminescence characterization of
materials is described in ref. [91].

5.3.4 LY Measurements of Scintillating Epitaxial Films

In this section we present analysis of light yield (LY) measurements
of thin films using alpha particle excitation. The LY measurement of
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epitaxial films must face a problem of very low thickness of the films,
from ~1 pm up to a few tens of micrometers [4, 5,92, 93]. Probability
of photon interaction in the film is very low, probability of interaction
in the substrate is much higher. Unfortunately, substrate generates
scintillation response also. In case of thin films, penetration range
of secondary electrons must be considered. The range is at least
several tens of pm in LuAG or YAG for photons over 100 keV, greater
than film thickness.

Low-energy photon radiation is not of practical use either. It is
absorbed in the film almost entirely, but low energy leads to low
response, few tens of photoelectrons at best for relatively high light
yield. Problems are caused by low quantum efficiency, low photon
collection efficiency and low number of scintillation photons. It is
very hard to measure such low response precisely. Beta radiation
sources face the same problem and they are not even monoenergetic.

On the other hand, penetration range of alpha particles R,
emitted by common radionuclides is from 10 to 14 pm in LuAG/YAG
[41, 51]. Energy over 5 MeV ensures sufficiently high response, R, is
usually lower than film thickness. Alpha particles may be considered
monoenergetic. Measurement chamber must be either evacuated
or source must be in direct contact with the film [41, 51]. Vacuum
offers better reproducibility and safety, “contact” is simpler, cheaper
and allows measurement of response of films with thickness d < R,
see below.

Unfortunately, low R, excludes usage of reflector. Scintillation
photon collection efficiency diminishes and is hard to quantify. Usage
of reference bulk crystals with known light yield is recommended.
Otherwise, photoelectron yield for given geometry would be known
only.

Experimental setup for light yield (photoelectron yield)
measurement is almost the same as for bulk crystals, the application
of alpha particle sources is the only one significant difference. In the
detection unit a hybrid photomultiplier (HPMT) [94, 95] coupled
with preamplifier, amplifier, multichannel analyzer and PC is used.
Calibration of setup is done by dark pulses spectrum measurement
[96].

Measured spectra usually contain one broad peak with very long
tail on low energetic side. The peak can be fitted by Gaussian. Thus,
photoelectron yield and energy resolution are obtained [41].
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If R, is longer than film thickness, two peaks arise in the
spectrum, see Fig. 5.11 [41]. Higher energy peak (HEP) is created
by alpha particles depositing entire energy in the film, see particles
Cand D in Fig. 5.12. Lower energy peak (LEP) is created by particles
only passing through the film, as A and B in Fig. 5.12. If number
of detected particles is Npgr, number of pulses in HEP Nygp, then
relative peak area Nygp/Nppr = d/R, [41].
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Figure 5.11 Spectrum of film with thickness below 2 pm fitted using
equations (5.3) and Nygp/Npgr = d/R,,.
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Figure 5.12 Left: Geometry of measurement. Particles Cand D are depositing
entire energy in the film, particles A and B are depositing part
of the energy in the substrate. Right: Dependence of PhY(t,)/
PhY(t, = 0.5 ps) on shaping time and the fit, see text for details.
Results for LuAG:Ce bulk crystal.

Energy deposition of particles contributing in HEP is
monoenergetic, response should be Gaussian. For LEP shape
calculation, straight track of alpha particles, constant R, and
constant linear energy transfer (LET) were assumed, i.e., Bragg peak
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was omitted. Last assumption is acceptable, because response per
track length is not strongly dependent on LET for high LET.

Let S, be the scintillation response, film photoelectron yield is
PhY;, substrate photoelectron yield is PhY,, E; is energy deposited in
the substrate, E;is energy deposited in the film, E, is energy of alpha
particle, and 6 is the angle in Fig. 5.12. S, = PhY{E; + PhYE,.

For 6 < ecritical:

S, = PhY;

d
—oog Fat PhY, (Ea - Ea] (5.1)

Rcos 6
The goal is to find dN/dS,, i.e., distribution of number of pulses
in dependence on response (channel number). If dN is a number of
particles emitted in the angle from 6 to 0 + d6, dN = A-t(2r/4m) sin(6)
dO, where A is the source activity and t is time of measurement.
Now dN/dO = (dN/dS,)-(dS,/d6); dN/dS, = (dN/dO)/(dS,/db). Let
us calculate dS,/d6O from Eq. 5.1. Now dN/dS, is obtained:

d_N_ 1 R_acosze
dS, 2(PhY;-PhY,) d E,

At (5.2)

cos6 can be expressed from Eq. 5.1 and substituted in Eq. 5.2. Finally,
N PhY; — PhY,
4N _ d E, (PhYy S)Z At
s, 2R, "~ (S,-PhY,E,)

Equation 5.3 is valid for S, from (PhY:E,d/R, + PhYE,(1 - d/
R,)), i.e, perpendicular penetration, to PhY:E,, i.e., entire energy
deposition. Equation 5.3 does not take into account imperfect
energy resolution, but using a simple convolution, real spectrum
could be calculated, see Fig. 5.11. Small discrepancies of experiment
and calculation should be contributed to initial assumptions.

Decay kinetics is important source for information about
processes in the scintillator. If one is not able to measure decay
curves conventionally, photoelectron yield measurement is able to
give rough estimation of decay kinetics in the time interval of few
us [41, 51]. At first, dependence of photoelectron yield on amplifier
shaping time is measured (see Fig. 5.12, right). This dependence
can be fitted by equation PhY(t,)/PhY(t. = 0.5 pus) = m; - my-exp(-
mgt,), t. is reference shaping time, usually 0.5 ps. Percentage of “fast”
photons (with decay times below hundreds of nanoseconds) K/ can
be calculated as K/, = 100 (1 - my/m) [41].

There is one more complex and precise method: the convolution
of one photoelectron response with decay kinetics. If channels in

(5.3)
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decay curves measurement are short enough, i.e., one photoelectron
response does not change significantly between channels i and i+1,
pulse shape can be calculated as

k
Ry=Y N;-RU, (5.4)
i=0

Where R, is the response in time bin k, N; is the number of
photons emitted during time bin i, and RU,; is one photoelectron
response in k-th bin, which started in i-th bin. It means that entire
response is a sum of all one-photoelectron responses. Relative
photoelectron yield PhY(t;)/PhY(t.) = max(R,(t;))/max(R,(t.)), ¢, is
reference shaping time, usually 0.5 ps.

Calculation of decay curve from PhY(t;)/PhY(t,) uses following
method. At first, N; = f{t,p;) is assumed. Parameters p; are then
changed iteratively, until the best agreement of experimental and
calculated PhY(t;)/PhY(t) is found. Type of f{t,p;) must be chosen
a priori. Single or double exponential, or exponential + power are
used mostly.

The number of parameters p; must be lower than number of
available shaping times and the information about decay kinetics is
reliable onlyin the time interval between 0.5 and 20 us approximately.

Deconvolution and convolution have been tested on several
samples, one example is in Fig. 5.12 (right) and Fig. 5.13. Also,
LiCaAlF¢:Eu sample with single exponential decay was measured.
Decay time measured by decay curve experiment was 1.68 ps and
decay time calculated by deconvolution was 1.61 ps.

0.1 -

o
o
=2

— Experimental
_ Exponential + power

0.001

Intensity of scintillation [r.u.]

0.0001

Time [ps]

Figure 5.13 Comparison of measured decay curve with decay curve
calculated using PhY(t,)/PhY(t.= 0.5 us) measured dependence.
Exponential + power decay function was assumed. Decay time
of fast (exponential) component was assumed to be 60 ns.
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5.4 Materials

Within the last two decades, a great number of oxide scintillators
were prepared by the LPE; for review see [34, 97]. Main attention
was paid to aluminum garnets [4, 5, 11, 30, 34, 52, 92], perovskites
[3, 34, 98], and orthosilicates [2, 22, 34, 99-102]. Rare attempts
were to grow other scintillators as ZnO [93, 103] or CAWO04 [104]
were prepared by the LPE. The LPE was applied for production of
waveguide solid state RE:YAG garnet lasers [34, 38, 39, 105]. A lot
of oxide materials which are routinely prepared by other methods
(Czochralski or Bridgman single crystals, polycrystals, solid state
reaction or sol gel) were also grown by the LPE, for review until
1999 see ref. [34]. We shall not make here any exhausting survey
but rather discuss some interesting material systems prepared by
LPE. In Table 5.2 basic crystallographic properties of typical hosts
are shown.

We shall focus here on scintillation properties of the most
promising oxides especially Ce3* and Pr3* doped garnets, perovskites,
and orthosilicates and compare their optical and scintillation
properties with single crystal counterparts. These materials are
non-hygroscopic, chemically stable, and have excellent optical and
mechanical properties with large application potential. They have
good light yield, fast scintillation response and adequate energy
resolution—the properties of which have been incessantly improved.
Luminescence and scintillation properties of above-mentioned SC
materials have been recently described in several review papers [82,
106, 107] and references therein.

Ce3*doped garnets, perovskites, and orthosilicates are considered
as excellent and fast scintillator materials [82, 108, 109]. In the last
decade Pr®* doping has also been studied for even faster scintillators
with comparable LY [110-113]. Doping with other RE ions, Tb,
Eu, etc.,, provides very efficient PL. and may be used for various
phosphors in steady state applications, e.g., cathodoluminescent or
X-ray screens [15, 29] where slow f-f emission in the millisecond
time range is acceptable.

5.4.1 Garnets

Garnets have high-symmetry cubic structure with 0,1° space group,
Table 5.2. The garnet structure is very flexible for cation substitution

173



Materials

due to the three cation sites of tetra-, octa-, and dodecahedral
symmetry.

Application of YAG:Ce in SEM detection was proposed in 1970s
[114], its scintillation properties were reported 20 years ago [8].
It is excellent detector of electrons in SEM and for soft X-rays.
I[sostructural LuAG:Ce have higher density and higher effective
atomic number, Z.;, and associated higher stopping power of the
lattice and is more efficient for hard X-ray and gamma-ray detection.

YAG:Ce films and Ga and RE (Gd, Tb, Eu, Tm) substituted films
were first grown by Robertson in Philips Laboratories in the
beginning of 1980s from the PbO flux [15, 29, 115, 116] for the
cathodoluminescence application. LuAG:Ce film grown on YAG
substrate from the PbO flux was reported in 2002 [92]. During
last 15 years great number of substituted aluminum garnets has
been grown and tested for scintillation applications. However, the
scintillation efficiency, such as the LY, of epitaxial films grown from
the PbO flux was lower as compared to single crystals grown from
the melt (Czochralski or Bridgman). It was soon recognized that the
impurity ions coming from the flux, especially Pb?*, represent the
main problem since they form trap states and parallel channels of
nonradiative recombination [88, 117, 118]. Furthermore, effective
nonradiative energy transfer from Pb?* ions to Ce3* ions results
in appearance of slower components in the luminescence decay
kinetics of Ce3* centers [119]. Therefore, alternative lead-free fluxes
have been tested and developed. Practical application of the BaO and
MoOs; fluxes for growth of aluminum garnet films was first reported
in 2008 [4, 5]. Especially the BaO flux appeared very promising for
growth of Ce and Pr doped epitaxial films with significantly improved
scintillation properties [4, 11, 12, 51, 52, 120, 121]. Recently, it has
been demonstrated that the scintillation properties (LY, suppressed
slow components) of the epitaxial films of multicomponent GAGG:Ce
garnets grown from the BaO flux are comparable to those of the best
single crystals counterparts with the LY of ~50 phot/keV [11, 121],
see below.

In YAG:Ce and especially in LuAG:Ce single crystals a substantial
slow component in emission is observed which negatively affect
their scintillation performance. This “slow light” is related to various
types of shallow traps, which contribute to electron/hole trapping
processes. The most important intrinsic defects, degrading the
scintillation performance, are antisite defects (AD), which result
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in formation of shallow electron traps in the energy gap, and color
centers related to oxygen vacancies [7, 13, 80]. Both AD and color
centers are effectively suppressed during the LPE growth process
due to the growth in oxidizing atmosphere and at significantly lower
temperatures ~1000 °C.

TSL glow curves of single crystals and LPE films are compared
in Fig. 5.14. In the LPE films the dominating TSL peaks at 120-170
K completely vanish. Furthermore, LPE samples show an absence of
even deeper traps related to TSL peaks at 240 K and mainly at 280
K. Traps related to the latter peak may have detrimental influence
to the overall stability of scintillator characteristics since the peak
position is close to room temperature.
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Figure 5.14 TSL glow curves of the LuAG:Ce single crystals, SC, and epitaxial
films, LPE, grown from the PbO flux after X-ray irradiation with
similar doses at 10 K. Reprinted from Ref. 13, Copyright 2005,
with permission from John Wiley and Sons.

In Ce3* and Pr3* doped YAG and LuAG intense and fast
luminescence originating from parity allowed 5d-4f transitions
is observed in the transparency region of aluminum garnets. This
shows on very good coupling of these ions to the lattice. Owing to
high crystal field at c-sites in garnets the maximum of 5d broad band
emission is located in the green-yellow range with maximum at
510-530 nm and at 308-320 nm in Ce®* and Pr3* ions, respectively.
The scintillation decay is fast with decay times of ~60 ns and ~20
ns for Ce and Pr doping, respectively. The thermal quenching is well
above the RT, for YAG/LuAG:Ce >700 K [122], for Pr:LuAG > 400 K
and in Pr:YAG > 250 K [113].
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However, because of their large ionic radii (Ce - 1.143 A and
Pr - 1.126 A) only low content of Ce and Pr, rarely exceeding 1%
in single crystals, is reached. Somewhat higher Ce concentration is
obtained LPE films, especially those grown from the BaO flux [4, 5].
However, Ce and Pr concentration is constrained due to their very
low segregation coefficients (Table 5.1), which would require high
excess of Ce and Pr in the melt. The Ce content can be increased by
growth at high supercooling or at lower growth temperatures (Fig.
5.3). However, this is not a very effective way—in films grown from
PbO owing to the simultaneous increase of quenching Pb%* ions (Fig.
5.15), and in films grown from BaO, the increase in the flux viscosity
at temperatures below 1000°C and consequent worsened surface
morphology is the main constraint.

The position of the 5d-4f emission band depends to some extent
on the host composition—generally for large RE ions substituted in
c-sites (Gd, Tb) the emission maximum of Ce3* ions is red shifted
towards 560 nm, for small RE ions (Lu) the blue shift is observed
with maximum at 510 nm. The substitution of Ga ions causes blue
shift of the emission and decrease of crystal field 5d splitting,
presumably due to increased symmetry in c-sites of YGG compared
to YAG; for details see Refs. [116, 123-126].

5.4.1.1 Ce3**-doped YAG and LUAG

Comparison of scintillation properties of bulk Czochralski grown
single crystals and epitaxial films of Ce-doped YAG and LuAG is
shown in Table 5.3. The most obvious is the presence of strong slow
component in scintillation and lower photoelectron yield in bulk
crystals—e.g., in Ce:LuAG almost 70% of light of the Ce3* emission
center itself is related to the delayed radiation recombination [6].
This suggests a considerable influence of several traps of different
origin and different energy depths, which participate in charge
carrier trapping processes, cf. also Fig. 5.14. The antisite defects,
i.e, Y or Lu situated at the octahedral Al site, Lu(Y),, are often
considered as an origin of the shallow traps in YAG or LuAG crystals
[7]- These defects are strongly reduced in epitaxial films [13, 30];
however, they are not suppressed completely [71, 127]. The wide
spectral band with slower decay situated near 300 nm in the bulk
Cz-grown crystals was ascribed to the exciton localized near the
Lu(Y), antisite defect [27].
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The optical absorption spectra of Ce:LuAG films grown on
LuAG and YAG substrates from the same PbO flux at various
supercooling are displayed in Fig. 5.15. The first two low energy
4f-5d (Ce3*) absorption bands are clearly resolved at 445 and 345
nm, but remaining three spectral bands situated below 280 nm are
overlapped by Pb?* absorption. The absorption peak near 262 nmand
strongly increased absorption below 250 nm originate from allowed
transitions in Pb%* impurity ions [119, 128]. The peak at 262 nm is
missing in films grown from BaO and MoO; fluxes [5]. It is worth
noting that the content of both the Ce and impurity ions strongly
depends on the growth conditions. It is obvious that concentrations
of both Ce®* and Pb?* ions increase with supercooling, cf. peaks at
445 nm and 262 nm in Fig. 5.15. Undesirable consequence of Pb
admixture is strongly increased absorption in the deep UV range
which has negative impact on the emission efficiency of scintillator,
especially those with luminescence in the UV (e.g, LuAG:Pr or
perovskite and orthosilicate scintillators described below).
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it P -~ 38 K (YAG, 2LuC4)
Al —— 53 K (LUAG, 2LuC3)
400 - i1 o -----38K(LUAG, 2LuC2) -
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Figure 5.15 Optical absorption coefficient of epitaxial Ce:LuAG films
grown from the same PbO flux under various undercoolings
(substrates and undercooling are in the legend), saturation
temperature Ts = 998 °C. Both Ce and Pb concentrations
increase with increasing undercooling. Reprinted from Ref. 4,
Copyright 2010, with permission from Elsevier.

The PL excitation and emission spectra of YAG:Ce and LuAG:Ce
epitaxial films grown from both PbO and BaO fluxes along with
YAG:Ce single crystal for comparison are displayed in Fig. 5.16. The
spectra can be compared in an absolute way. The structure in the
excitation spectra comes from the Ce®* ions and it shows a close
correspondence with the absorption curves. The broad emission
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band in the PL emission spectra has maximum around 520 nm.
The maxima of the Ce peaks are mutually slightly shifted due to
the different crystal fields of the host crystals. Generally, films
grown from the BaO flux exhibit substantially higher intensity of
PL emission compared to the PbO grown films. This can be partly
explained by higher Ce content in the BaO grown films. Furthermore,
the Pb?* ions compete for the charge carrier capture with the Ce3*
ions and form additional nonradiative de-excitation channel which
leads to quenching of the luminescence [88, 117, 119].
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Figure 5.16 Left: excitation spectra (¢, = 520 nm), right: emission spectra
(Aex = 340 nm) of epitaxial YAG:Ce and LuAG:Ce films grown
from PbO and BaO fluxes, also YAG:Ce single crystal is shown
for comparison, [5].

The photoluminescence and scintillation decay curves of a
LuAG:Ce film grown from the BaO flux are shown in Fig. 5.17. The
PL Ce3* related decays of films grown from the lead-free BaO flux
exhibit one-exponential dependence over three orders of magnitude
with the decay times t = 52-56 ns. These values are in close relation
with those reported for high purity Cz single crystals. The inspection
of Ce decay curves of films grown from the PbO flux shows some
distortion [4, 5, 21] and additional fast component in the PL kinetics
indicates nonradiative transfer of energy from the Ce3* relaxed
excited 5d; state towards an impurity ion or nearby defect state [5,
6].

Spectrally unresolved cathodoluminescence decay is shown in
Fig. 5.17. The decay is evidently multicomponent. The fundamental
fast exponential component of 52 ns correlates with the PL decay
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of 5d-4f(Ce3*) emission. At longer times, >300 ns, the decay can be
approximated by power law function o t?, where p is a constant
[121] and can be correlated with tunneling of a trapped electron to a
nearby recombination center [129, 130]. De-excitation of an electron
captured on a virtual trap can include also thermal ionization of
shallow traps, which may occur simultaneously with tunneling. The
possible pathways are discussed in more detail in [120, 121].
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Figure 5.17 Decay kinetics of LuAG:Ce epitaxial film grown from the BaO
flux; left: the PL decay, A, = 340 nm, A,,, = 510 nm; right:
spectrally unresolved e-beam excited scintillation decay. The
solid lines are convolutions of excitation pulses with 1-exp
decay (PL decay) and 1-exp decay with power law function
(scintillation decay), for details see the text.

5.4.1.2 Ce3**-doped multicomponent garnets

Recently, the “band-gap engineering” strategy was adopted to reduce
the negative effects of shallow traps in bulk garnet crystals grown
from the melt [123, 124, 131, 132]. Using the substitution of Ga and
Gd ions into LuAG:Ce, the bottom of the conduction band is lowered,
due to admixture of 4s(Ga3*) states, and simultaneously the crystal
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field splitting of the excited 5d states is enlarged, due to Gd-induced
decreased CF symmetry in c-states. This approach leads to strong
suppression of the trapping effects, which degrade the scintillation
response [133]. The scintillation properties of multicomponent
(Lu,Y,Gd)3(Al,Ga);04,:Ce single crystals or ceramics are much
better in comparison with LuAG:Ce or YAG:Ce. Very high light yield
approaching 50 photons/keV, excellent energy resolution, and low
afterglow were observed in bulk crystals [134-136]

The LPE technology was adopted also for production of
multicomponent garnet films [63, 137, 138]. The first results in
samples grown from the PbO flux were rather ambivalent. Some
improvement of light yield and energy resolution was observed but
any positive role of Ga admixture, observed in bulk crystals, was not
found in films due to different origin of traps in epitaxial films which
are connected likely to the Pb?* impurities [63, 137].

Excellent scintillation properties were, however, very recently
demonstrated in epitaxial garnet films (Lu,Gd)3(Al,Ga)s04,:Ce
grown from the BaO flux [11]. Compared to high quality bulk crystals
with analogous composition, the films with optimized composition
exhibit similar values of a-excited photoelectron yield and similar
energy resolution. The obtained values of the LY were the highest
in garnet epitaxial films exceeding at least two times the values
previously reported for LuAG/YAG:Ce [41, 51, 53].

In Fig. 5.18 the Ce3* -related emission and excitation PL spectra
and X-ray excited RL spectra are shown demonstrating significant
increase of the emission intensity in multicomponent GdGaLuAG:Ce
films.

Photoluminescence 5d-4f(Ce3*) decays and spectrally unre-
solved a-particle excited scintillation decays are shown in Fig. 5.19.
The PL decay times of 5d(Ce) emission in GAYAG/GdLuAG:Ce are
not affected by Gd substitution into these hosts. The PL decays are
strictly one exponential with decay times 61 and 56 ns in Ce:GdLuAG
and Ce:GAYAG, respectively, for Gd content up to 50% [63]. Due to Ga
co-doping the decay time partially decreases and weak faster com-
ponent ~20-30 ns appears in the PL decays indicating energy trans-
fer from the 5d states due to beginning of the thermal ionization.
Two-exponential decay was observed in all heavily Ga substituted
samples. The main fast component of the scintillation decays under
a-particle excitation was within 60-100 ns [11] corresponding to
Ce3* centers.

Another important progress of multicomponent garnets being
considerable reduction of slow decay components in microsecond
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- millisecond time ranges. Likewise the measured afterglow of the
films is very low, reaching the value around 0.1% [11].
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Figure 5.18 Emission and excitation spectra of epitaxial films

(above) and X-ray excited RL spectra (below) for
Lu,Gd;_,Ga,Als_,04,:Ce samples with various content of Gd and
Ga. Reprinted from Ref. 11, Copyright 2015, with permission
from American Chemical Society.

The photoelectron yield measured under a-particle excitation of
several epitaxial films exceeded 800 phels/MeV at 1 us shaping times,
the value quite comparable with multicomponent single crystals
with gamma excited LY of 50 photons/keV, Fig. 5.20. These are the
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highest values ever reached in garnet epitaxial films, exceeding
2-3 times those measured in LuAG:Ce, YAG:Ce epitaxial films. The
best scintillation performance was observed in films at higher Ga
(1.8 < yga < 3) and Gd (xgq > 1.8) concentrations, Fig. 5.20. Thermal
quenching starts at Ga concentrations y > 3, and luminescence is
completely quenched above y > 4 at RT. The optimal Gd content
is 1.8 < x < 3 when slow f-f(Gd) emission at 312 nm is completely
suppressed due to concentration quenching.
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Figure 5.19 PL decay (above) and spectrally unresolved a-excited scintil-

lation decay curves (below) of for Lu,Gdz_,Ga,Als_,01,:Ce
sample. Reprinted from Ref. 11, Copyright 2015, with permis-
sion from American Chemical Society.
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In multicomponent garnets the role of Ga substitution is essential
in suppression the shallow traps [133]. Most of excitation energy
is, however, captured by heavy Gd ions. The nonradiative energy
transfer from the Gd3* sensitizer to Ce3* activator ions was proved
in (Ce, Gd) co-doped YAG and LuAG [139]. Such energy transfer is
beneficial just for significant increase of scintillation efficiency in
heavily Gd doped GAGG:Ce scintillators when the excitation energy
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migrating over the Gd sublattice is effectively transferred to Ce3*
activators [63, 120, 139]. The excitation energy migrates over the
Gd3* sublattice and (provided it is not lost at trap states originating,
e.g., from structural defects or impurities) it is finally captured by
Ce3* ions and subsequently released by their characteristic green-
yellow emission. The side effect of the fast migration is concentration
quenching of slow f-f(Gd) emission at Gd content xg4q > 1.8 at RT.

5.4.1.3 Pr3*-doped garnets

Pr3* doped LuAG and YAG with the dominant 5d-4f emission in the
UV range between 300 and 400 nm belong to the family of fast (< 20
ns decay time), high performance (LY > 20 phot/MeV) complex oxide
scintillators [110, 113, 140-145]. However, the epitaxial garnet
YAG/LuAG:Pr films grown from the PbO flux [146, 147] suffer from
serious negative influence of Pb?*impurities, cf. previous section,
and their scintillation performance was low. It was soon recognized
that lead-free flux is necessary for the growth of epitaxial films. Here
we review the scintillation properties and achievements of LuAG:Pr
and LuAG:PrSc epitaxial films which were grown exclusively from
the BaO flux [12, 52]. The reason for Sc,Pr codoping follows from
expected LY increase due to energy transfer from Sc to Pr, and from
the effort to suppress also the slow scintillation component in the
decay kinetics.

The excitation and emission spectra of LuAG:Pr film are shown
in Fig. 5.21a left. The broad emission double peak which dominates
in the UV range with the main maximum at 308 nm originates from
parity allowed interconfigurational 5d-4f transitions. Narrow 4f-4f
transition observed near 480 and 615 nm are very weak. Almost all
the emission in LuAG:Pr is located in the UV spectral range between
300 and 400 nm; integral intensity of the slow f-f emission is only
4%. The broad 5d(Pr3*) bands in the excitation spectra at 240 and
282 nm are closely related to the absorption ones, Fig. 5.22 left. All
these PL features of LuAG:Pr are virtually identical to those observed
in single crystals.

Slow scintillation component in LuAG exists due to retrapping
migrating electrons at shallow electron traps [143, 148]. The Pr3*-
Sc3* codoping may speed up the scintillation response, because Sc3*
ions could simplify the energy migration towards Pr3* centers due
to good overlap of the Sc-related emission (Sc-trapped exciton) at
around 275 nm with the 4f-5d; absorption band of Pr3* center at
280 nm, Fig. 5.22.
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Figure 5.22 Left: Absorbance of ScPr co-doped LuAG epitaxial layers with
0.6 at% of Sc and Pr content specified in the legend grown
on LuAG substrates; Right: X-ray excited radioluminescence
spectra of LuAG:Sc epitaxial films. The RL of reference BGO
crystal is also shown. Concentrations of Sc are shown in
the legend. Reprinted from Ref. 12, Copyright 2011, with
permission from Elsevier.

The PL spectra of ScPr co-doped LuAG films are shown in Fig.
5.21b left. Any Sc related emission is not observed. Additional Ce3*
co-doping, sample LuAG:ScPrCe in Fig. 5.21c left, however, partly
quenches the UV emission of Pr3* ions and Ce-Pr co-doping is useless
for scintillation applications.

The X-ray excited RL spectra of co-doped LuAG:ScPr films are
displayed in Fig. 5.21 right. The major Sc3* and Pr3*-related peaks
are situated at 280 and 308 nm, respectively. The most remarkable
feature of Sc co-doping is significant increase in intensity of the Pr3*
peak at 308 nm with increase in Sc content while the Pr content
almost does not change, cf. Fig. 5.21 right. This notable dependency
was explained by energy transfer from sensitizer Sc3* to activator
Pr3* ions.

The Sc co-doping does not influence 5d-4f(Pr3*) decay kinetics,
Fig. 5.23 left. The dominating decay time, 18-20 ns, is in close
relation with that reported for single crystals [113].

The photoelectron yield (PhY), of LuAG:PrSc films measured
under alpha particle excitation for different shaping times is shown
in Fig. 5.23 right. In films with optimized Sc content, 0.05 < x5, < 0.2,
the PhY exceeds the reference single crystal LuAG:Pr. Furthermore,
the film is much better at shortest shaping times and its time
dependence is also significantly improved.
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Co-doping of Sc3* and Pr3* thus appears as a suitable way of
preparing high figure-of-merit scintillating films, even though
optimum concentrations are rather critical.

Similar approach was also used for development of efficient Tb-
Sc co-doped LuAG phosphors [20, 26]. Tb-doped garnets display
intense f-f emission lines between 480 and 600 nm (at higher
doping, 2-15 %) with dominant green emission at 543 nm, Fig.
5.24. Co-doped LuAG:TbSc shows improved PL and RL properties
compared to LuAG:Tb. Furthermore, the Tb3* doping quenches the
host and Sc-related emissions situated in the UV range. Enhanced
material performance can be understood as energy transfer from
Sc sensitizer to Tb activator ions, due to the overlap of Sc-related
emission and Tb(5d) absorption spectral bands.
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Figure 5.24 Photoluminescence excitation spectra at A., = 543 nm (°D,)
and emission spectra excited at 5d(Tb3*) band, A¢, = 270 nm.
(a) Th:LuAG epitaxial films for several concentrations of Tb,
(b) TbSc:LuAG films for various concentrations of Sc, see also
Ref. [20].
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5.4.2 Perovskites

Ce3*- and Pr3*-doped perovskites YAP/LuAP represent very fast
scintillators with 5d-4f decay times of 18 ns [149] and 8 ns [1, 150,
151], respectively. YAP:Ce is excellent scintillator in SEM detector
[152]. The LY of YAP:Ce about 20 000 ph/MeV was reported [96,
151, 153, 154], however, it is decreased in LuAP:Ce to half of that
value due to shallow traps [155]. The LY of the best YAP:Pr is about
80% of that of YAP:Ce [1]. This suggests the presence of delayed
radiative recombination processes. Most of the scintillation losses in
these samples are due to shallow short-lived traps [156] and various
charge carrier trapping centers, color centers, and yttrium antisite
defects Y, directly proved by NMR [157], which play a major role in
decreased LY.

Basic parameters of YAP/LuAP host systems are summarized in
Table 5.2.

LuAP single crystal is difficult to grow from the melt due to
instability of its perovskite phase (often twin formation and garnet
phase appearance). The scintillation properties of more stable mixed
(LuY)AP:Ce system is, however, significantly worsen compared to
the end compounds due to increased content of slow components
[155, 158].

On the other hand, both rare earth doped YAP, LuAP or TbAP
epitaxial films were successfully grown onto YAP substrate from the
PbO flux [34, 159]. The perovskite films are grown under similar
conditions as garnets—the PbO/B,05 ratio is chosen ~12: 1, Y(Lu)/
Al is close to stoichiometric ratio 1 : 1 in order to stabilize the
perovskite phase and CeO, is in excess due to low Ce segregation
coefficient, k¢, ~ 0.01. At growth temperatures around 1000°C the
growth rate is 0.5-1 pm/min [98].

Fundamental problem of perovskite films grown from the PbO
flux is their contamination by Pb?* ions due spacious crystal sites
of 12 fold coordination, which is more favorable for positioning of
large lead ions as compared to garnets. The Pb%* ions quench the
5d-4f emission of Ce3* and Pr3* ions and significantly decrease the
LY. Reported LY of the YAP:Ce epitaxial films grown from the PbO flux
is < 10 % of the SC counterparts [3, 99, 147].

YAP and (YLu)AP epitaxial films grown from the lead-free BaO-
B,03-BaF, flux [3, 18] provide better emission and scintillation
characteristics in spite of their worse structural and surface quality
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compared to PbO-grown films [3]. Although the LY of BaO-grown
films is higher compared to those grown from the PbO flux, it is still
far from the SC counterparts (4-15x lower) and growth from the
BaO flux has potential for further development.

In the following paragraphs scintillation properties of most
promising perovskites YAP and LuAP doped by Ce3* and Pr®* ions
grown from the both fluxes are described.

5.4.2.1 Ce3**-doped YAP/LUAP

The absorption spectra of the YAP:Ce and LuYAP:Ce films grown from
the PbO and BaO are displayed in Fig. 5.25. In the UV range below
260 nm, the samples grown from BaO flux (curves 1 and 3) show
much lower parasitic absorption than those grown from PbO flux.
The strong absorption below 260 nm is connected primarily with
Pb%* impurity ions and originates from 'S, — 3P;(Pb?*) transitions
ions [128]. The split band centered around 290 nm is due to the
4f'(%Fs ;) — 5d, transitions of the Ce3* ions [160].

5
1-YAP:Ce (BaO) 8-5-3 SCF
2 -YAP:Ce (PbO) Ch-8 SCF
4k 4 3-Lu Y, _ AP:Ce (Ba0O) 9-6-3 SCF
_-? 4-(Lu Y, ,)JAP:Ce (PbO) No 8 SCF
72}
c
o 3
T
.g 3+
a 2fF
o
colour center
1k o1 340 nm
0

1 L 1 L 1 L 1 L 1 L 1
200 300 400 500 600 700
Wavelength (nm)

Figure 5.25 Absorption spectra of Ce3*doped YAP:Ce and LuYAP:Ce films
grown from BaO and PbO fluxes. The concentration of CeO, in
the melt was 2 mol% (1,3) and 13-15 mol% (2,4). Reprinted
from Ref. 18, Copyright 2013, with permission from Elsevier.

The CL spectra of YAP:Ce films grown from PbO and BaO fluxes
are compared in Fig. 5.26. The emission bands centered at around
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~375 nm originate from 5d;-4f!(*Fs ,,,) radiative transitions in
the Ce3* ions. However, in films grown from PbO this Ce3*- related
emission is overlapped with the emission of single and dimer Pb%*
centers [88]. This resulted in observed wider emission band of films
grown from PbO, curve 1 and the inset in Fig. 5.26.

The effect of Pb?* jons in the emission spectra is demonstrated
in Fig. 5.27, where undoped YAP (BaO) and YAP:Pb (PbO) doped
by intentional Pb impurities are compared. The low intensive
luminescence in the UV and visible ranges of YAP (BaO), Fig. 5.27a,
are most probably connected with the Ce®* trace impurity and host
defect emission centers, respectively [3]. The emission of YAP:Pb
films is orders of magnitude higher, Fig. 5.27b, and is related to the
Pb impurity and to various contributions in UV and vis ranges; for
details see, e.g., Refs. [88,117, 118, 157, 161].

vy
N
(=3
o

g Tod A ! 1-YAP-Ce (BaO) SCF 8-5-3
£0. ; — -YAP:Ce (Ba -5-

Z1200¢ 5 e e| 2 2-YAP:Ce (Pbo) SGF CH6s

£ 1 = S o1 3-pulse

Si000 § 2

3 800 202 s

c r ‘@ . =

k9] S Pb2+ single 2 001

£ 600F £ center @

— 2 0.0l 2

O 400k O 300,320 340 360 380 400| £ 00011 4

2 Wavelength (nm| fgw{

N o500k 1-YAP:Ce (PbO) SCF Ch8 a0 x|

g 2-YAP:Ce (BaO) SCF 8-4-6| ¢ gggy 121 b

s O L — ’ 50 100 150 200
300 400 500 600 700 800 i

= Wavelength (nm) Tims (ns)

Figure 5.26 Left: Normalized CL spectra of YAP:Ce epitaxial films at 300 K
grown from the PbO (1) and BaO (2) fluxes; inset: difference
between the spectra; Right: the PL decay kinetics of Ce3*
luminescence in YAP:Ce grown from the BaO (1) and PbO (2)
fluxes under excitation in the Ce3* absorption band at 300 nm.
The decay times from the exponential fits: = 15.7 nsand (6.5 +
16.1) ns for respective BaO and PbO grown samples. Reprinted
from Ref. 3, Copyright 2009, with permission from John Wiley
and Sons.

Typical PL decay kinetics of YAP:Ce films grown from BaO and
PbO are shown in Fig. 5.26 right. The single-exponential decay up
to four orders of magnitude is obtained for BaO-grown YAP:Ce films
and the average decay time for several samples is 16+1 ns. Such
values are close to typical decay time (17-18 ns) SC cozunterparts
[107].
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Figure 5.27 The CL spectra of undoped YAP grown from BaO (a) and PbO
(b) fluxes at 80 and 300 K. Spectra in both panels can be
mutually compared in an absolute way. Reprinted from Ref. 3,
Copyright 2009, with permission from John Wiley and Sons.

Visible acceleration of the PL decay kinetics is observed in
YAP:Ce films grown from PbO, curve 2 in Fig. 5.26 right. The decay
curve can be quantitatively approximated by the superposition
of two components with decay times of 6.5 and 16.1 ns. This can
be explained by energy transfer from Ce®* ions to the Pb%*-based
centers (Pb?* dimer or more complex Pb?* centers) [119]. The
excitation of these Pb centers is possible due to the overlap of their
excitation bands with the 350-370 nm Ce3* emission band in YAP:Ce.
Integration of decays shows that in films grown from PbO the losses
due to energy transfer away from Ce3* 5d, relaxed excited state are
more than 50% [3]. Such huge losses partly explain low scintillation
efficiency of PbO-grown YAP:Ce films.

Photoelectron yield (LY) of YAP:Ce films measured under
excitation by alpha-particles 'Am (5.48 MeV) is definitely
significantly reduced compared to SC. The reported LY of YAP:Ce
grown from PbO is only 2-10 % of the value of SC counterpart [3].
The LY of films grown from BaO is notably higher but still only about
12-24 % [3, 18]. It shows the large potential of the BaO-based flux
for improving scintillation properties of aluminum perovskites.

5.4.2.2 Pr3*, Th3*-doped perovskites

The Pr3* ions in YAP/LuAP show intensive and fast emission in the
UV spectral range, Fig. 5.28 left. The wide double band with maxima
atabout 242 nm and 280 nm is due to allowed Pr radiative transition
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from its 5d; level to 4f, (°*H;,F)) levels. Corresponding PL decay is
very fast, ~8ns, the shortest in the family of complex oxides. The
structure between 480 and 650 nm comes from f-f(Pr3*) transitions.
A striking difference between spectra of SC and films is evident—the
UV emission dominates in the SC, Fig. 5.28 left, while it is drastically
suppressed in films grown from the PbO flux, Fig. 5.28 right, at the
expense of slow f-f emission in the visible range. Therefore the LY
of YAP/LuAP:Pr films is enormously low and reaches only about ~5
% of reference YAP:Ce SC [146]. The main reason for very low LY of
Pr3*-doped films is the strong quenching influence of Pb?* impurity
dopant. Namely, strong Pb?*-related absorption below 260 nm is
overlapped with 5d-4f(Pr3*) emission. This leads to energy transfer
from Pr3* ions to Pb2* centers, which is the main reason for the
reduced LY in perovskites grown from the PbO flux [117]. Another
reason for reduced LY of Pr3*-doped epitaxial films of perovskites is
the presence of the f-f luminescence of Pr3* ions in the visible range,
Fig. 5.28, which plays a role of competing channel for dissipation of
the excitation energy [146].
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Figure 5.28 Left: X-ray excited RL spectra of Pr-doped YAP single crystals at
RT, see also Ref. 1. Right: The CL spectra and decay kinetics of
Pr3* luminescence in YAP:Pr (1) and LuAP:Pr (2) epitaxial films
grown from the PbO flux. Reprinted from Ref. 146, Copyright
2010, with permission from Elsevier.

On the other hand, the sharp f-f emission in trivalent rare earth
ions is not markedly influenced by Pb?* impurity. The problem of low
LY of YAP:Ce or YAP:Pr films can be partly eliminated by co-doping
with Tbh3* ions. Tb has large segregation coefficient (about 0.7-1.0)
as compared to Ce3* ions (~0.006-0.01) [98]. In Fig. 5.29 the RL
spectra of LuAG:Ce and LuAG:Ce,Tb films co-doped with different
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content of Tb are displayed. The intensity of the Ce3*-related
luminescence in Ce,Tb co-doped films is strongly decreased. This
observation confirms effective energy transfer Ce3* — Tb3* which
is due to the overlap of the Ce(5d-4f) emission with transitions in
Tbh3* between 380 and 420 nm [17]. However, due to this energy
transfer, the light output of X-ray excited luminescence of from Th3*
ions is about 2 times larger in LuAP:Ce,Tb as compared to LuAP:Tb
counterpart and 30-40% larger than that of a bulk YAG:Ce standard
sample [162]. The as-grown LuAP:Tb and LuAP:Tb,Ce films were
tested for high-resolution X-ray imaging using a spatial resolution
target at the ESRF, and displayed promising result [162].
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Figure 5.29 The X-ray excited spectra of LuAP:Ce and LuAP:CeTb epitaxial
films at 300 K grown from PbO flux. Reprinted from Ref. 17,
Copyright 2013, with permission from Elsevier.

5.4.2.3 Concluding remarks

The results reported above demonstrate detrimental influence of
Pb?* contamination and lead-induced centers on the scintillation
characteristics of Ce3* and Pr3* doped aluminum perovskites.
Adoption of a lead-free BaO flux is essential for production fast, high
performance Ce, Pr doped YAP/LuAP thin-film scintillators.
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5.4.3 Orthosilicates

Ce3*-doped oxyorthosilicates RE,SiOs, where RE = Y, Lu, Gd, or
combination of these ions, are promising scintillating oxide materials
for gamma ray and high energy particle applications. Orthosilicates
crystalize in monoclinic structure [163]. Crystals with small rare
earth ions, e.g.,, Y,SiOs-YSO, Lu,SiOs-LSO, have space group C2/c
(structure X1) and those with large RE ions, e.g., Gd,SiO5 - GSO, have
space group P2;/c (structure X2). In both these structures, there
are two crystallographically unequal rare earth sites, RE1 and RE2,
with coordination numbers 7 and 6 (X1 structure) and 9 and 7 (X2
structure), respectively, for more details see also [69, 163-166]. The
dopants and impurities with large ionic radii (Ce, Pr, Pb, etc.) prefer
to occupy larger RE1 sites with higher coordination numbers of 7
and 9, respectively. Not all oxygen ions are bound to both yttrium
and silicon and possible defects, especially the oxygen vacancies and
related color centers F* or F, are more easily created in oxygen sites
bound only to the yttrium ions.

The epitaxial films have been grown so far in several laboratories
exclusively from the Pb0O-Ba,0; flux [2, 34, 102, 167]. The reported
quality of the YSO/LSO:RE films can be very good under optimal
growth conditions (at low undercooling and suitable appropriately
(010) oriented substrate). The melt used for the epitaxial growth
has composition PbO-Ba,05; with molar ratio 1:10 - 1:20 and solute
Y,05 + Si0, with SiO, in excess for stabilization of the orthosilicate
phase [34]. Due to very low segregation coefficient of Ce, k¢. ~0.01,
large excess of CeO, in the melt is necessary, however, samples with
higher Ce content is difficult to obtain due to limited solubility of
Ce0; in the melt. The growth temperatures are around 1000 °C.

5.4.3.1 Ce3*-doped YSO, LSO

YSO:Ce has good LY and fast scintillation decay of 30-40 ns and is
used for electron detection in SEM. Practical application of YSO/
LSO:Ce crystals is limited owing to fairly high afterglow [168], likely
due to electron trapping centers related to oxygen vacancies [169,
170]. This disadvantage was eliminated in mixed LYSO:Ce system
and further improved by aliovalent co-doping by divalent ions
LYSO:Ce,Ca,Mg [74, 171]. This optimized material found application
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in medical positron emission tomography PET due to its excellent LY,
fast response, high stopping power and low afterglow. On the other
hand, in epitaxial films the oxygen vacancies and related deep traps
are substantially reduced due to much lower growth temperature
and afterglow is suppressed in films.

Large Ce3*ions are located predominantly in bigger coordination
7, site Cel, in LSO/YSO (X2 structure), however, a part of Ce ions
is in site CeZ with coordination number 6. Cel and Ce2 have
different absorption and emission spectral properties and kinetics
of luminescence.

The principal disadvantage of YSO/LSO films grown from the
PbO flux is quite high Pb?* content due to spacious crystal sites more
favorable for positioning of large lead ions into the orthosilicate
lattice. According to the EPMA analysis, content of Ce and Pb in LPE
films is comparable [102, 172, 173]. The divalent Pb%* jons have,
however, detrimental effect on the PL properties of YSO/LSO:Ce
systems. In some films any Ce3* centers were not detected in the
absorption or PL excitation spectra and related PL emission was not
observed by direct excitation into ground 4f(Ce3*) state at 3.45 eV
(360 nm) [174]. The emission from these samples with maxima in
blue ~2.8 eV and UV ~3.5 eV ranges were identified as Pb?* origin
[87, 173, 175]. However, under excitation by ionizing radiation
(X-ray, e-beam) and/or photoexcitation in the absorption region
above 4.2 eV, the typical 5d-4f(Ce) luminescence is excited even in
films where Ce3* centers are absent [174].

These contradictory results indicate that Ce3* content was
negligible in studied LPE films grown from PbO. This might be
result of large amount of Pb%* jons in YSO:Ce films resulting in
changing cerium valency into tetravalent state, Ce**, due to charge
compensation. Small tetravalent Ce** ions also contribute to effective
lattice volume compensation [176].

The absorption spectra of several YSO:Ce epitaxial films and
reference Czochralski grown SC are displayed in Fig. 5.30 left. The
maxima at 360, 300, and 265 nm of YSO:Ce crystal come from 4f-5d
transitions in Ce®*. In YSO:Ce films only low energy Ce3* related ab-
sorption band at 360 nm is discernible in the spectra and below 350
nm strong broad band absorption is observed in all films. This broad
band absorption originates from charge transfer transitions from
valence oxygen 2p(0%7) band to empty metal 4f(Ce*") states. The
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spectral peak located at 240-260 nm, which overlaps with charge
transfer 2p-4f transitions, is observed in all LPE films and originates
from Pb?* centers ('S, - 3P;) [87, 128, 175].
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Figure 5.30 Left: Comparison of absorption coefficient spectra of YSO:Ce
single crystal and epitaxial films grown from the PbO flux. Ce
concentrations refer to the melt, note change of scale. Right:
PL excitation and emission spectra of Cel and Ce2 centers in
YSO:Ce epitaxial film, see also Ref. [9].

Nevertheless, in films grown using optimized LPE process the
Ce3* related luminescence is clearly observed, Fig. 5.30 right, in spite
of significant amounts of Pb?* and Ce** ions. Both the excitation and
emission spectra of these films are in close correlation with those
measured in YSO:Ce crystal [177-179] and the excitation spectra of
films (Fig. 5.30 right) well correlate with the absorption spectrum of
the reference SC (Fig. 5.30 left). Arrows in Fig. 5.30 right indicate Cel
and CeZ2 centers: emission doublet at 397 and 427 nm is ascribed to
Cel center with 7-fold coordination and the wavelength tail (doublet
at 460-500 nm) to Ce2 center with 6-fold coordination [180].

As mentioned above the luminescence can be excited by high
energy excitation also in YSO:Ce films where content of trivalent
Ce3* is substantially reduced. This is due to the recombination of
electrons coming from the conduction band with the Ce** centers
and the two-photon excitation process, as proposed in Ref. [174].
The RL and CL spectra of LPE films and reference SC are shown in
Fig.5.31. The long-wavelength wings of the emission are notably red-
shifted in comparison with the YSO:Ce single crystal. This is most
likely caused by relative higher content of Ce3* ions in Ce2 positions
in films than in SC [22, 102]. The steady state emission efficiency is
fairly high in LPE films grown under optimized conditions regardless
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of reduced number of Ce3* centers—integrated RL intensity is
~10x higher as compared to reference BGO crystal, see Fig. 5.31a.
However, reported LY measured by alpha particle excitation was
only about 25-40% value of LYSO:Ce SC [22], in optimized films
reaches up to 70% [9]. Lower LY of LPE films is a consequence of
quenching effect of Pb%* ions on Ce3* emission. This is demonstrated
in Fig. 5.32 where comparison of PL decays of Cel centers is
compared for LSO:Ce LPE film with sizable Pb impurity content and
a SC counterpart. Significant nonlinearity of the initial part of the
decay curve of LPE film indicates considerable energy transfer away
from the Cel emission centers.

4
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Figure 5.31 (a) X-ray excited RL spectra of YSO:Ce films with various Ce
content [9]. BGO reference crystal is shown for comparison.
(b) Normalized CL spectra of YSO:Ce film and single crystal SC.
Reprinted from Ref. 22, Copyright 2013, with permission from
Elsevier.

Important advantage of orthosilicates as compared to garnets
is absence of shallow electron traps and consequential absence of
slow components in the scintillation decay. Indeed, in pulsed height
spectra the LY of YSO:Ce films is saturated within 0.5 ps [9].

Afterglow is substantially reduced (in ~2 orders of magnitude)
in mixed LYSO:Ce and LGSO:Ce [181] systems usually co-doped by
divalent Ca?* or Mg?* ions. Such co-doping in concentrations of tens
of ppm has only marginal effect on the LY and decay kinetics.

The LY of LGSO:Ce films grown from PbO flux becomes
significantly lower at increasing Gd in comparison with that of
LSO:Ce films presumably due to the intensified quenching influence
of Pb%* impurity ions and increasing occupancy of Ce2 sites in the
LGSO host [102].
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Figure 5.32 Comparison of LSO:Ce LPE film and single crystal (SC) decays
(Cel centers) under excitation at the edge, 7.07-7.15 eV,
multiexponential approximation of corresponding decay
curves: 3.7+19+107 ns (LSO:Ce SCF) and 31.6+225 ns (LSO:Ce
SC). Reprinted from Ref. 22, Copyright 2013, with permission
from Elsevier.

5.4.3.2 Other dopants

Intense green emission is observed in Tb3* doped YSO and LSO
films grown from PbO flux [2, 25], Fig. 5.33. The lead Pb?* impurity
ions coming from the flux do not quench noticeably the 4f-4f (Tb%*)
emission (in contrast to Ce3* emission in LSO/YSO:Ce mentioned
above) and the emission is stable well above the RT, Fig. 5.33 left.

LSO:Tb films were used in high resolution X-ray microimaging
detection screens in low and high dose beam lines of ESRF
synchrotron [25, 100, 101, 182]. The thickness of films was between
2 and 30 um and optimum efficiency was obtained for films with Th
concentration of 8-15% in the melt. In order to eliminate parasitic
emission from standard LSO substrates, the best performance films
were grown onto non-emitting YbSO substrates with suppressed
afterglow [2, 183].

A bi-layer scintillator screen has been produced by the LPE
process—Tb:LSO + LYSO:Ce double layer, 7 um thick—with improved
performance, ~1um spatial resolution [25]. Double layer system
enables combination most suitable activator ions for proposed
application and prevents mutual quenching of dopants.
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Applications of the LPE Films

Co-doped LSO:CeTb films were grown with the aim to increase
the LY and/or for application in detection of complex events with
different timing characteristics (ns x ms), Fig. 5.33b. Effective Ce
— Tb energy transfer was observed, however, the LY under alpha
excitation was only a fraction of LYSO:Ce or YAG:Ce reference single
crystals [17, 99].

5.4.3.3 Concluding remarks

The results reported so far for the LPE grown orthosilicate
demonstrate detrimental influence of Pb?* contamination and lead-
induced centers on the scintillation characteristics (LY and decay
kinetics) of Ce3* doped orthosilicates. Development of a lead-free
flux for the growth of orthosilicate epitaxial films will be crucial for
production fast, high performance Ce or Pr doped LYSO scintillators.

5.5 Applications of the LPE Films

5.5.1 Electron Detection in SEM

Epitaxial films of Ce-doped multicomponent garnet scintillator are
especially perspective in the SEM detection units due to their high LY
and low afterglow. Furthermore, the penetration depth of energetic
electrons is typically only several micrometers and all the energy
is deposited in the film. The practical impact of the scintillation
properties on the quality of a SEM image is demonstrated in Fig.
5.34. When the YAG:Ce scintillator in the detector was replaced by
epitaxial film of the multicomponent garnet GAGG:Ce scintillator
with xg, = 2.7, the SEM image quality was obviously improved. This
is consequence of higher electron-photon conversion efficiency
of the GAGG:Ce scintillator and significantly reduced afterglow in
single crystalline films as compared to the YAG:Ce single crystal.
Such scintillator is suitable also for backscattered electron detectors
where the high light yield of the scintillator is crucial.

5.5.2 X-ray Microimaging Screens

The efficiency of high-resolution pixel detectors for (hard) X-rays
is important factor for X-ray imaging applications [2, 24-26, 100,
101]. The detector able to provide images with submicrometer
spatial resolution used at ESRF synchrotron facility consists of a
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scintillator screen (epitaxial film with thickness typically 5-20 pm),
optical microscope and a digital camera, Fig. 5.35. The scintillator
converts the X-rays into a visible light image which is detected by
the camera. Due to the low absorption of X-rays in the scintillator,
Fig. 5.10, films of high density and high effective atomic number
are preferred. Image in Fig. 5.35 was obtained by means of 10 um
thick LSO:Tb scintillator film grown onto YbSO substrate. Improved
spatial resolution < 1 um was demonstrated using a double layer
LSO:Tb/LYSO:Ce scintillator grown by LPE [25].

20 um

Figure 5.34 A SEM image of tin balls observed using the secondary electron
detector with (a) commercial Czochralski grown YAG:Ce single
crystal, and (b) GAGG:Ce multicomponent garnet epitaxial film
grown from BaO flux. Images were recorded under the same
conditions with e-beam energy of 10 keV and current of 57 pA.
High scan speed with the dwell time (time per pixel) of 100
ns was used and the images were obtained by averaging of 3
consecutive scans. Reprinted from Ref. 10, Copyright 2016,
with permission from Elsevier.

Cooled CCD
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Figure 5.35 X-ray microtomography Left: Principle of an indirect high-
resolution X-ray imaging system used in hard X-ray imaging
in ESRF. Right: Rendering of a volume image acquired by
synchrotron microtomography of a section of a honey bee
tarsus. Reproduced from Ref. 2, with permission of the
International Union of Crystallography.
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5.5.3 Other Applications of Epitaxial Films: Waveguide
Planar Lasers, Warm LEDs

Planar waveguides and channel planar lasers epitaxial films were
demonstrated in number of rare earth doped garnets: Nd:YAG [105,
184], Tm:YAG [39, 105], Dy:YAG [185], Yb:YAG [186] Pr:YAG [187-
189] and YbAG:Er [16, 190]. These waveguide garnet systems were
grown from PbO flux, which provides the best surface morphology
necessary for intended applications. Minor Pb contamination does
not mean serious problem as in scintillators, since the devices are
usually optically pumped in f states.

Phosphors for warm white LEDs are another prospective
application. The emission wavelength can be properly red shifted
by Gd substitution and required roughness of the surface is reached
during the epitaxial growth, see Fig. 5.2b.
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ABSTRACT: Bulk single crystals of multicomponent garnet scintillators Lu;_,Gd,Ga,-
Al;_,0,,:Ce exhibit much improved scintillation properties in optimized composition
islands (x = 2—3, y = 2—3) compared to the simple Lu;Al;O;,:Ce one. Namely, a much
higher light yield, less intense slow component in the scintillation response, and better
energy resolution have been achieved. This work shows that comparable enhancement of
the scintillation performance can be reached also in the case of epitaxial garnet films of
similar composition though the nature of trapping states acting in the transfer stage of the
scintillation mechanism may be different. This is the first time that excellent scintillation
properties were reproduced in epitaxial films. Lu;_,Gd,Ga,Al;_,O,,:Ce samples were
grown by liquid phase epitaxy from BaO-B,0;—BaF, flux and quantitatively compared
with top performance bulk crystals as concerns light yield, energy resolution, scintillation
decay, and afterglow characteristics. Reported characteristics point to the potential of such
thin film scintillators in high resolution two-dimensional imaging and particle beam
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1. INTRODUCTION

Favorable scintillation characteristics of single crystal of
Y,ALO,,:Ce (YAG:Ce) were reported already in 1970s." It is
a material with very good light yield, fast scintillation response,
and decent energy resolution, the properties of which have
been instantaneously improved due to Czochralski growth
technology optimization.”> Additionally, it is non-hygroscopic,
chemically stable, and has excellent optical and mechanical
properties. Therefore, bulk crystals of YAG can be processed
into very thin scintillating screens (down to S ym thickness) by
cutting and polishing. These scintillating screens are used as
electron detectors in electron microscopes for example®” and
can be applied in diagnostics of synchrotron beams or other
particle accelerators as well.*”

However, the YAG:Ce proton number is rather low, which
makes high energy photon (hard X and y rays) detection
inefficient. In the effort to diminish such a disadvantage, the
yttrium cation was replaced by lutetium and Lu;Al;0,,:Ce
(LuAG:Ce) single crystals became of interest.”'°~"* LuAG:Ce
acquires a much higher proton number and offers quite high
detection efliciency. LuAG:Ce bulk crystals can be processed
into thin scintillation screens as well and can be used in 2D
micro-radiography.'* "

Generally, the performance of bulk LuAG:Ce crystals grown
from melt is negatively affected by shallow electron traps,
usually attributed to LuAl antisite defects.'®'” Antisite defects
are produced due to high crystal growth temperature necessary
for all melt growth techniques as Czochralski or Bridgman

-4 ACS Publications  © 2015 American Chemical Society
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ones, and the presence of two cations of equal trivalent charge.
The presence of antisite defects leads to intensification of slow
scintillation components, decrease of light yield, and possibly to
worsening of energy resolution.'®

Recently, the “band-gap engineering” strategy was adopted
for reducing the negative effects of shallow traps in bulk crystals
grown from the melt.'*=7 Using the Ga admixture, it is
possible to lower the bottom of the conduction band of LuAG.
Although traps remain present in the material, they become
buried in the conduction band. This approach strongly
suppresses trapping effects which degrade the scintillation
response. On the other hand, a reduced gap between the
bottom of the conduction band and the 5d, excited state of the
Ce* luminescent center moves the onset of undesired excited
state ionization to lower temperatures. Fortunately, this gap can
be enlarged by the Gd admixture.

Recently, several studies reported much better scintillation
properties of multicomponent (Lu,Y,Gd);(Al,Ga);0,,:Ce
single crystals or ceramics in comparison with LuAG:Ce or
YAG:Ce counterparts.'” >*?°7>® Very high light yield
approaching 50 ph/keV, excellent energy resolution, and
suppressed slower scintillation component were observed in
bulk crystals.”**’ In the latest studies the light yield approached
the value of 58000 photon/MeV in Gd;Ga, Al ;0,,:Ce
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composition, and the best energy resolution of 4.2%@662 keV
was reached in Gd;Ga, 4Al, 4O1,:Ce single crystals.*® Moreover,
a light yield of ceramic GAGG:Ce (Gd;(ALGa);0;,) reached
70 ph/keV.*> Consequently, this success has led to
investigation of their possible agplication in space,® Compton
cameras,”” y-ray spectrometry,” or nuclear medicine.***®

For the above-mentioned two-dimensional (2D) imaging the
production of a few micrometers thick screens by cutting and
polishing is quite expensive, and for larger diameters above 5
cm it becomes technically very difficult. In any case, the
minimum thickness is about S um. To lower manufacturing
costs of screens and increase their dimensions, one can produce
thin sin%le crystalline films by the liquid phase epitaxy (LPE)
method.**™* Moreover, LPE screens can be prepared even
thinner compared to mechanically polished ones, which may
further improve the 2D resolution in the images.

Applying the LPE manufacturing route, the film is grown
onto an undoped substrate, usually produced from cheaper raw
materials with lower purity grade. Additionally, it is possible to
use heteroepitaxial growth; i.e., the substrate and the film have
different dopant or even somewhat modified compositions:
such phoswich solutions can resolve the individual components
in mixed beams.****

The LuAG:Ce LPE grown scintillating films have been under
development for approximately 15 years.***” It was found that
LPE grown films suffer much less from the presence of Luy,
antisite defects.'® Epitaxial garnet films are prepared from flux
at temperatures almost 1000 K lower, so the antisite defects
concentration is considerably reduced.*® It results especially in
the improvement of timing characteristics of these scintilla-
tors.”’

On the other hand, epitaxial films can be contaminated by
the ions coming from the used flux. Films grown from PbO-
based flux contain Pb** ions, which act as quenching centers at
room temperatures, thus lowering the light yield.*”°
Optimization of growth conditions can diminish the negative
effects of Pb** contamination, but their complete removal is
impossible and their light yield under alpha excitation was at
best com})arable to bulk single crystals of YAG:Ce or
LuAG:Ce, ' 7*° e, approximately two times lower than
light yield of recently discovered multicomponent garnet
scintillators. However, the more recently used BaO-based flux
does not contaminate the film and has a much lower negative
effect on scintillation properties.*”*® Unfortunately, high
viscosity of this flux leads to production of pits and other
macroscopic defects in the film.>” Light yield is not severely
affected, but an intense slow scintillation response component
does exist.>' Slow scintillation is most probably caused by
trapping of charge carriers in shallow traps related to
unspecified structural defects.

Very recently, the LPE method was adopted for production
of multicomponent garnet films containing a significant amount
of Gd and Ga.**"® This approach was inspired by the success
of Gd—Ga balanced garnet bulk scintillators doped by Ce®'.
Despite much lower (if any) antisite defects concentration in
epitaxial films, the Gd+Ga admixture may have a positive effect
on scintillation properties of epitaxial garnet films as well given
the fact that also deeper electron traps were diminished by Ga
admixture in LuAG:Ce single crystals.”® However, our first
results were rather ambivalent.”® Some improvement of light
yield, energy resolution, and relative intensity of fast
scintillation component was observed for Gd; oY, 44
Al;sO1,:Ce sample grown from PbO-based flux. On the
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other hand, Ga containing samples performed slightly worse.
Nonetheless, samples in our previous study contained only low
concentrations of Ga and Gd, far from the optimal composition
found for bulk crystals.

2. EXPERIMENTS AND METHODS

Therefore, this paper deals with preparation and characterization of
high purity LPE-grown Ce-doped multicomponent garnet films
containing a higher amount of Ga and Gd, closer to composition of
the best performing garnet bulk crystals reported so far.

Ce**-doped epitaxial garnet films (Lu,Gd);(Ga,Al)sO,:Ce were
grown in the Technology Laboratory of Charles University, Prague, by
isothermal dipping liquid phase epitaxy from BaO-B,0;—BaF, flux
onto Czochralski grown garnet substrates of 20 mm in diameter. The
substrates were horizontally attached in the Pt holder, which rotated
during growth at 120 rpm, and the rotation direction changed every 4
s. Resulting film thicknesses determined by weighing were in the range
from 9.4 to 34.5 ym. Sample parameters are presented in Table 1.

Table 1. Composition of Lu;_,Gd,Ga,Al;_,0,,:Ce Films
(Determined by EPMA) and Reference Crystals, Substrates,
Film Thickness, and Lattice Misfit Aa = a; — a,

sample substrate x y thickness [pum] Aa [A]
1LGB3 LuAG 0.14 0.00 17.9 0.006
1LGB4 LuAG 0.14 0.00 12.0

2LGB2 LuAG 0.45 0.00 17.3

2LGB4 LuAG 0.84 0.00 9.4 0.054
2LGBS YAG 0.95 0.00 15.3 —0.031
3LGB1 YAG 1.15 0.81 22.0

3LGB2 YAG 1.12 141 17.2 0.070
3LGB3 YAG 1.17 1.94 22.4

4LGB1 YAG 1.62 2.02 34.5 0.117
4LGB2 YAG 2.08 2.10 23.3

4LGB3 YAG 2.19 2.62 322 0.184
4LGB4 GGG 2.20 2.70 24.0 —0.183
4LGBS YGG 2.19 2.69 11.9 —0.095
SLGBS GGG 3.02 2.70 25.5

SLGB6 YGG 3.02 2.69 219

SLGB9 YGG 3.0 3.54 28.1

L2G3 crystal 1.00 3.00

L1G3 crystal 2.00 3.00

L0G3 crystal 3.00 3.00

L0G2.6 crystal 3.00 2.60

Absorption spectra, photoluminescence excitation and emission
spectra, X-ray excited radioluminescence spectra, and photolumines-
cence decay curves were measured for all of the samples. Absorption
and photoluminescence spectra were measured using commercial
spectrometers Specord 250 and Horiba JY Fluoromax 3. a particle
excited scintillation decays and X-ray induced afterglow were measured
for selected samples only. Radioluminescence spectra and photo-
luminescence decays were measured at custom-made spectrofluor-
ometer S000M, Horiba Jobin Yvon using an X-ray tube (10 kV, SO
mA) and nanoLED pulse excitation sources, respectively. X-ray tube is
type DX-W 10X1-S 2400 W (tungsten) short anode powered by high
voltage supply ISO—DEBYEFLEX 3003—60 kV. The crystallographic
properties and lattice parameters of the films were studied using XRD
on PANalytical X-ray high-resolution diffractometer, and composition
was determined by electron probe microanalysis.

Photoelectron yield was measured using hybrid photomultiplier
(HPMT) model DEP PPO 475B,%" spectroscopy amplifier ORTEC
model 672, and multichannel buffer ORTEC 927TM. Silicon grease
was used for optical coupling of HPMT and samples. a-particles from
2¥Pu (5.157 MeV) were used for excitation of film scintillation
response, since films are too thin for effective high energy photon
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Table 2. Scintillation Characteristics of Epitaxial Films and Reference Crystals

sample PhY,,* PhY¢,,*/ (PhYc,,) 7/a®
1LGB3 139

1LGB4 185

2LGB2 163

2LGB4 170

2LGBS 180

3LGB1 173

3LGB2 432

3LGB3 753

4LGBI 826

4LGB2 801

4LGB3 733

4LGB4 774

4LGBS 797

SLGBS 710

SLGB6 771

SLGB9 99

L2G3 383 3371(2642) 6.9
L1G3 387 3562(2632) 6.8
L0G3 883 7013(5099) 5.7
L0G2.6 884 5295(3663) 4.1

fwhm, ()% aftergl [%] Ao [%] Ly A LY,
15.1 208 1331
14.5 197 1779
12.8 302 1682
13.1 226 1827
124 283 1935
17.5 255 1849
10.6 192 4393
82 0.20 179 7351
92 0.09 133 8691
104 0.22 109 8749
12.7 0.25 108 7833
9.3 0.72 103 8276
7.4 0.96 104 8562
8.3 0.44 100 5922
12.2 1.00 100 6481
16.0 100 808
15.6 (17.0) 115 21300 3088
17.4 (12.9) 148 25800 3793
8.0 (5.8) 109 53800 9427
6.7 (54) 131 41100 9918

“Photoelectron yield measured under a(y)-particle excitation (nr - no reflector; r—with reflector) in phels/MeV. "Ratio of PhY (LY) under y and a
excitation. “Energy resolution measured under a(y)-particle excitation (no reflector) in [%]. dLight yield under y —particle excitation in ph/MeV
(with reflector). “Rough estimate of light yield ph./MeV. 71 us amplifier shaping time.

interactions. The radioactive source was placed directly onto epitaxial
film to minimize energy losses in air. All measurements were
performed at room temperature. Energy resolution and photoelectron
yield were obtained using Gaussian fit of peaks in the spectra.”

Photoelectron yield (PhY) rises with amplifier shaping time. In this
article, we used parameter Ajgs = PhY (10 us)/PhY (0.5 us) to
quantify the increase, where PhY (t) means photoelectron yield
measured using amplifier shaping time t. Higher A,y reflects more
intense slower component with decay constants a few microseconds
long. An alternative quantification of the PhY dependence on shaping
time can also be used.”> This alternative is usable only if slow
component is intense enough.

Furthermore, several Czochralski grown bulk crystal samples
produced by the Yoshikawa group at Tohoku University, Sendai,
]apan,zg‘G5 were used for reference purposes. The Ce concentration in
these samples is few tenths of a percent, and their size is S X 5 X 1 mm
with § X § faces polished. Their light and photoelectron yield were
measured using q-particles from **’Pu and y radiation of '*’Cs (661.6
keV). See Tables 1 and 2 for composition and scintillation
characteristics.

Small penetration range of a-particles (10 ym approximately)
prohibits a reflector application, resulting in poorer and badly defined
photon collection efficiency. Light yield was only roughly estimated
due to this uncertainty.

The y/a ratio of bulk crystals was determined. Measurement
focused on reaching the same photon collection efficiency for both
types of excitation; even the slightly reflecting dummy « source was
used for measurement under y excitation. Yet, there are differences—
a-particles excite samples near the surface, while gamma particles in
the whole volume. Also, collection efficiency is probably not the same
for bulk crystals and epitaxial films due to an optical boundary
substrate—film in epitaxial sample, which is not present in bulk crystals.

Epitaxial films with the highest photoelectron yield were selected for
afterglow measurement. Additionally, substrate afterglow was meas-
ured as well. Substrate response was excited by X-ray tube (the same as
for RL spectra measurement) operated at 40 kV, and film response was
excited by the same tube operated at 10 kV. Lower voltage was used
for films in order to avoid the substrate excitation as much as possible.
It was calculated that even at 10 kV high voltage, a few percent of X-
ray photons penetrates into the substrate. Afterglow was determined as
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a ratio of luminescence intensity during long X-ray excitation and
luminescence intensity 3 ms after excitation cutoff. Excitation cutoff is
executed after the photomultiplier current stabilization.

Scintillation decay curves were excited by a-particles from **'Am
and measured using photomultiplier type Hamamatsu R375 and
Tektronix TDS3052C digital Phosphor Oscilloscope. Decay curves
were decomposed to 2—3 exponential terms. Convolution of
multiexponential function with instrumental response was fitted to
experimental data using software SpectraSolve 3.01 PRO (1997 Ames
Photonics, Inc.).

3. RESULTS AND DISCUSSION

3.1. Growth of Multicomponent Garnet Films by the
LPE. Ce**-doped multicomponent garnet films were grown by
isothermal dipping liquid phase epitaxy (LPE) onto Czochralski
grown garnet substrates. The sample set covered a wide interval
of compositions of (CeZdeLu3_x_z)(GayAls_y)Ou, where the
Gd content x = 0.14—3 and Ga content y = 0—3.54, see Table
1. Cerium content in films slightly differs depending on the
composition and lattice constant of films and was in the range z
= 0.01-0.02. Sixteen samples were chosen for further
characterization, Table 1.

Instead of PbO-B,0; flux, a lead-free BaO-B,0;—BaF, flux
(referred here as BaO flux) was used which has been proven as
the best alternative in the preparation of eflicient LPE
scintillator films of the above-mentioned garnet compounds.
The samples grown from this flux exhibit excellent purity
compared to those grown from standard PbO flux; namely,
they do not contain any Pb** ions, which severely quench Ce**-
related emission.*”*° The Ba** ions almost do not enter into
the garnet lattice due to their large diameter (according to the
GDMS analysis their concentrations is <S5 ppm), and the
concentration of other impurities depends only on purity of
input raw materials. The growth temperatures were between
1040 and 1060 °C, and the growth rates were ~0.1 ym/min.
The details of the growth process from this flux were published
elsewhere.*>°
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In order to cover a wide range of sample compositions,
various substrates were used: LuAG (Lu;AliO},), YAG
(Y;ALO,), YGG (Y3Gas0y,), and GGG (Gd;GasO,,) with
(111) and (100) crystallographic orientations. For each
composition, a substrate with lattice constant which matches
best the estimated lattice constant of the film was used.

All the films are single phase and single crystalline. Figure 1
shows a typical XRD diffraction of a (GdLu),(GaAl);0,, film
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Figure 1. XRD profile of 888 diffraction of a 7 pum thick
(GdLu);(AlGa)sO,:Ce film (L), grown from the BaO flux on
(111) oriented YAG substrate (S); the film—substrate lattice mismatch
is Aa = 0.07 A (3LGB2).

grown from the BaO flux on YAG substrate. In spite of a
relative large mismatch, a, — a; = 0.07 A, the film apparently
exhibits high crystallographic quality with fwhm comparable to
that of the YAG substrate.

While the films grown from the PbO flux have a smooth
surface with excellent morphology, those grown from the BaO
flux suffer from macroscopic defects, especially surface pits, due
to higher viscosity and surface tension and more problematical
homogenization of the BaO melt, cf. refs 39 and 57. However,
these macroscopic defects do not influence the emission and
scintillation properties except for light scattering on the rough
surface of samples grown at larger lattice mismatch, a;, — a; >
0.05 A, where the rms surface roughness can reach even
hundreds of nanometers compared to several nanometers in
homoepitaxial films.

A photograph of a garnet film grown on YAG substrate and
microphotography of the surface is displayed in Figure 2.

3.2. Optical, Luminescence and Scintillation Charac-
terization. All samples exhibited very similar excitation
spectra, see Figure 3. Two most intense peaks are attributed
to 4f-5d,, Ce’* transitions at about 440 and 345 nm,
respectively (sample 4LGB2). With increasing Ga concen-
tration 4£-Sd; Ce®" transition shifts to shorter wavelengths, and
with increasing Gd concentration to longer wavelengths." The
weak sharp lines observed around 275 and 310 nm correspond
to spin and parity forbidden 4f—4f transitions, °S — 6IJ and %S
- GPJ, respectively, in the Gd** ions.>® Films exhibit typical
doublet emission originating from Sd,-4f transition of Ce®"
centered at 510—560 nm depending on Gd and Ga
concentration. Shift acts in the same direction as that of 4f-
5d, Ce*" transition in excitation spectra.

Radioluminescence spectra of low Gd concentration samples
exhibit intense P;,, — ®S,/, transition in Gd**, see Figure 4.
This emission is extremely slow with millisecond decay times.
Its intensity decreases with increasing Ce and Gd concentration
and eventually is eliminated due to energy migration in Gd
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Figure 2. (Gd,Lu);(ALGa);O,, epitaxial ilm grown on YAG substrate
under ultraviolet illuminated at 355 nm. The green-yellow emission
from the edges is due to the waveguide effect. In the inset, optical
microscopy of the surface pits is shown (magnification 200x). The
film—substrate lattice mismatch is <0.02 A.
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Figure 3. Emission and excitation spectra of samples 1LGB3 and
4LGB2 measured at room temperature at 4., = 520 nm, 4., = 440 nm.
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Figure 4. X-ray excited radioluminescence spectra, at 10 kV and 50
mA, of samples 1LGB3, 4LGB2, and BGO reference crystal.

sublattice and consequently enhanced energy transfer toward
Ce3t centers,éo’66 see also Figure 4.

5d-4f Ce** photoluminescence decay curves of Ce®" center in
samples having higher Gd concentration exhibit a decay time
within 50—70 ns. Similar decay times were observed for a-
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particle excited decay, but a slower decay component was
present as well, see Figure S. This slower decay component

observed, see Figure 7. At low Ga concentration, the
photoelectron yield values remain below 200 ph/MeV. In the
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Figure S. Spectrally unresolved a-excited decay curve of sample
2LGB2.

intensity decreases with increasing Gd and Ga concentration,
Figure 6. Such behavior points to a diminishing effect of traps
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Figure 6. Spectrally unresolved a-excited scintillation decay curve of
sample 4LGB4. An increase observed around 650 ns is an artifact
caused by the PMT afterpulse effect.

in the scintillation process at higher Ga and Gd concentrations.
This behavior slightly differs from data of ref 67 for Czochralski
grown GAGG:Ce bulk crystals. The films exhibit faster
scintillation decays (fast component having decay time 58—
78 ns (all samples), slow component 622—714 ns (series
1LGB), 724—752 ns (2LGB), 643—744 ns (3LGB), 349—373
ns (4LGB), and less than 250 ns in SLGB series) under a-
particle excitation, while in the bulk crystal the decay time
values are 145 and 764 ns.%’” It points to different influences of
traps in the transport stage of the scintillation mechanism in
films and crystals, although it is not possible to identify the
nature of traps from the decay measurement.

Photoelectron yield measured under a-particle excitation of
several epitaxial films exceeded 700 phels/MeV, two times even
800 phels/MeV, see Table 2. These are the highest values ever
reached in garnet epitaxial films, exceeding at least two times
those measured in our films prepared from the PbO flux***
and LGGAG:Ce films from a recent study,®® also grown using
PbO flux. Moreover, it outperforms the best LuAG:Ce epitaxial
films having PhY approximately 350 phels/MeV as well.”” Clear
dependence of photoelectron yield on sample composition is
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Figure 7. Dependence of a-excited photoelectron yield on sample
composition for all Lu,Gd;_,Ga,Al;_,0y,:Ce films. Lines are only to
guide the eye in stressing the increase and decrease of PhY.

interval 0.81 < y < 2.0, a sharp increase of photoelectron yield is
observed, reaching the best value 826 phels/MeV at y = 2.02 of
Ga (4LGBL1). For 1.8 < y < 2.7, the photoelectron yield remains
almost independent of y. Finally, there is a huge drop of
photoelectron yield at high Ga content, for y = 2.98 to 99
phels/MeV (SLGB9). These results are consistent with
previous findings on bulk crystals."” In ref 63, the samples
with » = 1.5 and 1.75 grown from PbO-based flux were
measured. LY reaches its maximum at y = 3.5 in ref 63,
compared to y values reported in our work here (2 to 3).The
difference may result either from different x value or different
flux used.

PhY = LY X QE X CE, where QE is photocathode quantum
efficiency and CE denotes photon collection efficiency. PhY is
directly measured quantity, but its value depends also on
photomultiplier and measurement geometry; ie., it is not a
characteristic of the sole scintillator.

Therefore, LY is rather presented in the literature. However,
knowledge of QE and CE is necessary for LY calculation. QE
for emission spectra was calculated using RL spectra of all
samples and QE(A) for all wavelengths given by the HPMT
producer. QE is in an interval 12.5—16.6% for LPE films and
12.9—15.8% for reference crystals. CE is considered close to
unity usually. In our case, CE < 1 due to impossibility to use
reflector. CE can be roughly estimated: PhY,, = LY X QE X
CE,, = QE x CE,, x (PhY,/(QE x CE,)) = CE,, X (PhY,/
CE,). Index r denotes measurement with reflector, and nr
without reflector, respectively. Assuming CE, = 1, CE, =
PhY,,/PhY,. PhY, and PhY, values of reference crystals
measured using gamma photons from '*’Cs are presented in
Table 2. CE,, estimates lie in the interval 0.69—0.78.

Experiment was designed in order to have same CE,, under
alpha and gamma excitation as well. Same measurement
geometry was used in both cases. Also, a dummy alpha source
was applied. Nonetheless, one must keep in mind that the CE,,
estimate is rough due to unavoidable differences among all
measurements. Therefore, LY measured under alpha excitation
is rough as well, unlike the quite precise PhY value. CE,, for LY
under alpha excitation is assumed to be the average of CE,
values for crystals, i.e., 0.735.
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Gd concentration influence is not well traceable in our
measurement as it increases simultaneously with Ga concen-
tration in our sample set. At y = 0, there is a sample subset of
0.14 < x < 0.81. No positive influence of Gd concentration is
observed in the subset. At a higher x value around 1.15 (3LGB
series), strong improvement of scintillation characteristics is
observed. However, it should be most probably ascribed to
increasing Ga content. For more detailed information on Gd
concentration influence on scintillation properties in
Lu;_,Gd Al;O,,:Ce, see ref 60. Gd and Ga concentration
influence was studied in ref 68 as well, but results are somewhat
different due to an additional influence of Pb** contamination.

Conduction band bottom position is given by the interplay of
Gd and Ga concentration.”” For sample SLGB9, the
conduction band bottom edge and Ce*" Sd, excited state are
probably so close to each other that significant thermal
ionization of excited state occurs, thus lowering the photo-
electron yield significantly. According to ref 24, this shift of
conduction band bottom starts when octahedral sites are
completely occupied by Ga and Ga’' ions begin to occupy
tetrahedral sites also. On the other hand, another articles®®”°
conclude that difference in site occupation is negligible” or
even that Ga prefers to occupy tetrahedral site,”" like it does in
isostructural Y;(ALGa);0,,:Ce.”>”

Interestingly, reference GGAG:Ce Czochralski grown crystal
photoelectron yield measured at the same conditions is only 7%
higher than 4LGB1 photoelectron yield. Light yield of the same
crystals measured with reflector under gamma excitation of
Cs is 53 800 ph/MeV.

Energy resolution (fwhm) is influenced mainly by photo-
electron (light) yield value and material nonproportionality. In
this study, nonproportionality could not be determined due to
small film thickness. Correlation between fwhm and photo-
electron yield is evident in our data, but is not very well
pronounced. It is not possible to conclude whether this effect
originates from differences in nonproportionality or inhomo-
geneity of the sample. However, nonproportionality may differ
significantly among samples and influence energy resolution as
it differs at bulk crystals,>® see Table 2. Two crystals
(Gd;Ga, 4Al, 4,04,:Ce, Gd;GazALO4,:Ce respectively) of the
highest, almost the same photoelectron yield (884 phels/MeV,
883 phels/MeV respectively) exhibit different energy resolution
(6.7%, 8.0% respectively). Crystal having better energy
resolution shows a lower y/a ratio (of photoelectron yields)
4.1 than the worse crystal having y/a ratio equal to $.8.

Since the a particle source is placed exactly on the surface of
a film, not only lateral but also depth inhomogeneity may
contribute to fwhm deterioration. Additionally, possible
significant absorption of scintillation photons or different
light collection efficiency from various places on film surface
would lead to fwhm deterioration too. The best energy
resolution among films is only slightly worse than best energy
resolution among the reference samples, ie., 7.4% (4LGBS)
and 6.7% respectively, see Figure 8. Several other high yield
films exhibited satisfactory fwhm values below 10% as well.

Measurement of slow scintillation component relative
intensity, measured as Ay parameter, is presented in Table
1. Ajy05 decreases as Ga and Gd content is increasing. A /o5 >
190% for y < 1.4, Ay 5 falls rapidly then, until it reaches values
100—109% for higher Ga and Gd concentration. Obviously,
reference crystals exhibit similar A5 dependence on
composition. Samples with very low parameter Ay, s have
high photoelectron yield and good energy resolution.
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Figure 8. a-Excited pulse height spectrum of sample 4LGBS (fwhm =
7.4%, PhY = 797 phels/MeV) and single crystal L0G2.6 (fwhm = 6.7%
PhY = 884 phels/MeV). Amplifier shaping time = 1 s, excited by
39y,

Eight samples with the highest photoelectron yield were
selected for afterglow measurement. Unfortunately, substrate
excitation cannot be completely avoided even if low voltage (10
kV) on X-ray tube is used. Quite low percentage of X-ray beam
energy is absorbed in the substrate compared to epitaxial film.
On the other hand, the luminescence of substrate could be very
persistent since there are no Ce luminescence centers in it.
Therefore, we have measured substrate luminescence and
afterglow as well. LuAG and YAG substrates exhibit relatively
lower afterglow, 0.15% and 0.66%, respectively. YGG
luminescence intensity remains on 10% of the original value
at 3 ms after end of the pulse. GGG substrate luminescence is
extremely persistent, it remains on 80% of the initial value even
after 40 ms. On the other hand, YGG and GGG luminescence
is not intense at all in absolute numbers (RL integral intensities
in % of BGO are LuAG — 210%, YAG — 207%, YGG — 20%,
GGG — 3%).

Thus, up to a small extent, the substrate response is
contributing to the epitaxial film afterglow measurement. Two
sets of measurements were obtained, with and without an edge
filter which cut UV emission from substrate. Indeed, values
measured with filter are comparatively lower. Unfortunately,
substrate may still contribute to the afterglow signal even if
filter is applied due to UV substrate emission reabsorption in
the Ce** 4£-5d, absorption band.

The values of afterglow are in the range from 0.09% to 1.0%
for filtered measurements, and 0.21% to 1.51% for nonfiltered
measurements. It is interesting to note that afterglow values are
highest for films on YGG substrate and lowest for films on YAG
substrate (LuAG substrate not measured). There is a slight
correlation between sample thickness and afterglow value
(Pearson’s correlation coefficient = —0.71), but between y
(Tables 1 and 2) and afterglow value (0.74) as well.
Considering the thickness, substrate afterglow and attenuation
coefficient for X-rays, the substrate scintillation response is
contributing most probably to film afterglow measurement and
increases afterglow, indeed. Therefore, we conclude that film
contribution in afterglow is even slightly lower than measured
values, i.e., 0.1—0.2% for the best samples which is comparable
with the afterglow of the best GGAG:Ce crystals reported in
the literature.”

Discussing parameter A;q,0s (in correlation to scintillation
decay) together with PhY, the trends become evident, see
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Figure 9. If no Ga is present, Gd concentration increase leads to
an increase of PhY measured with shaping time 10 ys, but less
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Figure 9. Shaping time dependence of PhY of selected samples.

significant increase of PhY is measured with 0.5 us shaping time
(compare 1LGB3 and 2LGB in Figure 9). At first, parameter
Ajp)05 and intensity of slow components in scintillation decay is
increasing with increasing Gd concentration as well. If (Gd) x >
0.5 and (Ga) y = 0, the parameter Ao/ does not increase
significantly anymore. We hypothesize that Gd** emission and/
or energy transfer from Gd** to Ce®" contribute to the slow
component of scintillation response.”” At a higher Gd
concentration, energy transfer through Gd sublattice become
faster and more efficient, which leads to a decrease of parameter
Ajgs and an increase of PhY.

Substitution of Ga for Al in the range of Ga concentrations
from 0.81 to 1.94 (samples 3LGBX) leads to decrease of A5
parameter and substantial PhY increase, see Figure 9. Relative
intensity of slow scintillation response component is decreas-
ing, but absolute intensity of the same component is increasing.
Tentatively, extremely slow decay components are suppressed
in favor of components with decay times from tens of
nanoseconds up to a few microseconds. Sample 3LGB3
exhibits the highest PhY at 10 us shaping time, even higher
than the best single crystals.

Sample 4LGB1 ((Gd) x = 1.62; (Ga) y = 2.02) exhibits the
highest PhY at 1 us shaping time and A5 = 133%. If (Gd) «
> 2 and (Ga) y > 2, PhY measured at 0.5 us shaping time is
approximately constant, but parameter A,y s is decreasing with
increasing x and/or y. Gd emission is already quenched at (Gd)
x > 2. Shallow traps influence is further decreasing with
increasing y: even the components with ys decay times become
suppressed.

Sample SLGB9 ((Gd) x = 3.00; (Ga) y = 3.540) exhibits
practically no slow scintillation response and very low PhY = 99
phels/MeV. Increasing Ga concentration leads to an increase of
Stokes shift. Onset of thermal quenching is shifted to lower
temperatures.”* Additionally, a smaller gap between 5d; Ce®*
excited state and conduction band bottom increases probability
of excited state ionization,”> which results in PhY loss.

4. CONCLUSIONS

Sixteen (Lu,Gd);(ALGa);0y,:Ce garnet films with a significant
admixture of Ga and Gd cations prepared by liquid phase
epitaxy from BaO-based flux have been measured. Compared to
high quality bulk crystals with analogous composition, the best
film samples exhibit similar values of a-excited photoelectron
yield (film 4LGB1, 826 phels/MeV; bulk crystal L0G2.6, 884
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phels/MeV) and similar energy resolution (sample 4LGBS,
7.4%; bulk crystal L0G2.6, 6.7%). To our best knowledge these
are the highest light yield values ever obtained in garnet
epitaxial films exceeding by at least two times the values
previously reported for films prepared from PbO-based flux.
Additionally, we determined the number of collected
scintillation photons in an absolute way, unlike relative
comparisons in many previous studies on epitaxial films.

Previously reported optimal composition of bulk crystals of
multicomponent garnets, taking into account the photoelectron
yield, energy resolution, and relative intensity of slow
scintillation component, appears favorable also for the epitaxial
films. The best films exhibit only a very small increase of pulse
amplitude with amplifier shaping time. Furthermore, the
measured afterglow of the film itself is very low, reaching the
value around 0.1%, which is also comparable with that of the
best bulk GGAG:Ce crystals reported so far.

Unlike in our previous study of samples grown from PbO-
B,O; flux, we observe significant improvement of scintillation
performance in films at higher Ga (1.8 < y < 2.7) and Gd (x >
1.5) concentration when BaO-B,0;—BaF, flux is used. Increase
in light yield accompanied by lower intensity of slow part of
scintillation response components points to a more effective
and faster energy transfer toward Ce*" luminescence centers.
The scintillation characteristics of epitaxial multicomponent
garnet films grown from BaO-based flux are thus very similar to
those obtained on high quality bulk crystals.
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Ce 1% doped Lu,Gd;Al,Gas01, (LGAGG) single crystals with a diameter of 50 mm and length of 150 mm
were grown by the Czochralski (Cz) method using an RF heating system. The EPMA techniques is
employed to check homogeniousity of chemical composition. Luminescence and scintillation properties
were also evaluated. The grown LGAGG showed light yield of around 25,000 photon/MeV and energy
resolution was 9.8%@662 keV. The scintillation decay time was 53.6 ns at room temperature.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Scintillator materials combined with photodetectors are used to
detect high-energy photons and particles in X-ray computed tomo-
graphy (CT), positron emission tomography (PET) and other medical
imaging techniques, high energy and nuclear physics detectors, and
so on. In the last two decades, great effort was made to develop more
efficient and faster scintillators in order to detect ionizing radiation.
Recently developed Ce-activated materials show the best figure-of-
merit given by a combination of stopping power, speed, and light
yield [1-3]. The latest generation of Ce>*-doped scintillators based
on aluminum garnets (LuAG:Ce) show high intrinsic scintillation
efficiency and light yield up to 26,000 photons/MeV [4,5]. However,
their performance is always negatively influenced by shallow elec-
tron traps, which delay an energy transfer to Ce>* emission centers
and scintillation decay time contains a considerable amount of slow
components [6]. After systematic study of LusAls0i,-based single
crystal scintillators (for the review see [7]), a new material concept
was proposed, based on single crystal multicomponent (Gd,RE)3(Ga,

* Corresponding author at: Tohoku University, Institute for Materials Research,
New Industry Creation Hatchery Center (NICHe), 6-6-10 Aoba, Aramaki, Sendai,
980-8579 Japan. Tel.: +81 22 215 2214; fax: +81 22 215 2215.

E-mail address: kamada@imr.tohoku.ac,jp (K. Kamada).

http://dx.doi.org/10.1016/].jcrysgro.2014.10.004
0022-0248/© 2014 Elsevier B.V. All rights reserved.

Al)sOq> host, RE=Lu, Y. Doped by Ce3+, such a host lattice, with
balanced combination of the admixed Gd and Ga (called as multi-
component garnets) demonstrated very high light yield in both
single crystal and ceramic materials [7-11]. In these reports, Ce:
(Lu,Gd; _y)3(GaAl; _x)s043 scintillator grown by p-PD method were
investigated and Lu,Gd;Al,Gaz01, showed light yield of about
21,000photon/MeV decay time of 46 ns and density of 7.13 g/cm>[10].
In this report, Ce:Lu,Gd;Al,Gaz0q, (Ce:LGAGG) single crystals
were grown by the Czochralski (Cz) method. Segregation coefficients
of Ce in grown crystals were investigated. Luminescence and scintilla-
tion properties such as light yield, nonproportionality, temperature
dependence of light yield, and decay time were also investigated.

2. Experimental
2.1. Crystal growth procedure

A stoichiometric mixture of 4N CeO,, Lu,03, Gd,03, f-Ga,0s,
and a-Al,03 powders (High Purity Chemicals Co.) was used as
starting material. The Gd>* site was partially substituted by Ce>*+
according to the formula of Cegg3Lu,Gdg 97Al,Gas 1501,. Ce:LGAGG
single crystals were grown by means of the Cz method using an RF
heating system. Here, 3 mol% of }-Ga,0; was added in excess to
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compensate ignition loss. The rotation rate was 4-12 rpm and the
growth rate was 1.0 mm/h. An automatic diameter control system
using crystal weighing was applied to control the growth para-
meters. Crystals were grown from a 100 mm diameter Ir crucible
under Ar with addition of 2% of O, atmosphere to prevent
evaporation of gallium oxide. The seed crystal was a [100]
oriented LuAG crystal. After the completion of the crystal growth,
the crystal was removed from the melt and was gradually cooled
down to room temperature. Plates of 5 mm x 5 mm x 1 mm were
cut and polished for the purposes of the luminescence and
gamma-ray response measurements, while the remaining rods
were used for the structure and chemical composition analysis.

2.2. Characterization of obtained phase

Pieces of the grown crystals were crushed and ground into
powder in a mortar. Powder X-ray diffraction analysis was carried
out in the 20 range of 15°-75° using RINT Ultima (RIGAKU)
diffractometer. The CuKo X-ray source was used and the accel-
erating voltage and current were of 40 kV and 40 mA, respectively.

Quantitative chemical analysis of the grown crystals for the Al,
Ga, Ce, Ly, and Gd content along the growth direction was
performed using electron probe microanalysis (EPMA; JXA-
8621MX, JEOL). So-called ZAF correction was used, where Z stands
for atomic number, A for absorption correction factor, and F for
fluorescence correction factor.

2.3. Luminescence and gamma-ray response measurement
procedure

Absorption spectra were measured using the Shimadzu 3101PC
spectrometer in the 190-800 nm range. Radioluminescence (RL)
spectra and photoluminescence decays at room temperature (RT)
were measured at custom made 5000 M model of Horiba Jobin
Yvon spectrofluorometer using an X-ray tube (operated at 35 kV
and 16 mA, Mo cathode) and the pulsed nanosecond hydrogen-
filled flashlamp for the excitation (see [9-11] for further experi-
mental details).

To determine the light yield, the energy spectra were collected
under 662 keV y-ray excitation ('*’Cs source) by using an avar-
anche photodiode (APD, Hamamatsu, S8664-55). The 5 x 5 mm?
face of the sample was coupled with the APD using silicone grease
(OKEN, 6262A). The sample was covered by Teflon-tape. The signal
was fed into a pre-amplifier (CP580K), shaping amplifier (CP 4417),
pocket multichannel analyzer (MCA, Amptec 8000A), and finally to
a personal computer. The bias for the APD was supplied by a
power supplier (CP 6641). Because the APD was thermally sensi-
tive, its temperature was controlled to be 20 + 0.5 °C using a heat
bath. Decay time was measured with a photomultiplier (PMT,
Hamamatsu, H7600) with digital oscilloscope TDS3052 of
Tektronix, Inc.

3. Result and discussion
3.1. The growth of Ce:LGAGG single crystal

Two-inch size Lu,Gd;Al;Gas0q, crystal with a diameter of
50 mm and length of 160 mm were grown. The grown crystals
are shown in Fig. 1. The grown crystals are looked slightly cloudy
because of the rough surface caused by gallium oxide evaporation
or thermal etching. Metallic stripes on the crystal surfaces were
identified as Ir deposit comes from oxidation of the crucible.
Grown crystal was yellow transparent without incursion at the
beginning part of the crystal; however, incursions were observed
remarkably at the center position and tail part of the grown

Fig. 1. Photographs of grown Ce:LGAGG crystals.
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Fig. 2. Powder X-ray diffraction results of the end part of the grown crystal.

crystal. Powder X-ray diffraction was performed to identify crystal
phase of the end part of the grown crystal.

Results of the powder X-ray diffraction are shown in Fig. 2.
Obtained spectrum showed the single cubic garnet phase. A Q-mass
analysis with vacuum chamber was performed to investigate the
contents of the inclusions. Ar and O, gasses were detected using the
Q-mass analysis and the incursions are guessed as gas bobbles from
supersaturated melt. It is considered that bubble nucleation occurred
at the center of concave melt/solid interface by constitutional
undercooling,

The composition distributions of Lu, Ga, and Ce ions along the
growth direction and radial direction are shown in Figs. 3 and 4.
The solidification fractions (g) of the grown crystals were 0.37.
Here g is described as follows:

-~ (mass of solidified part)
"~ (total mass of starting raw material in the crucible)

g

Segregation coefficients of Lu, Ga, and Ce were key=1.12, 0.92,
and 0.21, respectively. The composition distributions in the radial
direction were almost homogeneous. The kg of Ce in Lu,Gd;Al,-
Gas0;; is much lower than that of Gd3Al,Gaz01 (key=0.36, [11]).
These are in good agreement with difference between the ionic
radii of Ce and host cations in dodecahedral site (Ce > Gd > Lu).

3.2. Luminescent characteristics

RL spectra of the grown Ce:LGAGG crystals are shown in Fig. 5.
The 310 nm emission of Gd>* 4f-4f, and 510 nm emission of Ce>~*
4f-5d transition were observed.
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Fig. 3. The composition distribution of Lu, Ga, and Ce ions along the growth
direction.
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Fig. 4. The composition distribution of Lu, Ga, and Ce ions in the radial direction.
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Fig. 5. RL spectra of grown Ce:LGAGG crystals.

3.3. Gamma-ray response

The typical energy spectra of Ce1%:GAGG excited by *’Cs at
room temperature and measured using the APD are shown in
Fig. 6. The light yield of the sample was calibrated from the >°Fe

direct irradiation peak to APD. Such direct irradiation generates
5.9 keV/3.6 eV =1640 electron-hole pairs [11]. Based on this value,
LY of Ce:LGAGG was calculated to be approximately 25,000
photons/MeV with correcting quantum efficiency (QE) of the
APD, which was 80% at 510 nm. Energy resolution of the Ce 1%:
GAGG sample was 9.8%@662 keV. The dependence of the light
yield on the solidification fraction is shown in Fig. 7. Light yield
was decreased with increasing solidification fraction and, at the
same time, increasing Ga concentration (See Fig. 3). This tendency
is good agreement with our previous reports [9,10]. Light yield of
center position in radial direction is lower than that of edge
position. It is guessed that the existence of light scattering center
by the gas bobbles at center position affects degradation of
light yield.

In Figs. 8 and 9, temperature dependences of the light output
and dominant decay time of grown Ce:LGAGG and Ce1%GdsAl,-
Gaz012 (GAGG) sample produced by Furukawa were measured
using the PMT (Hamamatsu R1288) and digital oscilloscope
TD5032B excited by *Cs gamma-ray. Temperature dependence
of prompt ns decay times also indicates that scintillation efficiency
of Ce:LGAGG should not decrease until 70 °C. Ce:LGAGG showed
the higher temperature stability of light output. These results are
in good agreement with our previous report on Ce:(Gd,Lu)3(Al -
Ga)s04; [10]. The Gd-rich sample has lower position of 5d; level of
Ce3*, which secures sufficient separation of 5d; level from the
bottom of conduction band of the host. The onset of thermal
quenching/ionization of Ce*>* center is certainly higher than in
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@
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T
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Fig. 6. Energy spectra of Pr:LGAGG crystal excited by a 662 keV gamma-ray source
using the PMT at room temperature.
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Fig. 7. Light yield variation in the grown crystal.
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Fig. 9. Temperature dependence of decay time measured by using the PMT and
digital oscilloscope excited by '*’Cs gamma-ray.

Gd-less samples and ensures effective scintillator functioning in
room temperature applications. Increase of scintillation efficiency
can be enabled also by the decrease of host band gap value, that is,
the decrease of energy for creation of one electron-hole pair.

4. Conclusion

Ce 1%:LuyGd Al;Gas04; single crystal with a diameter of 50 mm
and length of 160 mm was grown using the CZ method. Segregation

coefficients of Lu, Ga, and Ce were key=112, 092 and 0.21,
respectively. Temperature dependence of light yield and scintillation
decay time were investigated in the grown crystals. The grown
LGAGG showed light yield of around 25,000 photons/MeV and
energy resolution was 9.8%@662 keV. The scintillation decay time
was 53.6 ns at 20 °C.
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Czochralski Growth and Scintillation Properties of
Ce : (Gd, Y, Lu)s (Al, Ga)50q9 Single Crystals

Kei Kamada, Petr Prusa, Martin Nikl, Karel Blazek, Takanori Endo, Kousuke Tsutsumi, Shunsuke Kurosawa,
Yuui Yokota, and Akira Yoshikawa

Abstract—1-inch Cel%:Gdz;Lu; Al Gaz 044,
GdlLuzAlzGa:;Olz, Gd1Y2A11'5Ga3_5012 and
Lu,Y,Al>;Gajz 042 were grown by the Czhocralski (Cz) method.
The EPMA techniques is employed to check their chemical
composition. Luminescence and scintillation properties were also
evaluated. The Cel%:Gd;Y2Al;GazO12 sample showed the
highest light yield of around 40 000 photon/MeV. The scintillation
decay time was 46.6 ns(63%) and 157 ns(37%).

size

Index Terms—Oxides, scintillator materials, scintillators, single
crystal growth.

I. INTRODUCTION

FTER a decade of R&D of the LugAl;Oq3-based

single crystal scintillators, new material concept was
defined, based on multicomponent (Gd, RE)3 (Ga, Al)5012
host, Re = Lu, Y. Doped by Ces+, the Gd- and Ga rich
host compositions showed amazingly high light yield up
to almost 50000 phot/MeV [1]-[7] which is the value ex-
ceeding by 30-40% the best LYSO:Ce materials ever seen.
Thanks to the flexibility, cost-effective character and speed
of micro-pulling-down method, such a combinatorial study
could be done at a number of single crystal samples which is
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preferable with respect to attempts usually done with powders.
Discovery of these ultra-efficient scintillators is based on
several previous findings, namely: 1) scintillators based on
aluminum garnets show high intrinsic scintillator efficiency,
but their figure-of-merit is strongly degraded by shallow elec-
tron traps which delay an energy delivery to emission centers
[89]; 2) the Ga-admixture into the aluminum garnet effectively
diminishes the trapping effects mentioned in 1) [10], but at the
same time, the bottom of the conduction band becomes close
to the 5d; level of Ce** which leads to the unwanted excited
state ionization of emission centre and light yield decrease
[11]; 3) the definition of strategy of the band-gap engineering
in the family of aluminum-based garnets [12] and positioning
of the 5d; level by crystal field manipulation through the RE
site symmetry [13]; 4) the simultaneous admixture of Gd and
Ga into the YAG structure leads to dramatic LY increase in
Ce : (Gd-Y); (Al-Ga)5015 ceramics [14].

In this report, Ce : (Gd, Lu, Y)3(Al, Ga);015 single crys-
tals were grown by the Czochralski (Cz) method. Segregation
coefficients of Ce in grown crystals were investigated. Lumines-
cence and scintillation properties such as light yield, non-pro-
portionality, temperature dependence of light yield and decay
time were also investigated.

II. MATERIALS AND METHODS

1) Crystal Growth: Stoichiometric mixtures of 4 N CcOs,
Gdg()3, YQ()g, LHQ()g, ﬂ—Ga,QOg and Oé-AlQ()g powders
(High Purity Chemicals Co.) were used as starting material.
Ce: (Gd,Lu,Y)s(Al, Ga); 012 single crystals were grown by
means of the Cz method using an RF heating system. The rota-
tion rate was 4—12 rpm and the growth rate was 1.0 mm/h. An
automatic diameter control system using crystal weighing was
applied to control the growth parameters. Crystals were grown
from a 50 mm diameter Ir crucible under Ar with adding 30%
of CQO, atmosphere to prevent evaporation of gallium oxide.
The seed crystal was a [100] oriented LuAG crystal. After the
completion of the crystal growth, the crystal was removed from
the melt and was gradually cooled down to room temperature.

2) Gamma-Ray Response Measurement Procedure: Sample
pieces with dimensions of 5 x 5 x 1 X mm were cut from the
grown single crystal; all surfaces were mechanically polished.
Light yield measurement was performed by using an avalanche
photodiode (APD) (Hamamatsu, S8664-55). The light yield
(LY) of the sample was calibrated from the ?Fc direct irradi-
ation peak to APD.

Non-proportionality was determined by amplitude spec-
troscopy of scintillation response induced by gamma rays

0018-9499 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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(Mares et al., 2007). Scintillation crystal is covered by teflon
tape to ensure efficient light collection, and optically coupled
to a hybrid photo-multiplier (HPMT) model DEP PPO 475B.
Signal from HPMT is processed by spectroscopy amplifier
ORTEC model 672 and multichannel-buffer ORTEC 927TM.
Pulse height spectrum is displayed on a PC. Several gamma ray
emitting radionuclide sources were used to induce a scintilla-
tion response: 37Cs (661.6 keV), 22Na (511 keV, 1274 keV),
24 Am (59.54 keV, 13.95 keV), 21"Pb (46.54 keV,10.84 keV),
109Cd (88.04 keV, 22.16 keV), and 133 Ba (81.0 keV, 160.6 keV,
276.4keV, 302.9 keV, 356.0 keV, and 383.9 keV) (Ekstrom and
Firestone, 2004). Only selection of 133Ba lines is presented for
many samples due to non-negligible interference. A 1274 keV
line of 22Na is not presented because of experimental setup
saturation. Radioactive source was placed at a distance of
several mm from the sample, depending on detection efficiency
and source activity. All measurements were performed at room
temperature.

For measurements of temperature dependence of light yield
and decay time, a photomultiplier tube (PMT Hamamatsu
R1288) and digital oscilloscope TD5032B were used. Scin-
tillator samples were attached to the PMT R1288 which was
specially designed for the well logging application by Hama-
matsu. The optical grease KF-96H (Shinetsu Sillicone) was
used for optical coupling and the Teflon tape was used as
a reflector to collect scintillation photons. The detector was
installed in the heat bath (Isuzu HPCC-48-20), the maximum
temperature of which was 150 °C and the temperature was
stabilized within +0.5°C. Through the 1 c¢m thick heat-resis-
tant glass, gamma-photons from radioisotopes were exciting
the sample. Once <y-photon from radioisotope was detected
by the sample, signals were fed into preamplifier (ORTEC
113), shaping amplifier (ORTEC 572) with typically 2 us
shaping time, and Pocket MCA (Amptek). At the same time,
we measured scintillation decay profiles by an oscilloscope
(Tektronix TDS5034B). From room temperature (25 °C), data
were obtained with 25 °C temperature steps up to 150 °C.

III. RESULTS

1) Crystal growth: 1-inch size Cel%:GdsLu; AloGagOqa,
GdlLllQAlgGEL;;OlQ, GdlYgAlQGagOlz and
LusY1Al,GagOqo crystals with a diameter of 25 mm
and length of 70-120 mm were grown. The grown crystals
are shown in Fig. 1. The grown crystals are looked slightly
cloudy because of the rough surface caused by gallium oxide
evaporation or thermal etching. Metallic stripes on the crystal
surfaces were identified as Ir deposit comes from oxidation of
the crucible.

Quantitative chemical analysis of the crystals for the Ce
content along the growth direction was performed by elec-
tron probe microanalysis (EPMA; JXA-8621MX, JEOL).
So-called ZAF correction was used, where Z stands for
atomic number, A for absorption correction factor and F for
fluorescence correction factor, respectively. The Ce distri-
butions of Cel%:GdyLu;AlsGasOqa, GdsAloGaszOqs, and
Lu2Y1Al;GagOq4 along the growth direction are shown in
Fig. 2. The solidification fractions (g) of the grown crys-
tals were 0.9, 0.55 and 0.8 for Cel%:GdsLu;AloGagOqo,
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Fig. 1. Photographs of (a) Gdi;Lu;Al,GasO:2 and a sample piece
(b) Gd1 YAl nGaz 5042 and (¢) Gd; YAl 5Gaz 5012 single crystals
grown by the Cz method.

Gd3AlaGag 09, and Luy Y1 AloGagOqa, respectively. Here g
is described as follows:

g = (mass of solidified part) /(total mass of starting

raw material in the crucible).

Segregation coefficients of Ce were k.;y = 0.46, 0.26
and 0.10 in GdgAlgGagolz, Cel%:GdzLulAlgGagOm and
Lu2Y1AloGagOqq, respectively. These are good agreement
with that the ionic radii are Ce > Gd > Y > Lu.

2) Gamma-Ray Response: Table I shows scintillation prop-
erties of obtained samples and Ce1%:GdsAlaGagO12 standard
taken from 2-inch size single crystal. Smaller Gd concentration
samples shows lower light yield, shorter decay time and shorter
emission wavelength. Statistical occupancy in Gd site by the Lu
and Y ions results in the emission band broadening. Compared
to our previous report on Ce : (Gd, Lu)z(Al, Ga)5012 [1] and
Ce : (Gd,Y)s(Al, Ga)5 012 [2], higher light yield was obtained
in the Cz grown crystals. Generally higher quality crystals can
be obtained by the Cz method than that of m-PD method in the
point view of lower defects such as strains and incursions, and
higher homogeneity of Ce*t and host composition in grown
crystals [1]-[3].

An important characteristic of the Ce>" luminescence center
is temperature dependence of the nanosecond (prompt) decay:
until the decay time value does not decrease with increasing
temperature, the quantum efficiency of the center is close to
one and scintillation efficiency is expected to be not decreasing
as well. In Figs. 3 and 4, temperature dependences of the light
output and dominant decay time were measured using the PMT
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Fig. 2. Ce distributions of Cel%:Gd:Lu3Al:GazO12, Gd3Al;GazO1g,
and Lu, Y1 Al Gas 014 along the growth direction. Solid lines correspond to
Cs/CO = kogs(l-g)k=tt-t,

TABLE I
SCINTILLATION PROPERTIES OF THE SAMPLES

Density Emission | Light yield Decay time
Jem3 wavelength | (photon / (ns)
/nm MeV) ]
88ns(92%)
Gd3AI12Ga3012 6.65 520 46000
a 255ns(8%)
50ns(61%)
Lu2Gd1Ga3A12012 | 7.13 500 24000 | 30%)
83ns(26%)
LulGd2Ga3A12012 . 1
u1Gd2Ga3A120 6.89 510 3500012 ons(74%)
46.6n5(63%)
1Y2Ga3AI12012 . 4
Gd1Y2Ga3A120 5.87 505 0,000 5705(37%)
39ns(14%)
Lu2Y1Ga3AI2012 . 4 2
u2Y1Ga3A120 6.69 90 8000 1 35 ns(86%)

(Hamamatsu R1288) and digital oscilloscope TD5032B excited
by 137Cs gamma-ray. Temperature dependence of prompt ns
decay times also indicates that scintillation efficiency should
not decrease until 20°C in any noticeable manner; the Gd; Ys
system will show the highest temperature of the onset of scin-
tillation efficiency. These results are in good agreement with
our previous report on Ce : (Gd, Lu)3(Al, Ga)5O45 [1] and
Ce : (Gd,Y)3(Al, Ga)s012 [2]. The Gd-rich samples have
lower position of 5d; level of Ceg+, which secures sufficient
separation of 5d; level from the bottom of conduction band of
the host. The onset of thermal quenching/ionization of Ce®™
center is certainly higher than in Gd-less samples and ensures
effective scintillator functioning in room temperature applica-
tions. Increase of scintillation efficiency can be enabled also by
the decrease of host band gap value, i.e., the decrease of energy
for creation of one electron hole pair [14].

The dependence of relative light output on shaping time (nor-
malized to 0.5 us value) for variously selected sample groups are
shown in Fig. 5. The smallest increase of yield with shaping time
is achieved for Ce : LuaGd;GagAlaOqs. It is in good agree-
ment that Ce : LusGd;GagAl;O15 shows the smallest ratio
of second decay component than that of others. The non-pro-
portionality of the obtained samples is shown in Fig. 6. The

(Gd, Y, Lu); (Al, Ga)s O12 SINGLE CRYSTALS 295
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Fig. 3. Temperature dependence of relative light output measured by using the
PMT excited by 1*7Cs gamma-ray.
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Fig. 4. Temperature dependence of decay time measured by using the PMT
and digital oscilloscope excited by *7Cs gamma-ray.
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Fig. 5. Dependence of relative light out put on shaping time. Excitation by
137C5.

Ce : LusY;GagAl045 and Ce : Lu;GdaGagAl; 015 sam-
ples show better non-proportionality than that of the others.
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Fig. 6. Non-proportionality of the obtained samples.
IV. CONCLUSION
1-inch size Cel%ZGdgLulAAlgGag()lg, GdlLUQAlg
Gag(r)lg, GdlYQAAIQGa,‘j()lQ and LungAIQGag()lg

were grown by the Czhocralski (Cz) method. Segrega-
tion coefficients of Ce were k.;y = 0.46, 0.26 and
0.10 in Cel%ZGdQLulAlgGagolg, Gd3A12Gd,3()12, and
LusY;1Al,GazOq9, respectively. These are in good agree-
ment with the fact that the ionic radii are Ce > Gd > Y >
Lu. Temperature dependence of light yield and scintillation
decay time were investigated in the grown crystals. The
Cel%:Gd YAl GazOq2 shows the highest temperature sta-
bility and thermal quenching at the highest temperature among
the grown crystals. The Cel%:Gd;Y2AlsGazO15 sample
showed the highest light yield of around 40 000 photon/MeV.
The scintillation decay time was 46.6 ns(63%) and 157 ns(37%).
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2-in. size Ce 1%:Gd3(Al;_,Gay)s012 (GAGG) single crystals with various Ga concentration of x = 2, 2.4, 2.7
and 3 were grown by the Czochralski (Cz) method. Light yield has maximum value of 58,000 photon/MeV
at x = 2.7 Ga concentration. Energy resolution was improved with decreasing Ga concentration and x = 2.4
sample showed best energy resolution of 4.2%@662 keV. The dependence of scintillation properties on
crystal structure and Al-Ga was discussed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Materials, which has garnet structure are promising candidates
for scintillator applications, because of well-developed manufac-
turing technology as laser crystals. As it has optical transparency
and has easy doping by rare-earth elements, it is considered for
other applications, such as magneto-optics. After a decade of
R&D of the LusAl;0,,-based single crystal scintillators, new mate-
rial concept was defined, based on multicomponent (Gd,RE)3
(Ga,Al)s04, host, Re = Lu, Y. Doped by Ce>*, the Gd- and Ga rich host
compositions showed amazingly high light yield up to almost
50,000 photon/MeV [1-8] which is the value exceeding by
30-40% the best LYSO:Ce materials ever seen. Recently, our group
reported about Ce:Gd 3Al,Gas01; (GAGG) single crystal and scintil-
lation response of about ~90 ns at emission around 520 nm, pro-
spective light yield of about 46,000 photon/MeV, and density of
6.63 g/cm® [2-4]. This multicomponent garnet Ce:Gds(Ga,Al)s012
single crystals show very interesting features. The composition,
which shows higher light yield, is not the same as that of higher
energy resolution. Light yield and energy resolution has

* Corresponding author at: Tohoku University, New Industry Creation Hatchery
Center, 6-6-10 Aoba, Aramaki, Aoba-ku, Sendai, Miyagi 980-8579, Japan. Tel.: +81
22 215 2214.

E-mail address: kamada@c-and-a.jp (K. Kamada).

http://dx.doi.org/10.1016/j.0ptmat.2014.04.001
0925-3467/© 2014 Elsevier B.V. All rights reserved.

dependence on Al-Ga ratio. Moreover, when it crystallized, the ini-
tial phase has also strong dependence on Al-Ga ratio.

In this presentation, 2-in. size Ce 1%:Gds(Al;_,Gay)s012 (GAGG)
single crystals with various Ga concentration of x = 2, 2.4, 2.7 and 3
were grown by the Czochralski (Cz) method using an RF heating
system. Scintillation properties such as light yield and decay time
were also evaluated. The dependence of scintillation properties
on crystal structure and Al-Ga was discussed.

2. Experimental
2.1. Sample preparations

Stoichiometric mixtures of 4N CeO,, Gd;03, B-Ga,03 and
o-Al,03 powders (High Purity Chemicals Co.) were used as starting
material. Nominally, Gd>* site was substituted by Ce3* according to
the formula of (Ceg1Gdggg)3Al5_xGayO1,. Ce:GAGG (x=2, 2.4, 2.7
and 3) single crystals were grown by means of the Cz method using
an RF heating system. The rotation rate was 4-12 rpm and the
growth rate was 1.0 mm/h. An automatic diameter control system
using crystal weighing was applied to control the growth parame-
ters. Crystals were grown from a 50 mm diameter Ir crucible under
Ar with adding 30% of CO, atmosphere to prevent evaporation of
gallium oxide. The seed crystal was a [100] oriented Ce:GAGG
crystal. After the completion of the crystal growth, the crystal
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was removed from the melt and was gradually cooled down to
room temperature.

2.2. Gamma-ray response measurement procedure

Light yield measurements were performed by using an avalanche
photodiode (PD) (Hamamatsu, S8650) and APD (Hamamatsu S8664-
55). Sample pieces with dimensions of 5 x 5 x 5 mm were cut from
the grown single crystal, all surfaces were chemically polished. The
samples were surrounded by BaSO,4 based reflector and optically cou-
pled to the APD (Hamamatsu, S8664-55). The light yield (LY) of the
sample was calibrated from the 5°Fe direct irradiation peak to APD.
For the decay time measurement the same setup with a photomulti-
plier tube (PMT Hamamatsu R7600U-200 and digital oscilloscope
TD5032B were used. Non-proportionality was determined by ampli-
tude spectroscopy of scintillation response induced by gamma rays
(Mares et al., 2007). Scintillation crystal is covered by teflon tape to
ensure efficient light collection, and optically coupled to a hybrid
photo-multiplier (HPMT) model DEP PPO 475B. Signal from HPMT is
processed by spectroscopy amplifier ORTEC model 672 and multichan-
nel-buffer ORTEC 927TM. Pulse height spectrum is displayed on a PC.
Several gamma ray emitting radionuclide sources were used to induce

Fig. 1. Photographs of Ce:GAGG with Ga concentrations of x = (a) 2.0, (b) 2.4, (c) 2.7
and (d) 3.0.

1943

a scintillation response: *’Cs (661.6 keV), 2?Na (511 keV,1274 keV),
21Am (59.54 keV, 13.95 keV), 2!°Pb (46.54 keV,10.84 keV), '9°Cd
(88.04 keV, 22.16 keV), and '>3Ba (81.0 keV,160.6 keV, 276.4 keV,
302.9 keV, 356.0 keV, and 383.9 keV)(Ekstrém and Firestone, 2004).
Only selection of '**Ba lines is presented for many samples due to
non-negligible interference.1274 keV line of #Na is not presented
because of experimental setup saturation.

3. Result and discussion
3.1. Crystal growth

Ce 1% doped GAGG (x = 2, 2.4, 2.7, and 3) crystals with a diame-
ter of 50 mm and length of 80-120 mm were grown. The grown
crystals looked slightly cloudy because of the rough surface caused
by gallium oxide evaporation or thermal etching (see Fig. 1). Metal-
lic stripes on the crystal surfaces were identified as Ir deposit comes
from oxidation of the crucible. Powder X-ray diffraction (XRD) was
performed to identify the phase of grown crystals. As shown in
Fig. 2, beginning part of x = 2.0 and 2.4 had mixture phases of garnet
and perovskite. This result is good agreement with previous report
[9]. Single garnet phase appeared at the end part because of the
increasing of Ga concentration due to Ga segregation. The crystals
of x =2.7 and 3 showed single garnet phase in whole crystals.

Quantitative chemical analysis of the crystals for the Ce content
along the growth direction was performed by electron probe
microanalysis (EPMA; JXA-8621MX, JEOL). So called ZAF correction
was used, where Z stands for atomic number, A for absorption cor-
rection factor and F for fluorescence correction factor, respectively.
The Ga distributions of Ce:GAGG (x = 2.4 and 2.7) along the growth
direction are shown in Fig. 2. The solidification fractions (g) of the
grown x=2.4 and 2.7 crystals were 0.42 and 0.43, respectively.
Here g is described as follows:

g = (mass of solidified part)/
(total mass of starting raw material in the crucible)

Segregation coefficients of Ga were kegr = 0.92 and 0.93 inx = 2.4
and 2.7 crystals. Secondary perovskite phase was observed in the
part below Ga concentration of 2.3. This result is good agreement
of previous reports [2,3,10].

. Gd;(Ga,Al)s04,
Gd(Ga,Al)O4

1 Gd;Ga,Al;04, polycystalyne part

] . : e
oo ll® o o ® e o

L
ot d
. ®
=

a

Gd3Ga3A|2012

26/degree

Fig. 2. Results of powder XRD on the grown x = 2.0 and x = 3.0 Ce:GAGG crystals.
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3.2. Gamma-ray response

The typical energy spectra of Ce 1%:GAGG excited by *’Cs at
19 °C and measured using the APD are shown in Fig. 3. The light
yield (LY) of the samples were calibrated from the >°Fe direct irra-
diation peak to the APD. Such direct irradiation generates 5.9 keV/
3.6 eV = 1630 electron-hole pairs. After correcting the QE, which is
at 80% at 520 nm, the total LY becomes ~58,000 photon/MeV in
x = 2.7 crystal. Energy resolution of the x = 2.3 was 4.2%@662 keV.
Fig. 4 shows decay curves of the samples. Decay time was acceler-
ated with increasing Ga concentration. Table 1 shows relationship
between Ga concentrations, light yield, energy resolution and
decay time. Light yield has maximum value at x = 2.7 Ga concen-
tration and energy resolution became better with decreasing Ga
concentration. Non-proportionality of the samples are shown in
Fig. 5. The x=2.4 sample showed the best non-proportionality
among the obtained samples. This is good agreement with the
result of the best energy resolution in x = 2.4 sample.

3.3. Single crystal X-ray structure analysis
The garnet structure has a cubic symmetry (Ia3d) with the gen-

eral chemical formula C3A;D3015. The ions D are surrounded by a
dodecahedron of eight 0%~ ions, the ions A are surrounded by an

3.0 -
2.9 - m Ga24
® (a2’
2.8 ° °
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2.7 4 ° o P ° [
S 26 i .‘ % v......... o.: o
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Fig. 3. Ga distributions of the grown x = 2.4 and 2.7 along the growth direction.
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Fig. 4. Energy spectra of Ce 1%:GAGG samples excited by a 662 keV gamma-ray
using the APD at 19 °C.

Table 1
Scintillation properties of the samples.
Ga Emission Light yield  Energy Decay time
concentrations wavelength  (photon/ resolution / (ns)
/(nm) MeV) (%@662 keV)

3 520 55,000 52 97 ns(80%)
353 ns(20%)

2.7 516 58,000 4.8 172 ns(88%)
1932 ns(12%)

2.4 510 46,000 4.2 138 ns(71%)
649 ns(2%)
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Fig. 5. Decay curves of Ce 1%:GAGG samples excited by a 662 keV gamma-ray using

the PMT and digital oscilloscope.

octahedron of 0%~ ions, and the ions D are surrounded by an
0%~ tetrahedron as shown in Fig. 6. By ionic size considerations
the doping RE ions predominantly enter in the dodecahedral C-
sites while the D-elements enter in octahedral and/or tetrahedral
sites of the garnet lattice. In case of GAGG the C species
are Gd>* ions, while both A and D species are randomly occupied
by Ga3* and AI** ions [2,3,10]. Here, ionic radii of AI** (IV), A"
(VI), Ga3* (IV) and Ga®" (VI) are 0.39, 0.54, 0.47 and 0.62 respec-
tively (see Fig. 7).

Single crystals were cut from the ingots and then carefully
shaped into tiny spheres with diameters of 130-160 pm using
Bond’s method [6]. Diffraction intensity data were collected using

All_nuclides,PhY,1us_per Mev_137Cs_equals_100%

110 1 1 ! 1 1
100

>

= 90

@

c

S

E 80

o

o

e

o 70

c
R
50 % i i i % i

0 100 200 300 400 500 600 700
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Fig. 6. Non-proportionality of the obtained samples.
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Fig. 7. (a) Schematic drawing of garnet structure of GAGG and (b) dodecahedral site.

Table 2 )
Interatomic distance (in A) for (Ceg.01Gdg.99)3Als_xGayO1o.
Ga2.95 Ga2.65 Ga2.35 Gaz2.05
Lattice constant 12.29509 12.28020 12.25216 12.24542
R factor 0.0252 0.0238 0.0233 0.0226
Dodecahedoron 2.364 2.362 2.357 2.361
2.484 2477 2.477 2.483
Dodecahedral_ave. 2424 2.420 2417 2422
Octahedron 1.966 1.960 1.956 1.951
Tetrahedron 1.825 1.829 1.820 1.815
d68 2.687 2.675 2.676 2.677
d48 2.802 2.809 2.796 2.794
dss 2913 2.907 2.909 2.927
d max 2.988 2.982 2.976 2.976
d ave. 2.832 2.826 2.824 2.830
Standard deviation 0.161 0.167 0.165 0.177

monochromated Mo Ko radiation (1=0.71069 A) on a Rigaku
AFC7R four-circle diffractometer: h=0 - 22-23, k=0 - 16,
[=0 — 22-23; 20max = ~70°; three standard reflections every 150
reflections (without intensity decay). After Lorenz and polarization
corrections, absorption corrections for spherical samples were
applied. The lattice constants recorded above were determined
from 24 reflections with high 20 values by the least-squares proce-
dure. Experimental result and average distance between cation and
anion in each sites in garnet structure. All R factors are well con-
verging. Ga concentration was measured by EDX analysis in
advance. As shown in Table 2, interatomic distance in tetrahedral
site in Ga2.7 sample is specifically large while interatomic distance
in octahedral site is gradually increase with increasing Ga concen-
tration. Moreover, standard deviations of interatomic distances in
dodecahedral site (d68, d48 and d88) showed particular value in
Ga2.7. These results indicates particular occupancy of Ga>* in octa-
hedral and tetrahedral sites in Ga2.7. There are possibility that par-
ticular occupancy phenomena in Ga2.7 cause increase of its light
yield. However, much more investigations and researches are nec-
essary to explain the relationship between crystal structure and
scintillation properties in Ce:GAGG.

4. Conclusion

Relationship between Ga concentration, light yield, energy res-
olution and crystal structure was discussed using the grown Ce

1%:Gd3(Al; _xGax)s012 (GAGG) single crystals with various Ga con-
centration of x = 2, 2.4, 2.7 and 3. Light yield has maximum value of
58,000 photon/MeV at x = 2.7 Ga concentration. Energy resolution
was improved with decreasing Ga concentration and took the best
value of 4.2%@662 keV at x = 2.4. Interatomic distance in tetrahe-
dral site and standard deviation of anion bond length in dodecahe-
dral site at Ga2.7 sample showed particular value compared to the
other samples.
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The scintillation properties of GdsAl,Gas042:Ce>* (GAGG:Ce) single crystals grown by the Czochralski
method with 1 at% cerium in the melt were investigated and results were compared with so far
published results in the literature. The light yield (LY) and energy resolution were measured using a
XP5200B photomultiplier. Despite about twice higher LY for GAGG:Ce, the energy resolution is only
slightly better than that of LuAG:Ce due to its worse intrinsic resolution and non-proportionality of LY.
The LY dependences on the sample thickness and amplifier shaping time were measured. The estimated
photofraction in pulse height spectra of 320 and 662 keV y-rays and the total mass attenuation
coefficient at 662 keV y-rays were also determined and compared with the theoretical ones calculated
using the WinXCom program.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Single crystal scintillators are widely used for the detection of
ionizing radiation in nuclear and high energy physics, modern
medical imaging, space exploration, and industry. The fast and
efficient 5d —4f luminescence of Ce>* makes it a well-suited
emission center in scintillator applications. As a result, new types
of Ce-doped inorganic scintillators were intensively studied in the
last two decades and some of them were successfully commercia-
lized; for reviews see Refs. [1-4].

Oxide materials based on garnet structure are promising candi-
dates for scintillator applications because of the well-mastered
technology developed for laser hosts and easy doping by rare-
earth elements. The Ce-doped LusAls0;> (LuAG:Ce) single crystal
was shown to be a prospective scintillator material with a relatively
high density of 6.7 g/cm® and a fast scintillation response of about
60-80ns [5]. Due to technological improvements the reported
light yield (LY) has gradually increased from about 14,000 up to
25,000 photons/MeV [6,7]. Scintillation performance of LuAG:Ce is
strongly degraded by the presence of shallow electron traps which
delay an energy delivery to the Ce>* emission centers and give rise

* Corresponding author. Tel.: +662 470 8944; fax: +662 470 8900.
E-mail address: weerapong.che@kmutt.ac.th (W. Chewpraditkul).
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to intense slow components in the scintillation decay [8,9]. These traps
were ascribed to the antisite Lu, defects in the LuAG host [10] which
are typical defects in the garnet crystals grown from high temperature
melt [11,12]. It has been reported that Ga admixture in LuAG host
diminishes the energy trapping effects [13] and somewhat increased
LY was obtained for Ga concentration up to 20 at% in Lus(Al,Ga)s01,:Ce
[14]. Recently, GdsAl,Gaz0Oq:Ce single crystal grown by the micro-
pulling down method demonstrated high LY of 42,000 photons/MeV
(ph/MeV) and energy resolution of 8.3% at 662 keV as measured with
avalanche photodiode (APD) at room temperature [15]. An improve-
ment of the scintillator performance was achieved in Gd3Al,Gas01;:Ce
single crystal grown by the Czochralski method which shows high LY
of 46,000-50,600 ph/MeV and good energy resolution of 4.9-5.5% at
662 keV [16,17]. However, lower LY of about 33,000 ph/MeV and
energy resolution of 6.1% at 662 keV were reported at the samples
of the same composition by another group [18]. The composition of
multicomponent garnet scintillators influences strongly the energy
transfer processes and interaction of Ce>* and Pr>* emission centers
with the host. Fundamental aspects of these processes became
intensively studied and of abroad interest [19-22] and the research
results in the field of garnet scintillators in the last decade have been
recently summarized in a review paper [23].

In this paper we have investigated the scintillation properties
of the latest generation of GdsAl,Gas0i2:Ce (GAGG:Ce) single
crystals grown by the Czochralski method. The measurements of
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pulse height spectra were performed in order to evaluate LY, its
non-proportionality and energy resolution. The LY dependences
on the sample thickness and amplifier shaping time were mea-
sured. The estimated photofraction in pulse height spectra of 320
and 662 keV y-rays and the total mass attenuation coefficient at
662 keV y-rays were also determined and compared with the
theoretical ones calculated using the WinXCom program.

2. Experimental

GAGG:Ce single crystals were produced in Materials Research
Laboratory, Furukawa Co. Ltd. in Japan [16]. The crystals were grown
by the Czochralski method with cerium concentration of 1 at%
(Cep.03Gdz.97GasAl;012) from Ir crucible under Ar with adding 1.5%
of O, atmosphere. A stoichiometric mixture of high purity 4N CeO-,
Gd;0s3, B-Gay03, and a-Al,03 powders was used as starting materi-
als. Polished plates of 1, 2 and 5 mm thickness cut from the parent
sample were used for the measurements. The crystal density was
6.69 g/cm> determined by the Archimedes method.

Light yield measurements were performed under the excitation
of 662 keV y-rays from a '*’Cs source using a photomultiplier
(PMT) based-setup described in Ref. [24]: the signal from a
Photonis XP5200B PMT anode was sent to a CANBERRA 2005
preamplifier and then to a Tennelec TC243 spectroscopy amplifier.
The PC-based multichannel analyzer (Tukan 8k MCA) was used to
record the pulse height spectra. The photoelectron yield,
expressed as a number of photoelectrons per MeV (phe/MeV) of
energy deposited in the crystal, was determined by means of a
single photoelectron method [24,25]. In this method the number
of photoelectrons is measured by comparing the position of a full
energy peak of y-rays detected in the crystals with that of the
single photoelectron peak from the photocathode. The measure-
ments of LY non-proportionality and energy resolution were
carried out for a series of X/y-rays emitted by different radioactive
sources in the energy range from 32.1 to 1274.5 keV.

The total mass attenuation coefficient at 662 keV y-rays was
determined using the good geometry arrangement of a source
(15 mCi *7Cs), absorber (5 x 5 x 1 mm?> GAGG:Ce sample) and Nal:
Tl detector. A narrow beam of y-rays is defined by circular
apertures (g4 mm) in the Pb-collimators of the source and
detector, placed at a distance of 60 cm. All measurements were
carried out at room temperature (RT).

3. Results and discussion
3.1. Light yield and energy resolution

Fig. 1 presents the pulse height spectra of y-rays from *’Cs
(662 keV) source as measured at 4 us shaping time for GAGG:Ce,
LuAG:Ce and BGO crystals with the same size of 5 x 5 x 1 mm?>,
whereas the photoelectron yield and energy resolution values are
summarized in Table 1. The photoelectron yield (phe/MeV) was
recalculated to the LY (ph/MeV) using the average quantum
efficiency QE of 18.5% for GAGG:Ce and LuAG:Ce and QE of 22%
for BGO, based on the typical quantum efficiency characteristic of
PMT provided by manufacturer and the emission spectrum of the
crystals. Despite about twice higher LY for GAGG:Ce, its energy
resolution is only slightly better than that of LuAG:Ce. It could
be associated with its worse intrinsic resolution and non-
proportionality of LY.

We also studied the dependence of LY on the sample thickness
(h) for GAGG:Ce. The pulse height spectra of 662 keV y-rays
measured for the studied samples are shown in Fig. 2, whereas
the values of LY and energy resolution are summarized in Table 2.
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Fig. 1. Pulse height spectra of 662 keV y-rays (**’Cs source) measured with GAGG:
Ce, LuAG:Ce and BGO crystals with the same size of 5 x 5 x 1 mm?>.

Table 1
Photoelectron yield, LY and energy resolution for GAGG:Ce, LuAG:Ce and BGO
crystals with the same size of 5 x 5 x 1 mm? measured at 4 ps shaping time.

Crystal Photoelectron yield (phe/MeV) LY (ph/MeV) AEJE (%)
GAGG:Ce 8860 + 440 47,900 + 4800 6.8 +0.2
LuAG:Ce 4300 + 220 23,200 +2300 73+0.2
BGO 1860 + 100 8450 + 800 91+03
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Fig. 2. Pulse height spectra of '*’Cs y-rays measured for the GAGG:Ce samples with
thickness (h) of 1, 2 and 5 mm.

The LY value of 47,900 ph/MeV (energy resolution of 6.8%)
obtained in this work for a 5x5x1mm>? GAGG:Ce sample is
comparable to that of 46,000-50,600 ph/MeV (energy resolution
of 4.9-7.3%) recently measured for the same size GAGG:Ce samples
[16,17]. We note that the LY value of the studied GAGG:Ce
decreases with thickness down to 42,100 ph/MeV (88% LY of
1 mm thick sample) for 5 mm thick sample, which is better than
the value (85% LY of 1 mm thick sample) measured for 4.5 mm
thick sample in Ref. [17]. It indicates that scintillation light loss due
to self-absorption and photon scattering in the studied GAGG:Ce is
smaller than that of the samples in Ref. [17]. This feature is of
importance for maintaining high LY with increasing sample size.
Despite a comparable photoelectron yield, the energy resolution of
6.8% obtained for a 5 x5 x 1 mm?> sample is worse than that of
6.1% observed for a 10 x 10 x 5 mm?® GAGG:Ce sample in Ref. [18],
which is due to a higher contribution of the intrinsic resolution
(6.0% versus 5.2%) for the studied sample.

The energy resolution (AE/E) of a full energy peak measured
with a scintillator coupled to a PMT can be written as [26]

(AE/E)* = (85c)* +(8p) + (85)? M
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Table 2
LY and energy resolution (at 662 keV) measured at 4 ps shaping time for studied
GAGG:Ce samples with thickness of 1, 2 and 5 mm.

Sample size (mm?) LY (ph/MeV) Relative LY (% of 1 mm) AEJE (%)
5x5x1 47,900 100 6.8+0.2
5x5x2 45,400 95 70+0.2
5x5x5 42,100 88 73+03
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Fig. 3. Energy resolution and contributed factors versus energy of y-rays for a
5 x5 x 1 mm® GAGG:Ce crystal.

where & is the intrinsic resolution of the crystal, &, is the transfer
resolution and &g is the statistical contribution of PMT to the
resolution.

The statistical uncertainty of the signal from the PMT can be
described as

Sst =2.355 x 1/N12 x (1+¢)'/? 2)

where N is the number of the photoelectrons and ¢ is the variance
of the electron multiplier gain, equal to 0.1 for an XP5200B PMT.

Overall energy resolution and PMT resolution can be deter-
mined experimentally. If 5, is negligible, intrinsic resolution &g of
a crystal can be written as follows:

(85c)* = (AE/E)* — (55)°. A3)

Fig. 3 presents the measured energy resolution versus energy of y-
rays for a 5 x 5 x 1 mm?> GAGG:Ce crystal. Other curves shown in
Fig. 3 represent the PMT resolution (6s) and intrinsic resolution
(8sc). Apparently, the energy resolution for the GAGG:Ce crystal is
mainly contributed by the intrinsic resolution over whole energy
range from 32 to 1274.5 keV, reflecting to its high LY. An analysis of
the 662 keV energy resolution for GAGG:Ce compared to LuAG:Ce
is presented in Table 3. Despite about twice higher LY for GAGG:Ce,
its energy resolution is slightly better than that of LuAG:Ce, which
is due to its worse intrinsic resolution & Fig. 4 presents the non-
proportionality characteristics of 5x5x1mm® GAGG:Ce and
LuAG:Ce crystals. Over the energy range from 662 keV down to
32 keV, the LY non-proportionality for GAGG:Ce is ~20% which is
worse than that of ~14% for LuAG:Ce, reflecting somewhat higher
intrinsic resolution (see Table 3) as the non-proportionality of LY is
a fundamental limitation to intrinsic resolution [27]. We note that
the LY non-proportionality (20% at 32 keV) obtained for a studied
5x5x1mm® GAGG:Ce is comparable to those measured for
5x5x5mm° and 10 x 10 x 5 mm> GAGG:Ce samples [18], and
there is no sample size dependence.

In order to investigate the contribution of slow components in
scintillation response for GAGG:Ce, the LY dependence on ampli-
fier shaping time was measured under 662 keV y-ray excitation
and compared with LuAG:Ce. The result in Fig. 5 shows a lower

Table 3
Analysis of the 662 keV energy resolution for GAGG:Ce and LuAG:Ce crystals with
the same size of 5x5x 1 mm>. N is the number of photoelectrons measured at
662 keV.

Crystal N Energy resolution (%)
AEJE Ost Osc
GGAG:Ce 5860 6.8 3.1 6.0
LuAG:Ce 2850 7.3 4.4 5.8
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Fig. 4. Non-proportionality characteristics of 5 x 5 x 1 mm® GAGG:Ce and LuAG:Ce
crystals.
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Fig. 5. Light yield dependence on amplifier shaping time normalized at 0.5 us for
GAGG:Ce and LuAG:Ce crystals. Solid lines are due to the model described in
the text.

contribution of slow component in the scintillation response of
GAGG:Ce with respect to LuAG:Ce. In the former material it
confirms the diminished trapping effect due to intrinsic shallow
electron traps and at the same time yet sufficient separation
between the conduction band edge and 5d; excited state of
Ce>* achieved due to the balanced admixture of Gd and Ga into
aluminum garnet matrix [20,21,28].

Shaping time dependences of LY in Fig. 5 were approximated
by the model of Prusa et al. in Ref [29]. Based on a two-
exponential approximation of scintillation decay the normalized
LY(¢t) time dependence is expressed as

LY(t) = m; —myexp[—mst] (4)

where mj,3 are parameters. Their physical meaning can be
described as follows: m; is relative increase of LY for an infinite
shaping time, relative fraction of the fast response part Kye
(t=0.5ps) in the entire LY value (t=o0) is obtained as Kye=
1—-my/my, and ms is proportional to the inverse decay time of
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the slow component responsible for the LY(t) increase for increas-
ing shaping time values. The values of m;=123%, Kre=80% and 1/
m3=4.2 ps for GAGG:Ce and m;=182%, Ky.=50% and 1/m3=3.7 ps
for LuAG:Ce were obtained from Eq. (4) fitted to the data in Fig. 5,
solid and dashed lines, respectively; for further evaluation details
see Ref. [29]. This measurement supports higher content of fast
component with contributed intensity of 85% and 47%, respec-
tively, in the scintillation decay of GAGG:Ce [18] and LuAG:Ce [8,9].
Kgje value of 80% obtained for a studied GAGG:Ce is lower than
those measured earlier for GAGG: 1% Ce [17].

3.2. Photofraction

The photofraction is defined as the ratio of counts under the
full-energy peak to the total counts of the spectrum as measured
at a specific y-ray energy. Fig. 6 presents the pulse height spectra
of y-rays from ¥’Cs (662 keV) and °!'Cr (320 keV) sources as
measured with a 5 x 5 x 5 mm?® GAGG:Ce sample while the photo-
fraction for all GAGG:Ce samples is presented in Table 4. The ratio
of the cross-section for the photoelectric absorption to the total
one calculated using the WinXCom program [30] is also given
for a comparison. Note a higher photofraction as measured for
the larger samples as expected due to a higher contribution from
(multiple) Compton scattering and terminated by photoelectric
absorption, leading to a full-energy peak in the pulse height
spectrum, for the larger crystals. The higher photofraction for
320 keV y-rays was also observed in the same trend with the
cross-section ratio (o-ratio) obtained from the WinXCom program.
It is due to the increase of photoelectric absorption cross-section
with decreasing energy of y-rays.

3.3. Total mass attenuation coefficient

A parallel beam of monoenergetic y-rays is attenuated in an
absorber according to the Lambert-Beer law:

I(x) = Ipexp(— pmpX) (5)
1000 T T
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Fig. 6. Pulse height spectra of y-rays from '*’Cs (662 keV) and 5'Cr (320 keV)
sources as measured with a 5 x 5 x 5 mm> GAGG:Ce crystal.

Table 4
Photofraction at 320 and 662 keV y-rays for studied GAGG:Ce crystals.

Energy (keV) Sample size (mm?) Photofraction (%) og-ratio (%)
320 5x5x1 334 40.8
5x5x%x2 37.2
5x5x5 434
662 5x5x1 10.74 12.97
5x5x2 14.24
5x5x5 16.35

Table 5
Mass attenuation coefficient at 320 and 662 keV y-rays for GAGG:Ce crystal.

y-energy (keV) (Hm)ex (cm?/g) (Hm)n (cm?[g)

320 n.m* 0.151
662 0.078 0.077

¢ not measured.

where Iy and I are incident and transmitted intensities of y-rays,
respectively, u, is the mass attenuation coefficient, p is the
density of the absorber, and x is the thickness of the absorber.
The product ump is called the linear attenuation coefficient.
Theoretical values of the mass attenuation coefficient of mixture
have been calculated using the WinXCom program [30]. Table 5
shows the experimental value (u,)ex Of the mass attenuation
coefficient at 662 keV y-rays for GAGG:Ce together with the
theoretical ones (i) calculated at 320 and 662 keV. The higher
value (um)mn for 320 keV was clearly seen in the same trend with
the photofraction value (Table 4). It is mainly due to the increase
of photoelectric absorption cross-section with decreasing energy
of y-rays.

4. Conclusion

The scintillation properties of the latest generation of GdsAl,-
Gaz0q;:Ce crystal grown by the Czochralski method were investi-
gated. It shows a high LY value over 47,000 ph/MeV and a good
energy resolution of 6.8% at 662 keV y-rays, comparable to that of
Nal(Tl). Dependence of the LY value on amplifier shaping time
shows distinctly lower content of slower component (in the range
of microseconds) in scintillation response compared to LuAG:Ce,
which confirms the diminished trapping effect of shallow electron
traps due to the balanced admixture of Gd and Ga into aluminum
garnet matrix. These properties together with a high density
of 6.69 g/cm?®, non-hygroscopic and intrinsic radioactivity-free
host assure the capability of GAGG:Ce crystal for high energy
y-ray measurements and medical imaging applications. Further
improvement of scintillation performance can 