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1. Uvod

1. UVOD

Interakce svételného paprsku s pevnou latkou je jevem, ktery fascinoval a ptitahoval
lidstvo od samého pocétku jeho byti. Pfes pocit bezpeci, krasu a vzneSenost dokaze ¢clovék
v dnes$ni dob¢ vyuzivat spojeni svétla a materidlu také k usnadnéni jeho kazdodenniho Zivota.
Ptenos informace v komunikacni technice pomoci laserovych zdroji produkujicich
monochromatické koherentni zateni a sklenénych optickych vldken je bezesporu jednim
z vyznamnych fenoménii soucasnosti. Navic dnes lidé dokazi vyuzivat optické zafeni nejen
k pfenosu informace, ale k mnoha dal§im ¢innostem, napf. optické biosenzory miizeme vyuzit
ke kontrole zivotniho prostiedi a Iékaiské diagnostice, vlaknové lasery pii lékaiské
diagnostice pfi operacich - napf. operace o€i, ale také v primyslu pro gravirovani, presné
fezani a svareni a povrchové Upravy materidli. Na zaklad¢ reakce fotonl s nanocasticemi
pevnych latek je dnes mozna také detekce velmi nizkych koncentraci lehkych prvki.

Pfitom na zacatku ptipravy kazdé fotonické soucastky stoji otdzka, z jakého materidlu ji
vyrobime, ma dand slouc¢enina — pevna latka potfebnou vlastnost? Uvédomime-li si, ze svétlo
je proud fotont a zaroven elektromagnetickd vina a Ze pevna latka je pomérné zna¢ny soubor
Castic (atomt, iontd nebo molekul), které podléhaji zakonlim kvantové mechaniky a
termodynamiky, je tfeba studovat a porozumét jeviim probihajicim na atomarni tirovni hmoty.
Prave tento kvantové mechanicky ptistup k feSeni otazek o podstaté vlastnosti anorganickych
latek dokéazal pfedpovédét existenci novych moZznosti pro interakci svétla s hmotou.
Piikladem mohou byt uméle pfipravené krystaly perovskitd, které maji zcela vyjimecné a
pestré vlastnosti, nebo i Uzasnd variabilita slozeni skla jako amorfniho anorganického
materialu.

Klicova je v tomto vyzkumu otazka vztahii mezi sloZzenim a strukturou anorganickych
sloucenin, popft. také chovanim ,,funkénich® iontd - iontd nebo prvkli pomoci, kterych byla
sloucenina modifikovéna, a ucelné pozméneénou vlastnosti materidlu. Stale vice se projevuje
vyznam poznani, jak Ize ucinn¢ ovlivnit vlastnosti materidlu pro vytvoteni fotonické
soucastky s pfedem presné¢ zadanymi vlastnostmi. A pravé zde je velké pole plsobnosti pro
anorganického chemika, ktery dokédze vyuzivat znalosti a studia vztahti mezi strukturnimi,

vazebnymi a fyzikdlnimi parametry, které jsou obecné urcené chemickym sloZzenim materiald.



1. Uvod

Myslim si, ze se ndm spoleéné¢ za poslednich dvacet let podatilo vytvofit v nasi
laboratofi pracovisté, které prave sledovani a interpretaci uvedenych vztahii umoziuje,
uspesné studuje a je v tom jedinecné.

Predkladana habilita¢ni prace se déli na dvé zakladni ¢asti. Prvni ¢ast obsahuje popis
zakladnich pouzivanych jevli a pojmi spolecné s kratkymi komentédii zdUraziujicimi
v druhé casti habilitaéni prace a popisuji podrobné dané experimenty, pouzité metody,
dosazené vysledky a patticné zavéry. Prikladané ¢lanky jsou vzdy dilem kolektivnim, kdy se
vSichni uvedeni autofi na publikaci podileli svym dilem. Jsou také vysledkem dlouholetych a

plodnych spolupraci, za které jsem svym spoluautorim vdécna.
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2. KOMENTAR K PREDLOZENYM PUBLIKACIM

2.1 Pasivni a dynamické ovladani optického signalu [1-5]

Opticky signal se materidlem §ifi prostfednictvim fotonti. Fotony se pohybuji optickymi
vlnovody, ptfi¢emz k zesilovéni, spinani a ukladani informace se pouzivaji funkéni optické
soucastky. Pasivni a dynamické soucéastky neméni vlastnosti prochdzejiciho signalu. Pasivni
soucastky umoziuji napt. déleni optického vykonu v pozadovaném poméru (délice vykonu
neboli splitry), nebo filtruji urcitou ¢ast optického spektra (spektralni filtry tzv. multiplexory
nebo demultiplexory) nebo méni polarizaci prochazejiciho zéateni (konvertory polarizace)
apod. Dynamické soucastky vyuzivaji vnéjsi elektricky nebo opticky signdl k ovliviilovani
nebo fizeni prochdzejiciho signalu, jednd se napiiklad o optické modulatory, piepinace,
laditelné spektralni filtry, optické spinace.

Zakladni strukturou pro Sifeni optického signilu je opticky vinovod. Jedna se
o struktury s vhodnymi hodnotami indexu lomu. Obecné plati, ze vinovodna vrstva musi mit

nejvyssi hodnotu indexu lomu v daném systému. Pro planarni strukturu plati:
ni>no = ny, (1)

kde n, je index lomu vzduchu (vné¢jSiho prostiedi), n; je index lomu vlnovodné vrstvy a
no je index lomu substratu. Je-li index vlnovodu vyssi nez index lomu okolniho prostiedsi,
zavedené optické zafeni se pomoci totalnich odrazti mtize Sitit vinovodnou vrstvou, ptfi¢emz
energie Sificitho se zafeni nemize z vinovodu uniknout. Plati-li uvedend podminka, potom
zpusob, kterym se opticky signal §ifi vlnovodem, pifesnéji jedno z feSeni vinové rovnice pro
Sifeni elektromagnetické vilny danym prostfedim, se nazyva opticky mod nebo vid.
V optickém vIlnovodu se muize Sifit jen omezeny pocet vidi M, ktery pro vlnovody se

skokovym charakterem hloubkového profilu indexu lomu vypocitame ze vztahu:

M- 2-d\n! —n;

A ’ )

kde d je tloustka vlnovodné vrstvy, n; je index lomu vlnovodné vrstvy, ng je index lomu

substratu a 4 je vlnova délka optického zafeni. Vhodna pracovni vinova délka je dalSi nutnou
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podminkou pro Sifeni optického vinovodu strukturou. Praktickd ukdzka jak rozpoznat vidy

v dvourozmérné a jednorozmérné optické struktufe je ukdzana na obr. 1.

A) Dvourozmérna (planarni) vinovodna struktura

stinitko

vidy svétla na stinitku &

vazebné hranoly laser

podlozka s vinovodnou vrstvou

B) Jednorozmérna (kanalkova) optické struktura

~ ™

1vid 4vidy

Obrazek 1. Znazornéni vidi svétla Sificiho se jednorozmérnou a dvourozmérnou fotonickou
strukturou, jedna se o vlnovody pfipravené ve skelnych podlozkich iontovou vyménou Ag” <> Na'.
Zmeéna indexu lomu je v planarni vrstvé az + 0,1 a v kanalkovém optickém vilnovodu okolo + 0,01.



2. Komentaf k publikacim

Podle druhu aplikace rozezndvame druhy optickych vilnovodi. Zname napiiklad
vlnovody planarni, kandlkové a vldknové, ve kterych je Sifeni optického signdlu rtizné
prostorové omezeno. V planarnim vlnovodu se signal $ifi dvéma sméry, které jsou dany
rovinou vilnovodné vrstvy, v kanalkovém i ve vldknovém vlnovodu je Sifeni signalu pak
omezeno do jednoho sméru. Podle hodnoty zmény indexu lomu rozliSujeme vlnovody se
skokovym nebo gradientnim profilem indexu lomu a s vysokou nebo nizkou zménou indexu
lomu. Z hlediska mnozstvi prenaSené informace je d€lime na jedno- a mnoha- vidové,
pfi¢emz vlaknové vinovody jsou zpravidla jednovidové se zménou indexu lomu 1x107 a
planarni vlnovody, jejichz cilem je vedeni a zpravidla zpracovani optického signdlu na
kratkou vzdalenost, mohou byt jak jednovidové, tak mnohavidové.

Jednou z velmi dulezitych charakteristik optického vinovodu je jeho opticky Utlum,
ktery se projevuje jako nezadouci pokles intenzity (vykonu) optického zafeni. Vyjadiuje se
pomoci koeficientu Gtlumu o (dB.cm™) a vypogita se z nasledujiciho vztahu:

a=%1010g%, 3)
v némz Py a Py je vykon optického zatfeni vstupujiciho resp. vystupujiciho z materidlu o délce
L. Koeficient Gtlumu o je hlavnim faktorem urcujicim praktickou pouzitelnost optickych
vlinovodi. Kvalitni optické vinovody maji koeficient Gitlumu v fadu desetin dB.cm™ a méng.

Ukéazka zméteného optického utlumu na optické soucastce je na obr.2.

Charakteristika optické odboc¢nice N4-23-C3-K3
3
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Obriazek 2. Ukazka méteni zavislosti optického Gtlumu na vinové délce u ponofeného kanalkového
vlnovodu s vazbami na optické vlakno. Opticky signal v celé Sifce méfeného spektra neptesahne
hodnotu 1 dB.cm™; pro niz§i vinové délky je patrné vedeni vice vidi. Kandlkovy vlnovod je
pripraveného iontovou vyménou Ag’ <>Na’ ve skle v ramci spoluprace s firmou Vlaknovéa optika
SQS, Nova Paka.
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Mezi typické pasivni vinovodné soucastky patii déli¢e vykonu optického zéateni tzv.
odbocnice nebo splitery. Jednd se o jednorozmérny kandlkovy vlnovod, ktery se v daném
misté rozdéli do dvou vétvi tak, Ze pfipomina tvar pismeneY. Je-li struktura symetricka vici
své podéIné ose, pak zéareni zavedené do jednovidového vstupniho vinovodu se rovnomérné
rozdéli do obou vystupnich (jednovidovych) vétvi. Pokud je uhel rozvétveni dostate¢né maly,
jsou malé i ptidavné ztraty vyzafovanim a rozptylem optického zéfeni. Pti dobré funkci
soucastky optické zateni vychazejici z obou vétvi ma polovi¢ni vykon vic¢i vykonu na vstupu.
Dnes jsou vyrabény i nesymetrické délice vykonu nebo napt. délice, které maji na jeden vstup
164 vystupti.

Jako typickou dynamickou vlinovodnou soucastku lze uvést elektroopticky vlnovodny
modulator, ktery pracuje na principu Mach-Zehnderova interferometru a funguje jako spinac
optického signalu. Je tvofen dvéma jednovidovymi vlnovodnymi rozvétvenimi tvaru Y
spojenymi dvojici vinovodi. Vlnovody jsou vytvofeny v materidlu, jehoz index lomu lze
ovliviiovat ptiloZzenym elektrickym polem. PtiloZzenim napéti na elektrody dochazi v hornim a
dolnim vlnovodu ke zmén¢ indexu lomu, a tedy k fazovému posuvu. Vystupni rozvétveni pak
mize byt napajeno do obou vétvi soucasné s rtiznou fazi. Pokud je faze optického zafeni
vobou vétvich stejnd, vznikne ve vystupnim rozvétveni rozloZeni pole odpovidajici
zakladnimu vidu, ktery se vlnovodem mulze Sifit, a zafeni moduldtorem prochazi
s minimalnimi ztratami. Pfilozime-li takové napéti, ze faze v jednotlivych vétvich se lisi o =,
vznikne ve vystupnim rozvétveni rozlozeni zafeni odpovidajici vyS$§imu, antisymetrickému
vidu, ktery se v jedno-vidovém vystupnim vinovodu nemuze sitit. V takovém piipadé se
zateni vyzaii mimo vystupni vlnovod; modulator je tak ve stavu ,,vypnuto*. Ponévadz odezva
elektrooptického materidlu na ptiloZené napéti je velmi rychld (fadu desitek femtosekund),
umoziuje tento princip velmi rychlou modulaci optického zéfeni relativné malym ovladacim
napétim (jednotky voltd). Tyto moduldtory se pouzivaji v optickych komunikaénich
systémech s prenosovymi rychlostmi n€kolika desitek gigabitl za sekundu.

Pokud material substratu vykazuje nelinearni optické vlastnosti, je mozné na stejném
principu vytvoftit také opticky vlnovodny spina¢, u kterého je mozné index lomu ovliviiovat
vstupujicim optickym signalem. Vyzkum v této oblasti se soustiedi na vyvoj zafizeni
pracujicich na principu “all- optics”, ktery umoziiuje spinani a ovladani optického signalu bez
konvertovani na signal elektricky. Material vykazujici nelinearni opticky jev, totiz pod vlivem
silného laserového svazku méni své vlastnosti jako napf. index lomu nebo absorpci
nelinearné. Ptfikladem takového optického zafizeni miize byt napf. rezonatorovy opticky

spinac, jehoz funkce je zndzornéna na obr.3. Spina¢ se sklada ze dvou kanalkovych vlnovodii
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umisténych po stranich mezi, kterymi lezi kruhovy resonator. Tento kruhovy resonator
obsahujici naptf. kovové nanocastice vykazuje nelinearni optické jevy - Kerrovy jevy. S
vyuzitim ktfizové fazové modulace, kterou indukuje silny laserovy puls, se opticky signal
v aktivnim vlnovodu transportuje do druhého zatim neaktivniho vlnovodu — spina¢ je tim

sepnut.

vedeny vedeny signal
Cerpani L
P signal

—)

»Zapnuto”

odklonény signal

»vypnuto"

Obriazek 3. Jedno z moznych usporadani optického mikrorezonatoru, ktery vyuziva nelinedrnich
optickych vlastnosti pro modulaci optického signalu (pfevzato z [2])

2.2 Anorganické materialy pro pasivni a dynamické optické ¢leny [5-7]

Index lomu materialu je pro navrh optické soucéstky dulezitou veli¢inou. Ze vztahu (4)
je zfejmé, Ze index lomu 7 je veliina, kterd je nepfimo imérnd rychlosti Sifeni optického
zafeni materidlem. Relativni permitivita & je materidlovd konstanta a index lomu je pak
pomoci permitivity definovan jako n = \/Z . Relativni permitivita (n¢kdy také dielektricka

konstanta materidlu) je pfimo Umérna polarizaci materidlu a souvisi tedy s elektronovou

polarizovatelnosti jednotlivych atomt nebo molekul.

y=—=— (4)

V Tabulce 1 jsou vyznamné anorganické optické materidly sefazeny podle hodnot
indexu lomu. Je ziejmé, Ze nejvys$si hodnoty indexu lomu nalezneme v krystalickych
materidlech, niz§i pak v materidlech amorfnich. Vedle téchto materiald jsou dnes také
zkoumany organické polymerni materialy, které maji obecné nizké hodnoty indexu lomu

(napf. polymery na bazi teflonu (hodnota indexu lomu 1,297) [8].
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Tabulka 1. Optické vlastnosti vybranych optickych materialt index lomu a hranice oblasti
s minimalni absorpci — hodnota indexu lomu odpovida vinové délce 633 nm [9]

Krystaly Index lomu Transparentni oblast [um]
ALO; 1,7659 0,2-5

Diamant 2,4122 0,035-10

LiNbO3 2,2864 0,35-5,5

LiTaO3 2,1337 0,4-5,5

YAG 1,8295 0,4-5,0

KTP 1,7619 0,43 - 3,54

KDP 1,5073 0,2-1,5
Polovodice Index lomu Transparentni oblast
Si 3,4434 (L =2,43 um) 2,43 -25

SiC 2,6342 0,488-1,064

Zn0O 1,9888 0,45-4,0

GaN 2,3848 0,35 - 10

Skla Index lomu Transparentni oblast
Fused silica 1,46 0,18-3,5
Sodnokfemicitanova skla 1,52 0,31 -4,6
Borodilicate (BK7) 1.51 0,35-2,5

Fosfatova skla 1.52 0,3-2,5

Flintova skla 1,58 -1,62 03-24

Index lomu jako komplexni veli¢ina — nelinearni optické jevy

Index lomu materialu zavisi na vlnové délce Siticiho se optického signdlu. Tomuto jevu
fikdme disperze. Pfi tzv. normdlni disperzi index lomu klesa s rostouci vinovou délkou.
Pri¢inou disperze je zavislost fadzové rychlosti Sifeni svételné viny na jeji vlnové délce pii
priachodu materiadlem.

Vhodny materidl pro pasivni vedeni optického signalu nesmi vedeny opticky signal
absorbovat ani rozptylovat. Absorpce v materialu je na jedné stran¢ spektra vinovych délek
zpusobena fundamentalni absorpci elektronti z valenéniho do vodivostniho pasu dielektrika a
souvisi tedy s Sitkou zakazaného pésu dielektrika. Na strané druhé tj. pro vyssi vinové délky
se jednd o infracervenou fononovou absorpci zplusobenou vibracemi vazeb struktury
dielektrika. Pro dany materidl tedy vzdy existuje rozmezi vinovych délek, ve kterém mtzeme
dany materidl z hlediska nizké-nulové absorpce pouzit. Meze transparence pro vyuzivané
anorganické materidly jsou uvedeny Tabulce 1. V anorganickych krystalech je naptiklad
zajimavé si povSimnout vysoké horni hranice transparence diamantu, ktera je zptisobena jeho
vysokou kovalenci vazeb spojenou s velkymi silovymi konstantami a tedy minimalni
interakci fononti s prochéazejici vinou. Polovodi¢e maji ve srovnani s dielektriky diky mensi
Sifce zak4zaného pdsu oblast transparence vétSinou posunutou k vy$$im vlnovym délkam —

oblast transparence tedy lezi ve viditelné oblasti spektra nebo nad ni. U polovodicl je také
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naprosto ziejma souvislost mezi dolni mezi transparence a Sitkou zakdzaného pasu. Horni
mez je u polovodici déna opét absorpci krystalové struktury a také s absorpci spojenou
s exitaci volnych nositeli ndboje. Skla jako jeden z nejdilezitéjSich optickych materiali jsou
amorfnim prostiedim. Maji velkou energii zakazaného pasu (SiO, okolo 10 eV), kterd
odpovida vysoké propustnosti skel v UV oblasti. Jsou také smési nejriznéjSich oxida, kdy
ptidavek dalSich oxidi napt. k SiO, snizuje Sitku zakazaného pdsu, ale hranici propustnosti
posouva k niz§im vlnovym délkam. Horni hranice propustnosti kiemicitanovych skel pak
odpovida vibraénim absorpcim teraedri SiO4™.

Rozptyl optického zéafeni v materidlu mize byt zplisoben necistotami, poruchami-
defekty a nehomogenitami v materialu. Pii rozptylu optické zafeni méni pfedevsim sviij smér.
Mize se zménit ale také faze nebo polarizace zafeni. Pokud je vinova délka zafeni mensi, nez
jsou rozméry nehomogenit, pak se jedna o Rayleightiv rozptyl a svétlo je na nehomogenitach
rozptyleno stejné jako v rozptylce. Rozptyl je pak pfi¢inou zvySeni optického utlumu stejné
jako absorpce. Plati, ze srostoucim obsahem nehomogenit stejné jako se zkracujici se
vlnovou délkou roste opticky titlum materialu.

Pro dynamické ovladani optického signalu se vyuzivaji krystalické materialy, které
vykazuji elektrooptické vlastnosti. Pfi hledani vhodného materidlu se tedy soustfedime na
hodnotu tzv. elektrooptického koeficientu, ktery je v krystalech tenzorem, tj. pro urcité
uspofadani méfeni je vétSinou méfitelnd prave jedna slozka daného tenzoru. Hodnoty
elektrooptickych koeficientli v rGznych krystalech jsou uvedeny v Tabulce 2. Typickymi
ptedstaviteli elektrooptického materialu jsou monokrystaly niobi¢nanu lithného a draselného.
Prilozené elektrické pole méni posunem atomti vic¢i sobé rozloZeni dipdlovych momenti
v materialu, coz ovlivni prochazejici elektromagnetickou vinu.

K dynamickému ovladani optického signdlu miizeme vyuZzivat skutecnost, Ze napf.
index lomu materidlu nebo vySe popsana absorpce materialu mohou za urcitych podminek
zaviset na intenzit¢ dopadajiciho optického signilu nelinearné. Takovym jevim fikdme
nelinearni optické jevy. Popsany jev nastava pii Sifeni optického zéafeni s vysokou intenzitou
danym materidlem. Silné elektrické nebo magnetické pole optického zateni vyvola prostorové
zmény v rozlozeni elektrickych naboji pevné latky. Dochazi napt. k vychyleni rozlozeni
elektronové hustoty vii€i jadru atomu, tj. ke zméné polarizovatelnosti atomu. K nelinedrnim
optickym jeviim dochazi, pokud je elektrické pole optické viny srovnatelné s elektrickym
polem reprezentujicim Coulombovy sily, napf. mezi elektrony a jadrem atomu. Rozvoj
nelinearni optiky tedy nastal az s pfichodem laserd s velmi kratkymi a vysoce intenzivnimi

laserovymi pulsy.
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Tabulka 2. Hodnoty elektrooptickych koeficienti r a nelinearnich optickych koeficientd d
v nelinedrnich optickych krystalech a hodnoty y3 ve vybranych kompozitech na bazi SiO,

Krystal Elektroopticky Nelinedrni citace
koeficient [pm/V] | opt.koeficient [pm/V]
LiNbO3 3= 9,6 d31= 6,25 [6]
= 6,8 d31 =- 4,5
r33= 31 ds;=-0,27
I's1= 33 d22= 2.1
LiTaO3 I33= 33 d31 =-1 [10]
riz = 8 d33 =-21
I = 20 d22 = 20
I(Nb03 3= 28 [6]
I'42= 380
31— 165
KDP I41= 8,8 d36=0,44 [10]
Te3= 10,3
Kompozitni material A [nm] x3 [esu]
Si0, 1064 1,8 x 10" [11]
Cu : SiO, 1064 33x10® [12]
(0,8 -1,2) x 107 [13]
Cu: SLSG 1064 0,9 x 10® [14]
Ag: SiO, 1064 1,8 x 107 [15]
Au: SiO, 1064 (0,1-4,3) x 10°® [16]

Fyzikaln¢ je nelinearni opticky jev popséan jako nelinedrni zavislost polarizace prostiedi
P na intenzité elektrického pole E optického zateni:
P=¢,(yVE+yPE> +yYE’..)

kde & je permitivita vakua, ¥, ¥ 7 je oznaceni pro susceptibilitu prvniho, druhého

a tfettho fadu (v uvedeném vztahu je zanedbana vektorova povaha polarizace P a intenzity
elektrického pole E). Prvni ¢len ve vztahu popisuje linearni odezvu daného prostfedi a

popisuje linedrni optické jevy. Susceptibilita x(l) je vztazena k linedrnimu indexu lomu 7, jako

N, =1+47y®

Ostatni optické c¢leny predstavuji nelinearni optické jevy. Graficky lze vztah mezi
polarizaci P a intenzitou elektrického E a jeho linedrni a nelinearni povahu znazornit
nasledujicim obrazkem, kde je linedrni zavislost mezi polarizaci a intenzitou elektrického pole
zndzornéna prerusovanou ¢arou zatimco nelinedrni zavislost ¢arou plnou. Slabé elektrické
pole dopadajiciho signalu zpiisobi malou linearni odezvu (Obr. 4a), kdeZto silné pole zpisobi

vznik asymetrické polarizace s velkym negativnim vychylenim (Obr. 4b).
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(b)

(1) &)

Obrazek 4. Znaroznéni nelinearnich optickych jevii (pfevzato z [6])

Material s vysokou optickou nelinearitou je pak charakterizovan vysokou hodnotou y3
(nebo vysokou hodnotou nelinedrniho optického koeficientu viz Tabulka 2). Tyto materialy
jsou vyuzivany predevsim pro zménu vinové délky prochéazejiciho optického signalu.

Vedle zndmych anorganickych krystalickych materiali se v sou€asnosti jako jeden
z perspektivnich materidl vhodnych pro nelinearni optické soucéstky studuji skla, ktera
obsahuji nanocéstice médi, stiibra nebo zlata [17-19]. Charakteristicka je pro né vysoka
hodnota nelinearni susceptibility tfettho fadu y3, porovnani se substritem bez kovoveé
nanocastice je uvedeno v Tabulce 2. Podstatou tohoto jevu je povrchova plasmonova
rezonance pifitomnych kovovych nanocastic. Navic mé opticky signal prochazejici takovym

materidlem velmi rychlou odezvu (~50 ps), ¢imz se blizi vlastnostem elektrického signalu.

Niobi¢nan lithny [20-22]

Monokrystalicky niobi¢nan lithny je jiz fadu let znAmym materidlem, ktery se vzhledem
ke svym mimofadnym vlastnostem vyuziva zejména v nelinedrni optice, akustice a fotonice.
Niobi¢nan lithny je synteticky krystal a je mozné jej dobfe péstovat i ve velkych rozmérech.
Mezi jeho nejvétsi vyhody patii moznost soucasného pasivniho i aktivniho ovlddani
optického signalu v jednom optickém ¢lenu.

Niobi¢nan lithny je kongruentni krystal s pfiblizné 6% deficitem lithia a d& se tedy
snadno dotovat riznymi prvky. Znadmé je obohaceni vzacnymi zeminami (napf. Er, YD,
Nd, Tm atd.) pro ucely vyroby optickych zesilovacii a vinovodnych laseri; dale se dotuje také
mnohymi pfechodnymi kovy jako napi. Fe (pro vyuziti v holografickych pamétich), Ti, Cu,
Cr, Zn apod.
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Niobi¢nan lithny je jednoosy zaporny krystal krystalujici v trigondlni krystalografické
soustaveé s prostorovou grupou R3c . Diky anisotropii monokrystalu LiNbO3 se v riznych
krystalografickych smérech LiNbOj; §ifi optické zafeni odliSnym zplisobem. Z toho diivodu se
pouzivaji krystalografické fezy LiNbOs; sriiznymi orientacemi. Mezi nejpouzivanej$i
krystalografické fezy LiNbOs patii fez Z a fez X; v uvadénych pracich byly pouzivany také
specidlni fezy LiNbO3 oznacované Y, které jsou orientovany bud’ kolmo na Stépnou rovinu Y-/
nebo rovnobézné se Stépnou rovinou Y/I. Piehled jejich tfiindexového a ctyfindexového

oznaceni je uveden v Tabulce 3.

Tabulka 3. Popis pouzitych krystalografickych fezii LiNbO; (pievzato z[22])

Typ fezu LiNbO; Popis tfezu ngi?gﬁ? (I:}k 4 Ii(r)}\]/sifaki{ghr ?(ﬁicll;é
Z Kolmy na krystalografickou osu z {001} {0001}
X Kolmy na krystalografickou osu x {110} {1120}
YII (také Y36) Rovnobézny se §tépnou rovinou {012} {0112}
Y./ (také Y128) Kolmy na $t&pnou rovinu {104} {1014}

Opticka skla [5, 23-26]

Predev§sim opticka propustnost skel v Sirokém rozsahu spektra a také snadna
opracovatelnost pfedurcily sklo jako materidl vhodny pro optické a pozdéji také fotonické
soucastky. Skla obecné mohou vykazovat pomérné dobrou homogenitu a navic se daji jejich
vlastnosti snadno ménit pomoci zmény jejich chemického slozeni. Na rozdil od krystali se
miize sloZzeni a tedy také vlastnost skla ménit spojité. Piikladem vhodnosti skla jako
dilezitého anorganického fotonického materidlu je vyroba nizkoztratovych kiemennych
vlaken, kdy je jejich jadro s vyssi hodnotou indexu lomu schopné vést opticky signdl na velké
vzdalenosti.

Sklo mé amorfni strukturu a je mozné jej nazvat tuhym roztokem zpravidla oxidi ale 1
jinych chemickych sloucenin. Spole¢nym znakem vsech skel je pravidelné uspotadani jeho
strukturnich jednotek (dvou az tii atomtl) na kratkou vzdalenost. Zakladni strukturni jednotka
je zpravidla tvofena centralnim elektropozitivnim prvkem obklopenym rliznym poctem atomu
elektronegativnich prvka. Napiiklad v kiemicitanovych sklech je zékladni strukturni
jednotkou tetraedr SiO,”, jehoZ centralnim atomem je kiemik obklopeny &tyimi atomy

kysliku. Vedle kiemiku zname i dalsi tzv. sitotvorné prvky jako napt. B a P. Pokud jsou
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do skla ptimiseny jesté dalsi prvky jako Na, K, Ca, Mg, dochazi k pteruseni vazeb Si-O-Si a

nastane depolymerace skelné sit€¢ a vlastnosti skel se méni - modifikuji. Kationty

modifikatort lezi v dutindch, které vytvoii seskupeni strukturni jednotek skla. Modifikatory

tedy samy sklo tvofit nemohou diky pomérné vysoké iontovosti vazby. Existuji vSak také

prvky intermedialni, které mohou byt jak modifikatory, tak sitotvornymi prvky, jsou to napf.

Al ale také pravdépodobné Zn. Skla pouzivana ve fotonice je mozné rozdélit na skla

a) s nizkym indexem lomu (n < 1,7) — kiremicitanova (silikatova) skla, fosforecnanova
skla, amorfni Al,Os, fluoritova skla,

b)  se stiedni hodnotou indexu lomu (1,7 < n < 2,0) — oxynitridova skla,

c) sklas vysokou hodnotou indexu lomu (n > 2,0) — amorfni oxidy kovi, chalkogenidova

skla a telluridova skla [18].

Pro navrh optické soucastky je tedy nanejvys vhodné soustfedit se nejprve na jeji

funkci a pro navrh materialu

a)  vybrat pracovni vinovou délku nebo rozsah vlnovych délek, pro které ma byt material
transparentni,

b)  soustfedit se na opticky tlum materidlu pti dané vinové délce,

c) navrhnout vhodné uspofadéni tj. kombinaci rozméri a hodnot indexu lomu s ohledem
na spravné Sifeni optického zateni,

d)  zvolit vhodnou technologii ptipravy.

Pasivni optické vinovody: soucasny stav

V soucasné dob¢ byla vytvofena celd fada nejrizné€jSich pasivnich vinovodnych ¢lenti
na bazi materiali krystalickych, skelnych a v posledni dobé i polymernich. VIinovody jsou
dnes vytvafeny modifikaci nebo navrhy novych materidli pfimo na miru dané funkéni
soucastce. V soucasné dobé& existuji tfi hlavni technologické postupy vyroby optickych
vlnovodi. Jednou z moznosti je nandseni vrstvy daného materidlu s vy$si hodnotou indexu
lomu na podloZku s niz§i hodnotou indexu lomu. K tomuto ucelu jsou vyuzivany predev§im
razné depozicni techniky jako CVD (Chemical Vapour Deposition) a jeji modifikace, pulsni
laserova deposice, techniky epitaxniho riistu nebo techniky sol-gel. Témito technikami je
vytvofena vrstva jiného materidlu na podlozce a zménou jeji tlouStky mizeme ovliviiovat
parametry vlnovodu jako napt. pocet Sifenych vidd. Na homogenité, mikrostrukture a

rovnomérném naneseni stejné tenké vrstvy pak zavisi predevsim hodnota optického utlumu
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ptipravené¢ho vinovodu. Uvedenymi technikami je mozné vytvéiet nejen vinovody planarni
ale také vlnovody hiebenové, u nichz je na podlozku nebo pfimo do Stérbiny mezi materidly
nanesen tenky pasek nového materidlu s niz§i hodnotou indexu lomu. Takto jsou dnes
ptipravovany piedev§im vlnovody z monokrystalického kiemiku, nitridt a fosfida galitych,
oxidu zine¢natého, diamantu, yttrium aluminium granatu a dal$ich materiala [27-32].

Jinou moznosti jak pfipravit opticky vlnovod je vyuzit predevS§im termalni diftzi
z nanesené vrstvy nebo iontovou vyménu pro vytvoreni tenké vrstvy s odliSnym chemickym
slozenim nez ma ptivodni podlozka a tak zvysit hodnotu indexu lomu. Ve spojeni s litografii
je timto zpisobem mozné pfipravit i kandlkové struktury vinovoda. Oproti vySe uvedenym
nanaSecim technikdm se tyto vlnovody vyznacuji velmi nizkymi optickymi Gtlumy a velkou
symetrii profilu blizkého pole optického vidu. Omezeni téchto technik vSak plyne z vybéru
vhodné kombinace podlozky a vyménovaného iontu. lontovd vyména ve skle je nejvice
zndma a dosud také velmi Casto vyuzivana technika [33, 34]. Vyméinovany jsou piedevSim
pohyblivé ionty alkalickych kovl pfitomné ve skelné matrici za jiné vhodné ionty z vnéjsiho
zdroje iontd. Velmi roz§itend je také diftize titanu nebo zinku z napafené kovové vrstvy
do LiNbO; [35] nebo protonovd vymeéna s naslednym Zzihdnim v uvedeném monokrystalu
[36].

Ttetim obecnym postupem, ktery je nejmladsi, je modifikace povrchu pevné latky
intenzivnimi svazky fotoni, iontii nebo elektronti. Pfikladem mutize byt modifikace povrchu
skla pulsnim laserovym svazkem o dané intenzité, coz ma za nasledek zvétSeni objemu
v mist¢ dopadu do sklené matrice a nasledné zvyseni indexu lomu. V krystalech se naopak
dopadem uvedeného svazku index lomu snizuje [37].

Soucasnym nejnovej$im trendem je lokalizace optického signdlu ve vinovodu, ktery ma
mens$i rozmér nez je vinova délka prochazejiciho optického signalu. Vyuziva se pii tom
obohaceni dielektrického materidlu kovovymi nanocasticemi. Obor, ktery se na uvedené

moznosti soustfedi, se nazyva nanoplasmonika [38].

2.3 Vlastni vysledky vyzkumu anorganickych optickych materidli pro pasivni a
dynamické soucastky
V laboratofi materialii pro fotoniku, jiz jsem soucasti, jsme se soustiedili na ptfipravu
pasivnich a dynamickych optickych ¢lent difiznimi technikami, které nekladou velké naroky
na pristrojové vybaveni, ale jsou pomérné znané experimentalné ndro¢né a maji omezenou

variabilitu v tom smyslu, zZe je mozné kombinovat jen ur¢ity material s ur¢itym vhodnym
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dopantem. V krystalickych materidlech byly dosud studovany a prakticky provadény
protonova vyména s ndslednym Zzihanim v LiNbO; a LiTaOs [39-41], a vyména barya
v KTiOPO4 (KTP) monokrystalu [42]. J4 jsem se konktrétné¢ zaméfila na vinovody v LiNbO;
a KTP.

Z amorfnich materiald se soustfedime prfedevsim na kifemicitanova skla. Jejich vyhodou
je velmi dobra stabilita, odolnost a nejsnaz§i moznost vazby na optickd kiemenna vlakna.
Navic ve srovnani s krystaly nebo polymery lze jejich sloZeni a tedy i vlastnosti navrhnout
,presné na miru“ pozadavkiim kone¢né fotonické soucéstky. Vyroba je také pomérné levna a
snadnd. Optické vinovody v nich byly pfipraveny nasledujicimi iontovymi vyménami:
Ag" <> Na' [43-46], K" <> Na' [44,45,47] Li" <> Na' [48-50] Cs" <> Na' [51], Cu” <> Na'
[43,52], Cu*" <> Na' [43,53]. Detailné jsme také studovali iontovou vyménu v elektrickém
poli a vytvofili pracovni aparaturu pro uvedeny typ iontové vymény [51,53,54]. Jelikoz je
v naSich pracich vzdy kladen diraz pfedevS§im na pochopeni a popis vztahli mezi optickymi,
chemickymi a strukturnimi vlastnosti, byla ve spolupraci s Ustavem skla a keramiky VSCHT
(Doc. Martin Mika) substratova skla také navrhovana a modifikovana z hlediska jejich
sloZeni. To se ukazalo jako zcela kliCové pro vhodnou ptipravu optického vinovodu o pfedem
pfesné¢ zadanych parametrech. U ptipravenych optickych skel dokdzeme také charakterizovat
jejich hodnotu indexu lomu, disperzi a homogenitu a u vlnovodnych optickych vrstev
dokazeme stanovit jejich hloubku, pocet Sitenych vidl a opticky Gtlum na vinové délce 633
nm. K tomuto ucelu vyuzivdme techniku vidové spektroskopie, kterd slouzi i jako méfici
pracovisté pro nase spoluprace s jinymi Ustavy popf. pracovisti. Ja jsem se ve svych pracich
soustiedila pfedev§im na piipravu vinovodi vyménou K™ <> Na™ a Ag" <> Na' a také na
vyuziti iontové vymény popf. iontové vymény v elektrickém poli v praxi.

V mnohem mensi mife byla v naSi laboratofi vyzkouSena také technika ptipravy
vlnovodii pomoci iontové implantace helia a difize titanu do Er:LiNbOs;. Oproti iontové
vyméné je technika iontové implantace, kterou v laboratofi vyuzivime ve spolupraci s UJF
AVCR, technikou neomezenych moznosti, co se tye kombinace dopantu se substratovym
materidlem. Na technické vybaveni v podobé urychlovace iontl je vSak iontova implantace

velmi naro¢nd a malo prakticka.
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2.3.1 Optické krystaly

LiNbO; — protonova vyména [P1,P3,P4]

Z optickych krystali jsem se ve své praci zaméfila na piipravu plandrnich optickych
vlnovodi v niobi¢nanu lithném. Byla studovéna ptiprava optickych vlnovodi procesem
protonové vymény s naslednym zihdnim — annealed proton exchange (APE). Jedna se o
vyménu vodikového iontu z roztavené vhodné kyseliny adipové a lithné ionty z monokrystalu
podle rovnice:

LiNbO; + xH" — Lij x H{NbO3 + xLi"

Bezprostfedné po iontové vyméné maji vinovody velkou zménu fadného indexu lomu
az 0 0,12 ale vyznamné se zmenSuje elektroopticky koeficient krystalu (koeficient 733 klesne
témét na nulovou hodnotu). Z tohoto ditvodu nasleduje po protonové vymeéné zihani, béhem
kterého dochéazi k diftzi vodiku do vétSich hloubek, zména indexu lomu pfitom klesd a
hodnota elektrooptického koeficientu dosahuje ptivodni hodnoty.

V pracich [P1 a P4] byl studovan proces APE z kyseliny adipové a zjiStovana souvislost
mezi zménami chemického sloZeni a optickymi vlastnostmi. Po navazani spoluprace s UJF
AVCR a také s Josef Stefan Institute v Ljublani ve Slovinsku bylo moZné pomoci metody
NDP (neutron depth profiling) a tedy reakce izotopu °Li s termalnimi neutrony sledovat
detailné pohyb lithia b&hem procesu APE. Jako jedno z madla pracovist jsme dokézali
studovat vztah mezi koncentraci lithia a hodnotou indexu lomu. Bylo zjisténo, ze lithium je
prakticky z 90 % nahrazeno vodikem béhem prvniho kroku protonové vymény. Nésledné
zihani zplisobuje posun lithia smérem k povrchu az do vyse zhruba 60 % celkového obsahu a
posun vodiku smérem do hloubky viz obr. 1, 2, 3 v [P1]. I kdyZ zavislost indexu lomu na
hloubce vlnovodné vrstvy zrcadlové odpovidala zavislosti koncentrace lithia na hloubce,
nebyl potvrzen linedrni vztah mezi hodnotou indexu lomu a koncentraci lithia. Byl nalezen
semiempiricky vztah pro proces APE z kyseliny adipové, ktery m¢l pro ur¢ité hodnoty obou
konstant K1 a K2 linearni tvar, ale pro jiné hodnoty konstant tvar exponencidlni [P1].

Béhem uvedené studie byla také objevena skutecnost, Ze rychlost, a tedy i mira
vyménné reakce lithium — vodik, zavisi na pouzitém krystalografickém fezu niobi¢nanu
lithného. Ukazalo se, ze X <11-20> krystalograficky fez niobi¢nanu lithného je jak pro pohyb
lithia, tak pro pohyb vodiku (zjistovano metodou ERDA) propustnéjsi nezli krystalograficky
fez Z <0001>. Jako pfi¢ina byla nalezena orientace povrchu substratu vici S$tépné roviné

monokrystalu [P3].
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Er:LiNbO; [P22]

Monokrystalicky niobi¢nan lithny je diky velkému mnozstvi intristickych poruch
zpuisobenych deficitem lithia snadné dopovat riznymi prvky, které svou piitomnosti mohou
kompensovat nerovnovahu naboje. Erbium je, jako jeden z moznych dopantli, ve struktuie
objemové dotované¢ho niobi¢nanu lithného (0,5 mol %) umisténo v polohach lithia a mirné
posunuto podél osy z o 0,09 nm [P6, 55]. Jeho pfitomnost ve struktufe zplsobi zménu
v absorp¢nich a luminiscen¢nich vlastnostech. Hodnotu indexu lomu uvedend koncentrace
erbia prakticky neméni [P16].

V niobi¢nanu lithném vcetné jeho formy dotované lanthanoidy je mozné ptipravovat
vlnovody nékolika riznymi zplisoby. V soucasnosti je nejvice vyuzivanou technikou difize
titanu z napaiené kovoveé vrstvy. V préaci [P22] jsme v niobi¢nanu lithném dotovaném erbiem
porovnali tfi rizné techniky pfipravy vlnovodl a nasledné i vlastnosti pfipravenych vrstev.
Popsany byly ptedevSim optické vlastnosti v souvislosti se zménami ve struktuie
monokrystalu. K pfipravé vlnovodid jsme vyuzili difazi titanu, protonovou vyménu
s naslednym zihanim a iontovou implantaci helia.

Difuze titanu do niobi¢nanu lithného probihéd nad jeho rekrystaliza¢ni teplotou [56] pii
1000 °C. Je pravdépodobné, ze béhem procesu ptipravy vinovodii dochédzi k rekrystalizaci
celé struktury Er:LiNbO;. Tomu odpovidd zjistény témef nulovy stupenn neuspotadanosti
struktury [Tabulka 4 v P22]. Struktura monokrystalu je tedy po ptipravé vinovodu poskozena
jen minimalné. Titan pravdépodobné obsazuje oktaedrické vakantni polohy v zadkrytu za
sebou s osou z. Vzhledem k vysokému stupni uspotfadanosti struktury piredpokladame nizky
utlum optického signalu, coz se potvrdilo pti méteni vidovou spektroskopii (velmi zietelné
jednotlivé vidy). Celkovd zména indexu lomu pii pouziti této metody je v porovnani
celkové zvysi polarizovatelnost materialu nez zménou strukturnich parametra.

Proces protonové vymény probihd obdobné jako u cCistého niobi¢nanu lithného a
ptidavek erbia jeho pribéh neovlivituje. Pii procesu APE v Er:LiNbO3 byl naméfen vysoky
stupeii neuspofadanosti struktury (az 14 %), coz odpovidd znaéné zméné strukturniho
parametru (pravdépodobné je zvetSeni strukturniho parametru zndmé jako ,,swelling®)
zptisobené tbytkem lithia a umisténim vodiku do plandrnich rovin v rdmci kyslikovych vrstev

[P5,55]. Velka zména strukturniho parametru zptsobuje také znaénou celkovou zménu indexu
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lomu (+0,06), zména indexu lomu je nejvyssi ze vSech porovnavanych technik. I tady velmi
zfetelnd intenzita optickych vidl naznacuje malou hodnotu optického Gtlumu.

Tontovou implantaci He" do monokrystalické struktury vzniké zcela jiny typ vinovodu,
jehoz vlastnosti souvisi s podminkami iontové implantace. Zména indexu lomu je pfisuzovana
nejprve vzniku tzv. bariérového vinovodu [57], pozd€ji vzniku dvou vrstev, kdy jedna vznika
priletem implantované ¢astice tésné u povrchu a druhd dopadem implantované castice do
urcité hloubky podle vstupnich parametrii implantace. VInovod pak vzniké odrazem paprsku
od vrstvy, kde castice dopadla a jeho Sifenim ve vrstvé poSkozené priletem implantované
Castice [58]. ZnaSich vysledkl je patrné, Ze zatimco davka pii iontové implantaci
1,0 x 10" jontd.cm™ nevytvaii vlnovodnou vrstvu, davka 1,0 x 10" jontd.cm™ jiz vede ke
tvorbé vinovodu. Hodnota indexu lomu se zvysi pomérné znacné (+0,02). Z vysledka je
patrny zna¢ny stupenn poskozeni struktury monokrystalu (2 — 14 %), coz potvrzuje, Ze
priletem implantované ¢astice dochazi k poskozeni struktury. Zaroven se zvétSi miizkovy
parametr, coz ma za nasledek zvyseni hodnoty indexu lomu.

V experimentech se objevily pomérné vyznamné rozdily, které byly pozorovany v
chovani jednotlivych krystalografickych tezii Er:LiNbO; pii iontové implantaci. Skokovy
charakter indexu lomu byl potvrzen piedevsim v fezu X, kde byla pozorovan maly stupeil
poskozeni struktury (2 %). Gaussovsky typ profilu indexu lomu spole¢né s vysokym stupném
poskozeni (14 %) byl pozorovan v fezu Z niobi¢nanu lithného. To znamena, Ze poskozeni
struktury je zéavislé na orientaci svazku k povrchu vzorku. Zdéa se, Ze struktura fezu Z je
priletem iontu mnohem vice poSkozovana nez struktura fezu X, coZ zpisobi také vyssi
hodnotu celkové zmény indexu lomu a Gaussovsky tvar profilu indexu lomu. Rez X je
poskozen mnohem vice v misté dopadu ¢astic, tj. v hloubce 4 um, a prilet ¢astic nezplsobi
velké poSkozeni struktury. Nasledné je celkova zména indexu lomu niz§i a vinovod ma jasny
skokovy charakter profilu indexu lomu. Ovlivnéni luminiscence erbia v souvislosti

s ptipravou vinovoda bude diskutovéano v nésledujici kapitole 2.6.

Elektroopticky koeficient v Er:LiNbO; [P5]

Jednou z dilezitych dynamickych vlastnosti niobi¢nanu lithného je vysoka hodnota
elektrooptického koeficientu r3; (30.10"2 m.V™"), ktera je vyuZivana napf. pro konstrukci
Mach-Zhenderova interferometru na bazi Ti: LiNbOs;. Tuto dilezitou charakteristiku jsme
zjiStovali pro proces protonové vymény a nasledného zihani v erbiem dotovaném niobi¢nanu

lithném [P5]. Bylo zméteno, ze hodnota elektrooptického koeficientu klesa se zvysujicim se
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obsahem vzacné zeminy v monokrystalu: pro obsah lanthanoidi 500 ppm byla naméfena
hodnota 29,4.10"> m.V"' a pro obsah 1000 ppm byla jen 24,1.10"* m.V™'. Prvni krok
protonové vymeény, tj. samotnd vymeéna lithia za vodik zplsobi pokles hodnoty
elektrooptického koeficientu pod mez detekce. Ukéazalo se, Ze nésledné Zzihdni je pro
elektrooptické vlastnosti vinovodné vrstvy nezbytné. Cim vice vodiku obsahovala struktura
monokrystalu, tim horsi byla hodnota elektrooptického koeficientu, coz bylo dobfe patrné pro
méteni 733 v riiznych hloubkach kratce zihané vlnovodné vrstvy, tj. pro rizné optické vidy
(viz [P5,0br.5). Hodnota elektrooptického koeficientu tuzce souvisela s obsahem lithia a jeho
polohou ve struktufe niobi¢nanu lithného.

Podminky nasledného zihani (kombinaci Casu a teploty) bylo tedy nutné vhodné
nastavit, protoze po piekroCeni dané¢ doby Zzihani se elektrooptické vlastnosti zacaly opét
zhorSovat. V této praci se vSak navzdory predpokladiim jinych autorti podafilo prokézat, ze
spojenim procesu APE a Er:LiNbO; nejsou vyrazné zhorSeny elektrooptické vlastnosti
substratu, ktery je i po APE mozné pro modulaci optického signalu elektrickym polem

vyuZzivat.

Diamant [P14]

Pii vyrobé optickych ovladacich ¢lenii je tfeba zajistit jejich maly rozmér. VInovod
nebo-li drdhu paprsku je nutné ohnout nebo zatocit. Pfitom utlum vlnovodu vlivem
vyzatovani z ohybli mimofadné silné zavisi na poloméru zakiiveni, ¢im vétsi je zaktiveni
vlnovodu tim vétsi jsou ztraty. Aby byly ztraty v ohybech piijatelné malé, nesmi klesnout
polomér zaktiveni pod ur¢itou mez, kterd u slabé vedoucich vlnovodl (zména indexu lomu
jadra vici obalu napf. +0,006) ¢ini az nékolik milimetri. Resenim je zvys$eni kontrastu indexu
lomu, kdy ztraty poklesnou na zanedbatelnou hodnotu. Aktualné se tedy vytvareji vinovody
HIC (hight index contrast waveguides), kterymi mohou byt napt. kiemikové nebo diamantové
vrstvy na sklenénych podlozkach.

Nanokrystalicky diamant je také jednim z vhodnych materialt pro HIC vinovody. Mezi
jeho vyznaéné vlastnosti patii predev§im tepelnd vodivost, nizkd absorpce a rozptyl svétla
v Sirokém rozsahu spektra, vysoky Younglv modul pruznosti a vysoka stabilita v extrémnich
podminkach. Hodnota indexu lomu monokrystalického diamantu je 2,388 pro vinovou délku
1311 nm. Hodnota nanokrystalické diamantové vrstvy deponované na kiemenném, popf.
skelném substratu ma obvykle niz$i hodnotu, ptesto vSak vlnovody pfipravené touto

kombinaci materiali maji jeden z nejvyssich kontrastli indexu lomu a mohou byt vyuZzivany
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pravé jako HIC vlnovody. Uvedeny typ vinovodu se podatilo pfipravit také nam, kdy ve
spolupraci s FU AVCR byly ziskany technikou MW CVD (microwave enhanced plasma
chemical vapor deposition) nanokrystalické diamantové vrstvy, které vedly opticky signal
[P14]. M4 prace spocivala pfedevS§im v navrhu a charakterizaci vlnovodnych vlastnosti
ptipravenych tenkych vrstev. Tloustka ptipravenych NCD vInovodnych vrstev byla 380 nm,
obsahovala mald zrna a celkové vrstva vykazovala malé mnozstvi grafitické faze, coz
ukazovalo na jeji dobrou kvalitu (viz. [P14] obr. 4). Pfipravené vrstvy vedly jeden opticky vid
pro vinové délky 633, 964 1311 a 1552 nm. Hodnota indexu lomu se na rozdil od dosud
publikovanych praci blizila nejvice hodnoté indexu lomu monokrystalického diamantu (viz

[P14] obr. 7).

YAG [21]

Ve spolupraci se skupinou Ing. Katetiny RubeSové Ph.D. na naSem ustavu a s Karlovou
univerzitou v Praze byly epitaxnim ristem pfipravovany optické planarni vrstvy yttrium
aluminium granatu (YAG) se substituci galium - hlinik. Bylo zji$téno, ze uvedené vrstvy je
mozné dotovat pridavkem erbitého iontu a Ze navrzend substituce hliniku galiem velmi
ptiznivé ovliviiuje intenzitu luminiscence erbitého iontu v oblasti 1530 nm. Na piipravenych
vrstvach byly sledovany i vlnovodné vlastnosti. Jelikoz se jednalo o depozi¢ni techniku
ptipravy vlnovodu, pocet vedenych vidi velmi dobie odpovidal tlouSt’ce ptipravenych vrstev.
Pridavek galia zvySoval hodnotu indexu lomu, ktera dosahovala hodnoty 1,846 pro vlnovou

délku 633 nm.

2.3.2 Opticka skla

Tontova vyména K™ o Na' [P2]

Pro optické sensory, které vyuzivaji efekt povrchové plazmonové resonance (SPR-
surface plasmon resonace) byly v nasi laboratofi pfipravovany nejprve planarni a pozdé&ji
kanalkové vlnovody pomoci iontové vymény K" <> Na'. Tato vyména byla vybrana pro
znacnou Sitku evanescentni viny, kterd byla schopna povrchové rezonance s napatfenou
vrstvou zlata. Pro vinovody bylo jako substrat vybrano boritokfemicitanové sklo BK7 a dale

byly nalezeny vhodné podminky pro piipravu jednovidového kanalkového vlnovodu. Cela
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pfipravena struktura sensoru se vyuZzivala pro detekci hormond, tj. riznych koncentraci

chloriového anadotropinu (hCG).

Tontovi vyména Ag' <> Na"

V letech 1999-2002 jsme pro firmu Color-Chip, Israel zpracovéavali studii iontové
vymény Ag <> Na' v riiznych typech pievazné komerénich optickych skel. Vybrana byla
kfemicitanova skla s riznym obsahem ionti alkalickych kovl a iontl kova alkalickych
zemin, ale také skla obsahujici nové sitotvorné prvky jako napt. skla borito- a fosfore¢nano-
kfemicitanova. Pfipravovany a charakterizovany byly jak planarni optické vlnovody, tak
pozdé&ji pro vybrané typy skel také struktury kanalkovych vlnovodii. Tyto vysledky nebylo

mozné publikovat.

Tontova vyména Na'<> Ag’ v elektrickém poli

Pii ptipravé planarnich optickych clenli je pfi konecné realizaci vzdy nutna dobra
bezeztratova vazba optického €lenu na optické vldkno. Pokud pfipravujeme planarni opticky
¢len iontovou vyménou ve sklenéném substratu, je jednou z podminek kvalitniho napojeni
optického vlakna tzv. ponotfeni planarni struktury pod povrch substratu. Ponofeni vinovodné
struktury pod povrch zabrdni znaénym ztratdm optického signalu zplisobenym pravé
pfitomnosti povrchu a provadi se reverzibilni iontovou vyménou Na' <> Ag’ v elektrickém
poli. K tomuto ucelu, ale i pro béznou vyménu iontd urychlenou elektrickym polem, bylo
v nasi laboratofi realizovano zafizeni, které vyménu v elektrickém poli umoziuje. Sledovana
byla predevSim souvislost mezi obsahem jednomocného modifikatoru, vodivosti skla a
hloubkou ponotfeni vlnovodné vrstvy. Potvrdili jsme, Ze s rostoucim obsahem sodiku v
pouzitych kemicitanovych sklech rostla jejich mérna vodivost a Ze zvySovani iontové
vodivosti sklenénych substrati méa pozitivni vliv na hloubku ponofeni planarnich optickych
vlnovodi. Obecné bylo zjisténo, ze pribéh neovliviluje pouze vodivost substrdtu nebo
podminky experimentu, ale Ze se jedna o komplexni dé¢j, ktery je ovlivnén vice parametry,
jako jsou: sila vloZeného elektrického pole, koncentrace iontli Ag™ v pfipravené planarni
optické vrstvé, tj. koncentracni gradient plsobici proti sméru elektrického pole pii ponofovani
a také slozeni, popt. struktura substratového skla. Za jeden z nejlepSich vysledkli povazujeme
dosazeni nadprimérné hodnoty hloubky ponofeni optického vlnovodu, tj. az 200 um pod
povrch vzorku v jednom znavrzenych a pfipravenych typl borito-kfemicitanového skla.

O tomto skle bylo zjisténo, ze ma pomérné vysoky stupen zesiténi (3,4), coz zplisobi, zZe
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v ném termickd iontova vyména Ag  «> Na' probihd pomaleji nez u kiemicitanovych skel
s podobnym obsahem Na;O. Naopak zanofovani vlnovodl je v ném kvili vysoké vodivost
skla velmi snadné. S pfispénim také naSich vysledkd bylo ve firmé Vlaknova optika SQS
Novéa Paka realizovano a zprovoznéno primyslové pracovisté pro iontovou vymeénu

v elektrickém poli.

Vyvoj optickych soucastek na bazi iontové vymény

S vySe zminénou firmou Vldknova optika SQS Nova Paka spolupracujeme od roku
2009. Ve spolupraci s Ustavem skla a keramiky VSCHT jsem pro tuto firmu pracovala na
vyvoji nizko-ztratové Sirokopasmové odbocnice 1x2 na bazi iontové vymény Ag" <> Na'.
Vyvoj takové odbocnice je experimentalné narocny, predev§im protoze je sloZzen z nékolika
kroki a ned4 se popsat jednozna¢nymi matematickymi funkcemi. Jednotlivé kroky jsou i s
ukdzkami stru¢né popsanych vysledki znazornény v Tabulce 4. Pti volbé vhodného typu
skelného substratu je tfeba se soustiedit jednak na proveditelnost iontové vymény za danych
teplot v pomérné kratkém case a také na schopnost pohybu iontii stiibra skelnou matrici
v elektrickém poli. Ve vhodném typu skla probiha iontova vyména i nadsledné ponofovani
vlnovodné vrstvy snadno. Na obrazku v Tabulce 4 - Fadek 1 je zndzornéno, jak rozdiln¢ se
mohou chovat rizné skla vici elektrickému poli, kdy se za stejnych podminek podaii vinovod
ponofit az Skrat vice pod povrch nez u jiného typu skelného substratu. Pti vybéru skla hraje
také dulezitou roli jeho odolnost, homogenita a snadnost opracovani. Pii ptipravé odboc¢nice
se iontova vyména provadi pies kovovou masku nanesenou metodou lift-off na skelny
substrat. I zde je nutné postupné sledovat vyrobek po kazdém technologickém kroku, protoze
pfedevsim kvalita masky ovliviiuje parametry vystupniho signalu. Po pifipravé skla a naneseni
masky nasleduje iontovd vyména, ktera se provadi ponofenim vzorku do taveniny
s vyménovanymi ionty pifi dané teplot¢ po urcity ¢as. Podminkami iontové vymény lze
ovliviiovat zejména koncentraci stiibra v kanalkovém vinovodu. Na obréazcich v Tabulce 4 je
patrna ukazka neponofeného kandlkového vilnovodu na skenovacim elektronovém
mikroskopu a ukazka koncentracniho profilu stfibra po prvni iontové vyméné stanoveného

metodou EMA (elektron microprobe analysis).
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Tabulka 4. Popis jednotlivych krokli vyvoje optické odbocnice 1x2 pfipravené iontovou vyménou
Ag" <> Na' ve vyvijeném typu optickych skel; vyvoj probihal ve spolupraci s firmou V1iknova optika
SQS Nova Paka a Ustavem skla a keramiky VSCHT; vyroba odbocnice je realizovana (obrdzky a
grafy prevzaty z vyzkumnych zprav pripravovanych v ramci spoluprdce s uvedenou firmou)

1. Skelny substrat

U

Vztah mezi hodnotou
lomu a koncentraci stfibra

indexu

Homogenita
Kvalita povrchu

Nalestény a vybrouseny dvoupalcovy
substrat

Vhodné sloZeni skla pro oba kroky
iontové vymény

Polariza¢ni mikroskopie (zvétseni 25x):
ponofeni vinovodné vrstvy (zafici zluta
vrstva) piipravené vyménou Ag’ <> Na',

2. Litografie

U

Vztah mezi Sitkou $térbiny na
vzorové masce a skuteCnou
Sitkou $térbiny

Vhodny navrh masky

Kvalita pripravenych masek

Polariza¢ni kovova

mikroskop —
maska na skelném substratu

Skenovaci elektronovy mikroskop — kanalek
pfed iontovou vyménou

3. I. Iontova vyména

Na* —»

Vztah mezi dobou a teplotou
iontové vymény a koncentraci
stiibra ve vinovodu

Podminky iontové vymény

Polariza¢ni a skenovaci elektronova
mikroskopie — pohled z vybrousené
hrany na tvar pfipraveného vinovodu

Charakterizace obsahu stribra
304
251 .\_

204" \.\\

—=—50 min
—=—60 min
—=—70min
—=—120 min

0 5

Cyg (mol. %)
/.

1‘5 2‘0

Hloubka (um)
Koncentraéni profily Ag" iontii stanovené
metodou  EMA pro rizné casy iotové

vymeény
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4. I1. Iontova vyména

Vztah mezi dobou a teplotou
reverzibilni iontové vymény
v elektrickém poli a hloubkou
ponofeni, tvarem blizkého pole
optického signalu a tutlumem
struktury s vazbou na optické
vlakno

Podminky iontové vymény

v elektrickém poli

Polarizacni a skenovaci elektronovy
mikroskop — pohled z nale$téné hrany
na tvar prfipravené¢ho kanalkového
vlnovodu, jednotlivé body na SEM
fotografii jsou zptisobené probéhlou
analyzou

koncentrace Ag20 [%]
5 & 8 & &8 & &

°

00

CITTTR R LR TR AR
Hloubkovy koncentracni profil stfibra
(EMA analyza) v kanalkovém
vlnovodu

Vystupni parametry kanalkového
vinovodu

Optical characteritics of spitter Nr_90TI31-CALOOKS

Optical charactristics of spimer N 00131 CaL Ot

e

Ukézka blizkého pole optického signalu a
méfeni optického ttlumu struktury s vazbou
na optické vldkno

5. Odboénice

o

-—
e
-—

U

Kone¢na realizace struktury a
reprodukovatelnost jeji ptipravy

Déﬂeni optického signalu

SGS-2012-

Fotografie struktury odbocnic
(polarizacni miktroskop) pfipravenych
iontovou vymeénou ve sklenéném
substratu, na vzorku jsou patrné Ctyfi
ruzné délici thly

Charakterizace, opakovatelnost

Optical characteristics of splitter Nr.:00TY-2-0C2-00Y2

Insertion Loss (dB)

3
1260 1310 1360 1410 1460 1510 1560 1610

Wavelength (nm)

Ukézka spektralni charakteristiky optického

utlumu  vrealizované odbocnice  1X2
s vazbou na vstupni a vystupni vlakno,
barva kiivek rozliSuje oba vystupy z
odbocnice

Druha iontova vyména probihd v elektrickém poli a pomoci vstupnich parametrt je

mozné ovlivnit pfedev§im hloubku ponofeni vinovodu a také tvar blizkého pole optického

signalu. Tento tvar by m¢l pro danou vinovou délku co nejvice odpovidat tvaru blizkého pole

vstupniho optického vldkna (ukdzka blizkého pole pro jednovidové a vicevidové blizké pole

je v Tabulce 4). Pokud tomu tak je, dosahuje soucdstka nejmensSiho mozného optického
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utlumu. Pokud jsou nalezeny vhodné podminky pro kandlkovy vilnovod a je spravné
geometricky navrzeno déleni svazku v odboc¢nici, opticky déli¢ je funkéni a dosahuje nizkych
hodnot optického utlumu (pod 4 dB.cm™).

Pfi vyvoji odbocnic je tfeba zvolit pracovni vlnovou délku. I kdyz ma ptipravena
odbocnice nizky Gtlum pro rozsah vinovych délek 1260 az 1610 nm, neni zatim funéni pro
niz§i vlnové délky. Na tuto oblast realizace a vyuziti iontové vymény se v budoucnosti

hodlame zamérit.

Kovové nanocastice ve skelné matrici [P7, P10, P13]

V této oblasti vyzkumu jsme se spoleéné s Ing. Blankou Svecovou Ph.D. soustiedili
pfedevSim na vytvareni zlatych kovovych nanoc¢éstic ve skelné matrici. Kovové nanocastice
zlata byly pfipravovany metodou iontové implantace a nasledného Zihani. Implantace byla
provadéna s riznou energii (330 a 1700 keV) a také s riiznou davkou implantovanych iontt
(1x10", 1x10", 1x10'® jontt.cm™). Jako substrat byla zvolena kiemi¢itanova skla rizného
sloZeni. Pfedev§im byla porovnavana skla s riznym obsahem jednomocnych modifikatorti a
skla s riznym stupném zesiténi skelné struktury. Nejprve byly hledany vhodné podminky
iontové implantace a ndsledného zihani pro vznik nanocéstic [P7] ve tfech riznych typech
optickych skel. Ukazalo se, Ze pro vznik nanoéastic je potieba zvolit davku 1x10'® jonté.cm™
nebo vyssi a vzorky nasledné vyzihat pii teploté 600 °C. Ukazka ptipravenych kovovych

nanocastic a jejich distribuce je na obr. 5.
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Obrazek 5. Transmisni elektronova mikroskopie kovovych nanocastic zlata pripravenych ve skelném
substratu (sklo GIL49) metodou iontové implantace (energie 1700 keV, ddavka 1x10" ionti.cm™,
Zithani 5 hod. 600°C) a diagram distribuce ¢astic (pfevzato z [5])
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Na takto pfipravenych vzorcich byla ve spolupraci s Technickou univerzitou ve Vidni
namefena nelinedrni optickd absorpce metodou Z-scan [P13]. Bylo prokédzano, Ze koeficient
dvoufotonové absorpce je ovlivnén predevsim velikosti nanocastic zlata. S rostouci velikosti
nanocastic rostl mefeny koeficient. Nejvyssi hodnota koeficientu dvoufotonové absorpce
(TPA koeficient = 16,25 cm/GW) byla pozorovéna ve skle BK7, kde velikost nanocastic
dosahovala 6 az 25 nm.

V prib¢hu popsanych experimentii se ukdzalo, Ze vyznamnym faktorem pfi tvorbé
kovovych nanocastic je slozeni skelného substratu v souvislosti s teplotou zihdni. Sledovani
vlivu struktury skla je pomérné ojedin€lym pfistup, protoze vétSina dosud publikovanych
praci pouziva vyhradné komeréni skelné substraty. Zaméfili jsme se tedy na vybrané typy skel
a zkoumali jeho vliv na tvorbu nanocastic zlata, ale také nanocastic stiibra a médi [P10].
Zjistili jsme, Ze tvorbu kovovych nanocastic ovliviiuje druh modifikatord skelné sité, tj. obsah
lithia, sodiku, drasliku, vapniku, hot¢iku nebo zinku a to predevsim kvili rizné pohyblivosti
iontdl béhem Zzihdni po iontové implantaci. Bylo zjiSténo, Ze ¢im vice jednomocnych
modifikatort skelny substrat obsahuje, tim snadnéji se ionty strukturou pohybuji a netvoii
klastry, popt. nanocastice kovu. Draslik ve skelné struktuie naopak zpomaluje pohyb iontl a
skla s vysokym obsahem drasliku se tedy ukézala jako vhodnd pro tvorbu nanocastic zlata.
Jako sitotvorné prvky byly porovnavany kiemik a bor. Z dosud ziskanych poznatki se zda, ze
skla obsahujici bor jako sitotvorny prvek usnadiiuji tvorbu kovovych nanocéstic. Popsany
vyzkum vzhledem ke zna¢né variabilité sloZzeni skla dale pokracuje.

Porovname-li schopnost zkoumanych iontd vzacnych kovli tvofit nanocastice je patrné,
ze nejsnadnéji se diky nizké afinité zlata ke kysliku tvofi nanocastice zlata. Méd’ a stiibro se
dokazi strukturou skla pohybovat rychleji nez zlato, coz je patrné z naméfenych hloubkovych
koncentra¢nich profili po iontové implantaci a béhem nésledného zihdni. Pro tvorbu
nanocastic je tedy dualezité navrhnout strukturu skla tak, aby pohybu iontl spiSe branila a

podpofila tak vznik kovovych nanocastic.

Shrnuti

V oblasti vyvoje materilli pro pasivni a dynamické fotonické soucéstky povazuji za

vvvvvv

a) v laboratofi materialii pro fotoniku jsme schopni pfipravovat optické vinovody s ptedem
zadanymi vlastnostmi jak v materidlech krystalickych, tak v materidlech amorfnich a

dokazeme dobie provést zakladni charakteristiku optického vinovodu,

26



2. Komentaf k publikacim

b) zname dobie piipravu vinovodnych optickych vrstev v niobi¢nanu lithném, dokazeme
vném vlnovody pfipravovat riznymi technikami, zndme vztahy mezi vlastnostmi
vlnovodu a zménami ve strukture krystalu,

c) dokazali jsme objasnit rizné¢ chovani fezii niobi¢nanu lithného béhem procesu
protonové vymény a nasledného zihani,

d)  vzhledme k dlouholetému studiu iontové vymény ve sklech a porozumnéni vztahlim
mezi zménami ve skelné struktufe kiemicitanovych skel dokédzeme vhodné navrhnout
technologii iontové vymény a slozeni substratového skla pro vytvotfeni optického
vlnovodu s pozadovanou zménou indexu lomu,

e) dosavadni zkuSenosti jsme dokézali aplikovat do vyrobniho procesu ve firm¢ VIdknova

optika SQS Nova Paka.

2.4 Aktivni ovladani optického signalu [2, 22, 59]

Mezi zakladni aktivni soucéastky je mozné zatradit vinové zdroje optického zareni jako
napt. lasery a LED diody (Laser Emited Diods) a optické zesilovace. Opticky zdroj
produkuje optické zaieni o urcité vinové délce a urcité intenzite.

Opticky zesilova¢ je schopen zesilit intenzitu jiz vedeného optického zafeni a slouzi
k regeneraci signalu, ktery byl v optickém vldknu v disledku absorpce a rozptylu svétla
utlumen. Obecné se zesilovac sklada ze tii zdkladnich ¢asti. Prvni z nich je zakladni material,
ktery méa vhodné obsazeni energetickych hladin elektrony. Druhou ¢asti je vnéjsi zdroj, ktery
slouzi k iniciaci pteskoki elektronii mezi jednotlivymi energetickymi hladinami. Posledni
casti zesilovace je ,,optickd rezonan¢ni dutina® obsahujici zdkladni materidl a produkujici
monochromatické koherentni elektromagnetick¢ zéafeni realizovand napt. jako dveé

polopropustna zrcadla s danou vzdéalenosti. Jeho funkce je schematicky zndzornéna na obr. 6.

Vystupni (zesilené)
zafeni

Optické vlakno

Vstupni zafeni Opticky zesilovaé

Obrazek 6. Schematické znazornéni funkce optického zesilovace a jeho realizace pomoci dvou
Braggovych mtizek na vstupu a vystupu optického signalu (prevzato z [22] a [60])
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Realné koherentni zesilovace vykazuji frekvencéné zavisly zisk a frekvenéné zavislé
fazové posunuti s typickymi pribchy. Zisk a fdzové posunuti urcuji prenosovou funkci
zesilovace. Pti dostatecné velkych vstupnich amplituddch mohou reélné zesilovace vykazovat
saturaci, coz je projev nelinedrnich vlastnosti, kdy velikost vystupni amplitudy piestava rust
linearn¢ se vstupnim signalem. Redlné zesilovace vykazuji rovnéz Sum, takze bez ohledu na
vstupni signal se vzdy ve vystupnim signdlu objevuje ndhodné fluktuujici slozka. Zesilovac
charakterizuji nasledujici vlastnosti: zisk, frekvenéni pasmo, fazové posunuti, zdroj Cerpant,
nelinearita a saturace zisku a Sum.

Konstrukce optickych zesilovacti nebo optickych laser mize byt riiznid. Nejvice
rozsitené jsou vlaknoveé optické zesilovace EDFA (Erbium Doped Fiber Amplifier), u nichz je
opticky signal zesilovan ptitomnosti iontl prvku vzacné zeminy, napi. erbia, kterymi je
dopovano nékolik metrit dlouhé optické vlakno. Vedeny opticky signdl se Siii jadrem
vlnovodu a &erpaci zafeni jednim z jeho plastt. Cerpaci energii erbiovym iontim dodava
laserova dioda (polovodicova soucéstka, v niz dochazi k preméné elektrické energie na
laserové zafeni). Dostatecné dlouhé erbiové vldkno, tj. vladkno s vhodnou koncentraci iontd
erbia mize, zesilit signal az 10 000x.

Planarni opticky zesilova¢ muize byt realizovan napft. jako jednorozmérny kandlkovy
vlnovod obsahujici aktivni ionty. Zpravidla je soucasti integrované soucastky plnici jeste dalsi
optické funkce a obé nebo vice funkei je tak lokalizovano v jednom ¢ipu. Ptikladem redlné
fungujici struktury je napt. Er:Ti:LiNbO3 vinovodny laser se synchronizaci vidud, ktery v sobé
spojuje kanalkovou strukturu elektrooptického modulatoru s aktivni funkci erbia dotovaného
v povrchové vrstvé. Kontinudln¢ Cerpany laser generuje kratké pikosekundové impulsy
o opakovaci frekvenci v oblasti jednotek az desitek GHz, které 1ze pouzit jako hodinové
impulsy v optickém komunikacnim systému. Kviili pomérné nizké koncentraci iontl erbia na
kratké draze optického signdlu nejsou planarni zesilovace schopné signal zesilovat tak jako
vldknové zesilovace. Aktudlné jsou intenzivné zkoumdny moZnosti, jak zmiflovanou
koncentraci aktivniho iontu zvysit.

Jinou moznosti konstrukce optického zesilovace nebo laseru je pak tzv. diskovy laser.
Aktivni prostiedi zde tvoii maly disk, ktery zaroven funguje jako zrcadlo. Vyhodou je rovny
teplotni profil po celém disku, ktery umoznuje dosdhnout vysokych vykont (az 16 kW)
s dobrou kvalitou vystupniho svazku. Diskové lasery se pouZzivaji pfedevS§im pro vykonoveé

naro¢né operace, jako je svafovani a fezani kovu.

28



2. Komentaf k publikacim

2.5 Anorganické materialy pro aktivni optické ¢leny [6, 61]

Zakladnim fyzikalnim jevem, ktery se pti konstrukci aktivnich optickych ¢lent vyuziva,
je luminiscence. Luminiscence je emise svétla zalozend na energetickych piechodech
elektrond v atomech. Pokud se v dané latce excituji elektrony z nizsi energetické hladiny na
vy$$i hladinu, tak po urcit¢é dobé dochdzi k samovolné relaxaci elektronti na nizsi
energetickou hladinu, coz je provdzeno uvolnénim energie ve formé kvant
elektromagnetického zafeni — fotond. Emise optického zafeni se déli na spontdnni a
stimulovanou. U spontdnni emise svétla latkou dochdzi k ndhodné relaxaci elektronii mezi
energetickymi hladinami. Podstata stimulované emise zafeni spoc¢iva v prechodu elektroni
mezi energetickymi hladinami, kde je elektronovy pfechod stimulovan vnéjSim zafenim. Jde
tedy o kvantovy jev, kdy je relaxace elektronii z vysSi excitované hladiny na nizsi
energetickou hladinu stimulovédna vngj$Sim podnétem fotond o vhodné energii rovnajici se
rozdilu vyssi excitované hladiny a niz§i hladiny. Dochazi tak k emisi koherentniho
elektromagnetického zafeni ve formé fotond, které vykazuji stejné vlastnosti (frekvenci, fazi,
polarizaci a smér) jako ma dopadajici foton.

Zaklad pevnolatkového aktivniho optického ¢lenu je tvofen materidlem, ktery je
propustny v dané oblasti spektra, vede optické zafeni bez vyraznych zdrat, a iontem, ktery ma
dostatecné mnozstvi vhodnych energetickych ptechodl. Ionty s dostatenym poctem
energetickych hladin jsou prvky s atomovym ¢islem 21-30, elektronové konfigurace [Ar] 3d"
4s* tzv. d-prvky nebo prvky s atomovym &islem 56-70, elektronové konfigurace [Xe] 4/ 6s°,
tzv. f-prvky. Pokud se dany ion dostane do struktury krystalické nebo amorfni latky, dochazi
k jeho ovlivnéni statickymi elektrickymi poli okolnich atomi a iontii. Tato staticka elektricka
pole se souhrnné oznacuji jako krystalové pole. Ion, ktery neni ovlivnén krystalovym polem,
ma své diskrétni energetické hladiny odpovidajici povolenym kvantovym staviim takového
izolovaného iontu — tyto energetické hladiny maji carovy charakter emise.
Vlivem krystalového pole jsou ale elektronové obaly iontd deformovany a dochdzi
k jemnému S§tépeni zékladnich kvantovych hladin do multipletli, coz je skupina blizkych
energetickych linii, které maji podobné energie. Rozsifeni pasti u lanthanoidii je mozné
interpretovat jako vysledek rozstépeni na multipletni stavy v diisledku krystalového pole. U d-
prvki jsou Siroké emisni pasy vysledkem vibraci 1. hybridizace s kyslikovymi atomovymi
orbitaly 2p. Charakter emise u d-prvkli uz neni presné carovy, ale zachovava si pasy energii
okolo zékladnich kvantovych stavli. Naopak u f-prvka je vliv krystalového pole stinén

elektrony 5s a 5p, proto maji f~prvky tizké emisni pasy, které¢ neni mozné krystalovym okolim
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snadno ovlivnit. Pfehled bézné vyuzivanych aktivnich iontli v pevnolatkovych laserech je

uveden v nasledujici Tabulce 5.

Tabulka 5. Prehled bézn¢ vyuzivanych pevnolatkovych lasera (ptevzato z [6])

Laser (oznaCeni) | Aktivni iont Hostitelské prostiedi Vinova délka [nm]
Ti: safir TP ALO; 700 - 1100
Rubidiovy laser | Cr” AlLO; 694

Alexandrit Cr’ BeALO, 700 - 820
Cr:LiSAF Cr’ LiSrAlFs 780 - 1010
Cr:LiCAF Cr’ LiCaAlFs 720 - 840
Cr:forsterit Cr’ Mg,SiO, 1150 - 1350
Co:MgF, Co™ MgF, 1500 - 2500 pti 77 K
Nd:YAG Nd** Y;Al5015 1064

Nd:glass Nd* Fosfatové sklo 1054

Nd:YLF Nd** LiYF, 1047 a 1053
Nd:vanadate Nd** YVO, 1064

Yb:YAG Yb' Y3Al5015 1030 pii 100 K
Erbium fibre Er’ Optické vldkno-SiO, 1530 - 1560

V soucasnosti je vyzkum soustiedén piedev§im na vldknové, popt. diskové lasery.
Z materidlll se jako hostitelskd prostiedi zkoumaji prfedevsim riizné typy skelnych substrati
popft. substraty s vysokou hodnotou indexu lomu jako diamant a kiemik. Oblast vlnovych
délek se posunuje k vy$$im vinovym délkdm piedevsim do oblasti stfednich vinovych délek
(MIR). Jako aktivni ionty jsou v tomto piipadé vyuzivany ionty Dy’" (silné pasy v oblasti
2,2 uma 2,9 um a dva slabsi v oblasti 2,4 pm a 4,3 pm, dale pak ionty Tnr’" (2 um), a Ho>*
(2,1 um). Siroce-spektralni pevnolatkové lasery pracujici v oblasti MIR jsou nezastupitelné,
napt. pfi dalkovém sniméni parametrii z ¢idel, spektroskopii s vysokym rozliSenim, méfeni
kmito¢ti 1 rozmanitych biologicko-lékatskych aplikacich, stejné jako pifi méfeni

akustooptickych jevli pomoci Dopplerovych LIDARU [62-65].

Erbium

Iont erbia je voblasti fotoniky jednim znejznadméjSich iontd vzacnych zemin
vyuzivanych pro svou emisi pii vinové délce okolo 1550 nm tedy v tzv. tfetim
telekomunika¢nim okné. Je to oblast velmi nizké absorpce kiemicitanovych skel jako
materidlu pro vyrobu kiemicitanovych optickych vldken. Erbium patii do skupiny
lanthanoidi. U lanthanoidi pfevladad oxidacni stav (III) s Castecné zaplnénymi orbitaly 41
Trivalentni ion erbia obsahuje ve svych valen¢nich orbitalech 11 elektronti. Prave elektrony

v orbitalech 4f zplsobuji luminiscen¢ni aktivitu erbitého iontu. VyuZzivaji pfi tom dulezité
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energetické hladiny *I11, “Iizn a *Lisp, kde probiha tzv. tithladinovy energeticky prechod
s emisi na vlnovych délkdch okolo 1530 az 1535 nm (viz obr. 7). Princip tfihladinového
energetického piechodu iontu Er'” je zakreslen v energetickém schématu (obr. 7)
odpovidajicim iontu Er’" ve struktuie LiNbO;. Béhem ttihladinového energetického procesu
dochazi k zativému (vyznaCeno cervené) i1 nezafivému prechodu (vyznadeno modie).
K zativému piechodu (*I;zo — *Iis») dochazi bud’ na principu spontanni emise zafeni, ktera
nastava samovolné po urcité dobé (tzv. doba zivota — lifetime) nebo na principu stimulované
emise zafeni. Stimulovana emise nastavd, pokud do opticky aktivni soustavy ptijde béhem
doby, kdy jsou elektrony excitovany, jiny stimulujici foton o energii rovnajici se
energetickému rozdilu hladin *I;3, — *Iisp, coZ je vtomto piipadé ~1530 nm. Pro dobrou
G&innost optického zesilovade je kritickou hodnotou populace hladiny *I 3. Pokud na této
hladiné¢ dochazi k jinym procesim, nez je stimulovana emise, vede to vzdy ke ztratam.
Ztratovych procestt mize byt nékolik a mohou také tzce souviset s krystalovym polem
erbitého iontu. Obecné se muze jednat o proces parového zhaSeni (koncentracni zhaseni),

nezafivé relaxace (multi-fononova emise), absorpce z excitovaného stavu (up-konverze).
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Obrazek 7. Znazornéni tiihladinového preskoku erbitého iontu v jeho energetickém spektru (pievzato
z [22])
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Ackoliv v pripad¢ konstrukce aktivni soucastky pracujici pti vinové délce 1530 nm jsou vlivy
koncentra¢niho zhéaseni ztratové, pro jiné vyuZziti mohou byt naopak pozadované. Piikladem
mize byt sensitivni fluorescence vyuzivana pro efektivni buzeni erbium ytterbiovych
materiali nebo proces up-konverze, ktery se vyuziva pro generaci zafeni na kratSich vlnovych
délkach.

Priklad typického absorpéniho a luminiscen¢niho spektra erbiového iontu je na obr. 8.
I z ného je patrné, ze efektivita Cerpani erbitych iontl (tj. absorpce budiciho zafeni) na vinové
délce 980 nm neni pfili§ vysokd. Z toho diivodu se ¢asto pouzivd dopovani materidlu smési
iontll a erbium je nejcastéji kombinovano s iontem ytterbitym [66-68]. Ytterbité ionty maji
velkou u¢innost Cerpani pii 980 nm, tj. vyrazné rozsifi i Cerpaci pds pro ionty erbia. Po
absorpci zafeni dochazi u iontu Yb*" k preskoku elektronu na hladinu *Fs;,. Na této hlading
dojde nezafivou cestou k pfesunu energie na hladinu “I;;, atomu Er’* a zde pak dojde k jiz

vySe popsané relaxaci na zdkladni hladinu 4115/2.

0.8
z-30-30 1.0f Er:LiNbO,
Er:sklo

— 06 _ osl
= S
o -
8 s
g S 06
§ N
3 04 K
5 [J]
2 < 0.4
Qo = A4+
<

02

021
' 400 500 600 700 800 900 1000 1440 1460 1480 1500 1520 1540 1560 1580 1600
Vinovéa délka [nm] Vinové délka [nm]

Obriazek 8. Absorpéni a luminiscen¢ni spektra pro erbity iont: (a) absorpcni spektrum erbia ve skelné
matrici — pfipravené sklo MM s pomérem erbia:ytterbiu 3:3, (b) porovnani luminiscen¢niho spektra
erbia v pfipraveném skle MM 0,25 s pomérem erbia:ytterbiu 1:20 a v niobi¢nanu lithném obsahujicim
0,5 at.% erbia, tj. v amorfni a krystalické struktute.

Dalsi vyznamnou kombinaci iontl, ktera je nyni intenzivné zkoumana, je kombinace
bismutu s riznymi ionty vzacnych zemin [69-71]. Ukazuje se, ze vyuziti této kombinace je
vhodné pro ptipravu optickych zesilovacl nebo laserti pracujicich v oblasti 1190 az 1550 nm.
Je to vyznamna oblast druhého telekomunikaéniho okna a dosud byla pro tuto oblast
vyuzivana pouze fluoritova vladkna dopovand neodymem a praseodymem (oblast 1300 nm),

ktera vSak méla velmi silnou absorpci prochéazejiciho zateni.
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Erbiem byla dopovana fada riznych optickych materidld. Velmi stru¢ny piehled
nékterych z nich uvadi Tabulka 6, ve které jsou uvedeny charakteristické parametry jak pro
materialy amorfni tak krystalické. Uvedena je vzdy vinova délka pro emisi z 113, na I;5. Déle
tabulka uvadi n€které hodnoty Judd-Ofeltovych parametr Q,, na zaklad¢ kterych je mozné
urcit pravdépodobnosti vnitinich zafivych pirechodl pro danou iontovou konfiguraci i jejich

doby dosvitu.

Tabulka 6. Materialy vhodné pro dotaci erbitym iontem a jejich Judd-Ofeltovy parametry

Material Vlnova délka Q [10%°cm’] Doba dosvitu | Citace
[nm] Q, Q, Qs [ms]

LiNDbO; 1535 7,29 | 2,24 | 1,27 ~200 [72]
KGd(WO,), 1548 8,9 0.86 | 0,92 --- [73]
LiGdF4 1530 0.905 | 2.47 | 4.92 4.5 [74]
YAG -- 0.45 098 |0.62 --- [75]
ZBLAN -- 2,51 | 141 | 0,97 7200 [76]
Skla -- 5,42 | 1,55 | 0,98 3 [76]
fosforeCnanova

Skla 1535 4,26 | 0,81 | 046 10 [76]
kfemicitanova

V poslednich deseti letech se vyzkum sousttedi pfedevSim na vliv krystalového pole na
procesy, které mohou ovliviiovat ucinnost laseri a optickych zesilovaci. Zkoumana je tedy
pfedevsim ptfesnd poloha erbitého iontu v matrici a souvislost zmény jeho polohy nebo zmény

jeho krystalového pole na jemnou pasovou strukturu energetickych hladin. Zajimavé aplikace

vvvvv

Erbium ve struktui‘e niobiénanu lithného

Niobi¢nan lithny ma trigononalni krystalovou strukturu (R3c) s miizkovymi parametry
a=>515Aac=1386 A, jeho hustota je 4,64 g.cm™. Obecné jsou v niobi¢nanu lithném
mozné &tyii polohy pro umisténi erbia v jeho struktute. Jsou to substituéni pozice Li” a Nb”",
tetraedickd vakance a oktaedricka vakance [78]. ProtoZze poloha Li" je vétsi - obklopuje ji
6 atoml kysliku ve vzdélenosti 2,15 A (na rozdil od 2,00 A u polohy niobu) je substituéni
poloha lithia pro erbium vice stabilni pozici nez substitu¢ni poloha niobu. To znamena, Ze
poloha Li by se dala nazvat termodynamickou polohou, kdezto poloha Nb kinetickou polohou
z diivodu nizkého difuzniho koeficientu erbia [79]. Nejvhodnéjsi analytické metody pro

zjiStovani pfesné polohy erbia v krystalu jsou metoda jemnych RBS/kandlovacich skenti a
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RTG difrakce s vysokym rozliSenim (HR-XRD) v uspotfadani pro méfeni za velmi nizkych
uhld.

Technologii jak dopovat niobi¢nanu lithny erbiem je n¢kolik. Pfi objemové dopaci je
erbium piidavano ptimo do taveniny pii ristu krystalu, naopak béhem lokalizované dotace je
obohacena pouze tenka povrchova vrstva. Mezi lokalizované dopace je mozné zatadit dopaci
z napafené kovové nebo oxidové vrstvy, dopaci z tavenin a iontovou implantaci. Tyto metody
jsou podrobnéji popsany v ndsledujici kapitole 2.7. V objemové dotovanych vzorcich
niobi¢nanu lithného s koncentraci erbia do 1 mol % erbia bylo zjisténo, ze erbium (iontovy
polomér 88 pm) obsazuje substitucni polohy lithného iontu, pficemz je posunuto o (-0,020) az
(-0,046) nm podél osy z [80,81] Podobné jsou ve struktufe niobi¢nanu lithného umistény takeé
jiné lathanoidy a ukézalo se, Ze posun jednotlivych ionti z pozice Li~ smérem dolii po ose
z se zvetSuje se zvySujicim se polomérem iontu [82].

Pokud je erbium do struktury niobi¢nanu lithného dopovano lokalizované¢ mohou byt
pouzity rizné techniky dopace a podle nich dochazi k riznému strukturnimu uspofadani, ve
kterém si erbium hleda svou stabilni pozici. Pokud byla pouzita metoda dopace z napatené
vrstvy erbia nebo oxidu erbitého, pak kombinace metody XSW (X-ray Standing Wave) a
optické spektroskopie ukazala, 7e erbium se nachdzi v pozici Li’, ale je posunuto
po ose z 0 0,046 nm [83]. Tento vysledek je shodny s vysledky [82] u objemové dopovaného
Er:LiNbO3, coz ukazuje na podobnou strukturu okoli erbia u obou technologii dotace. Pokud
je pouzita technika iontové implantace nejsou zmény ve struktufe niobi¢nanu lithného
zptisobené implantaci erbia, popt. ndslednym Zihanim zcela objasnény [79, 84]. Z dosud
publikovanych vysledki se zda, Ze po provedeni implantace je dopovana vrstva amorfizovana
a nelze urcit presnou polohu erbia. Vzhledem k tomu, ze pfi iontové implantaci je struktura
krystalu velmi poskozend a implantované vzorky vykazuji nizkou luminiscenci okolo 1,5 pum,
bylo tfeba implantované vzorky vyzihat. Z pfedchozich studii [79] plyne, Ze po vyZzihdni pfi
teploté 500 °C se Er nachdzi nejpravdépodobnéji v poloze Nb, kdezto po vyzihani pii teploté
1100 °C (kdy by mélo dojit k plné rekrystalizaci a obnové dopovaného krystalu) se Er nachazi
jak v poloze Li tak poloze Nb. Z vysledki je patrné, Ze poloha erbia s nejvetsi
pravdépodobnosti zavisi na zvolené davce implantovanych iontd a na parametrech nasledného

zihani. K vySe uvedenym zjisténi prisp€ly i naSe vysledky (viz kap. 2.6.).
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Erbium ve struktuie hexagonalnich krystali

Jako jiné krystaly s hexagondlni strukturou vyznamné pro fotonické aplikace byly
dopovany erbiem piedev§im ZnO a safir (Al,Os3). Oxid hlinity ma trigonalni strukturu (R3c),
tj. struktura se velmi podoba struktuie niobi¢nanu lithného s tim rozdilem, ze hlinik obsazuje
polohy obou kationtli v LiNbO;. Celkové mensi iont hliniku vSak zpiisobi zkraceni vazeb
(a=4,785 A, ¢ = 12,991 A), hustota oxidu hlinitého je 3,97 g.cm™. Ve fotonice se pouZivaji
safirova vldkna dotovana erbiem jako vldknové zesilovace nebo lasery. Jako technika pro
obohaceni oxidu hlinitého erbiem byla vyuzita pouze technika iontové implantace, protoze
ostatni techniky kviili vyssi hustoté a kompaktnosti struktury nebylo mozné vyuzit. V ALO;
zalezi ve srovnani s niobi¢nanem lithnym mnohem vice na pouzité davce iontové implantace
erbia. Erbium implantované do tohoto krystalu pii niz§ich davkach 1x10" ionté.cm™ obsazuje
ze 70 % substitucni polohy Al (oktaedrické dutiny) a pfipravené vrstvy vykazuji silny emisni
pas pii 1550 nm. Pti vysSich davkéach dochazi k mnohem vétSimu poSkozeni struktury a dosud
bylo publikovano, Ze atomy erbia leZi v intersticialnich polohach. I pro tento krystal je popsan
ptiznivy vliv zihani po implantaci, vhodna teplota zihdni z hlediska luminiscence je 1200 °C
[85-88].

Oxid zine¢naty je dal$im optickym materidlem s hexagonalni krystalovou strukturou
(Pm6). Délka vazeb v ZnO je a = 3,252 A, ¢ = 5,313 A a hustota je z uvedenych krystalii
nejvyssi, tj. 5,7 g. em™. Diky §irokému zakdzanému pasu je ZnO piirozenym polovodi¢em
typu n s pevnou excitonovou vazbou (az 60 meV). Nedavno publikovana moznost pfipravit
z ZnO polovodice typu p vSak oteviela nové moznosti pro pouziti tohoto materidlu ve
fotonice jako optického zdroje LED pro UV a VIS oblast spektra [89, 90]. Siroky zakazany
pas navic umoziluje dopovani ionty vzacnych zemin, diky kterému se rozsiti pouzitelna oblast
spektra az do IR oblasti. Pfi tom se v tomto materidlu ocekava nizké termalni zhaSeni emise

[91]. Také ZnO byl dopovan erbiem pomoci iontové implantace. Pii dopovani erbia do tohoto

A4

obsazovalo substitu¢ni polohy Zn, coz vedlo k métitelné emisi okolo 1,5 um [92 - 95].

Erbium ve struktuie skla [5, 96].

Ve srovnani s krystalickymi materidly maji skla obsahujici ionty erbia Siroky
luminiscenéni pas a niz§i U¢inny prifez pasu stimulované emise [97]. Tato vlastnost je

vysledkem vlivu amorfni struktury skla v okoli erbité¢ho iontu na jeho energetické hladiny.
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Rozsiteni emisniho pasu a slabSi emise se vyuzivaji pro realizaci Sirokopadsmovych
vléknovych zesilovacl s nizkym Sumem.

V soucasnosti jsou stale hlavnim zdrojem svétla polovodicové lasery, které maji oproti
sklim dotovanych ionty erbia dv€ hlavni vyhody: a) polovodi¢ové lasery vykazuji zisk
v fadech =~ 100 cm™ [98] a b) polovodiové zdroje svétla jsou Gerpany elektricky, zatimco
skla jsou obvykle Cerpana opticky (tj. pomoci optického zéateni). Vyhodou skel dotovanych
erbitymi ionty je dlouhd doba Zivota na metastabilni energetické hladiné (= ms), kterd je
nékolikanasobn¢ vétsi nez u typického polovodicového zesilovace (= ns). Takovy dlouhy cas
znamena, ze opticky zisk je u skel dotovanych erbitymi ionty stabilni a neméni se pti kolisani
vstupniho zafeni (buzeni nebo signalu). Navic u laserti pfipravenych ve sklech je mozné
dosdhnout vyssi intenzitu pulzu nez u polovodi¢ovych laserd [99]. Skla je mozné navic
integrovat do optickych obvodu.

Pro dotaci erbia se vyuzivaji dva zékladni zptsoby: objemova dopace, kdy je erbium
ptidavano piimo do vsazky skla jako oxid erbity, a lokalizovana dotace do tenké povrchové
vrstvy. Pro lokalizovanou dotaci Er do skel je mozné pouzit iontovou vyménu z tavenin
obsahujicich Er’* ionty, iontovou implantaci nebo depoziéni techniky, pii kterych se nanese
tenka vrstva bohata na Er’" jonty na povrch skla.

Nejvétsim problémem pii ptipravé optickych erbitych skel je v soucasnosti
koncentra¢ni zhaseni., které nastava pii vySSich koncentracich erbia a dochazi pfi ném
k shlukovani atomii erbia a parovym interakcim mezi ionty erbia. U integrovanych
vlnovodnych zesilovacli musi byt totiz koncentrace erbitych iontd ve skle o fad vySsi nez
v optickych vldknech, ale naptiklad v kiemenném skle se klastrovani projevi jiz pfi malych
koncentracich (= 0,1 at. %) [96, 100]. Zvysit koncentraci iontl Er’" a zarovei sniit
pravdépodobnost klastrovani v kiemenném skle pomaha pridavek AP’" iontdi (ve sklech
chalkogenidovych maji podobny uéinek ionty Ga’"). Tyto ionty modifikuji skelnou sit’ a
vytvaii misto pro za¢lendni izolovanych Er’* iontd vzacnych zemin. Ze stejnych diivodd jsou
oblibend mnohaslozkova hlinito-kiemicitanova a fofore€nanova skla. Pro zlepSeni efektivity
Cerpani se i ve sklenych substratech Casto pouziva vySe zminénd kodopace iontl erbitych
ionty ytterbia nebo bismutu. Jinym zptisobem, jak zvysit absorpci Er’* iontf, je zména
krystalového pole pfitomnosti nanoc¢astic Si nebo Ag ve skelné struktute. Tyto nanocéstice
zabudované do oxidickych skel zvysuji u€inny priufez stimulované emise o jeden az dva tady.
V pfipadé¢ nanocéastic Ag byl vposledni dobé prokdzan pfiznivy vliv na intenzitu
luminiscence erbia pii vinové délce 1530 nm, ale neni jasny mechanismus, kterym je toto

zesileni luminiscence zpusobeno. Jednd se bud’ o transfer mezi energetickymi hladinami
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stiibra a erbia nebo vyuziti povrchové plasmonové resonance kovovych nanocastic (viz [101]
a odkazy v ném uvedené).

Pokud se zaméfime na vybér nejvhodnéjsiho slozeni skelné matrice pro erbiem
dotovany opticky zesilovac, jsou dnes pouzivana rizna skla. Vybér typu skla pfitom ovliviiuje
jak efektivitu buzeni, tak Sitku emisniho pasu, dobu Zivota excitovaného stavu, U€inny priiez
pasu stimulované emise. Porovnani uvedenych charakteristik pro nejbéznéjsi typy

pouzivanych skelnych substratti je uvedeno v Tabulce 7.

Tabulka 7. Optické a spektroskopické vlastnosti vybranych skel, index lomu », koncentrace iontl
erbia, pfi které dochazi ke koncentratnimu zhaSeni cp, doba Zivota excitovaného stavu 7, U€inny
prifez pasu stimulované emise o, (pfevzato z [5]).

n oy T co Sitka pasu
[-] [102" cm?®] | [ms] | [10°° cm ] [nm]

kfemenné sklo 1,46 7 12 - 11
hhmto-krsirllz)lcnanove 1.50 5.7 10 3,9-6,0 43
fosfore¢nanové sklo 1,56 8 10 3,9-8,6 27
fluoridové sklo 1,53 5 9 3,8-5,3 63
amorfni AL,O; 1,64 6 7,8 - 55
telluridové sklo 2,10 13 3,3 - 80
VSCHT sklo 1,51 - 9,8 6,6 20

Kwvili silné fononové absorpci, a tedy malému ucinnému prifezu stimulované emise
bylo v minulych letech prakticky zavrhnuto vyuzivani kiemicitanovych skel jako vhodné
matrice pro ionty vzacnych zemin, a tedy i pro erbium. Ukdazalo se, ze napi. sklo
fosforeCnanové ma vétsi uCinny prufez a je pro erbiovy opticky zesilova¢ vhodnéjsi. Presto se
da fici, ze v soucasnosti je nanejvys zadouci kombinace slozeni pravé oxidu kiemicitého
s ostatnimi oxidy. Dlivodem je pfedevsim skutecnost, Ze vazba na bézna kiemicitanova skla je
oproti vazb¢ na skla jinych struktur mnohem mén¢ ztratova a i v kombinaci se substratovym
materidlem, ktery ma horsi schopnosti zesileni signalu je pro hromadnou vyrobu vhodnéjsi.

O Castenou rehabilitaci kiemicitanovych skel se ve spolupraci s Ustavem skla a
keramiky na VSCHT zaslouzila také nase laboratot. Na zakladé originalnich tivah o vyznamu
chemické bazicity optickych skel bylo po fadé experimentti pfipraveno zinecnato-
kfemicitanové sklo obsahujici erbium, které vykazovalo podobné parametry, jako maji bézna
fosfore¢nanova skla [102, 103]. Pfitomnost dané koncentrace zinku zvysSuje bazicitu skla,
méni tedy krystalové pole v blizkosti erbitého iontu, zplisobuje také pravdépodobné

homogenni distribuci erbia ve skle a tim zabranuje parovym interakcim a koncentracnimu
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zhaSeni luminiscence. V tomto novém typu skla byla hledana optimalni koncentrace iontd
erbia popt. kombinace erbia a ytterbia v zavislosti na kone¢né aplikaci [104—107]. Mimoto
byly urceny Judd-Ofeltovy parametry, které urcuji pravdépodobnost vnitfnich zafivych
preskokd [108]. V uvedeném typu skla byly pozdéji ptipraveny také kanalkové vinovody,
které dokazaly zesilit opticky signal o 11 dB.cm™ [109, 110]. Ve vyzkumu téchto skel se

vzhledem ke komerénimu zdjmu o dané soucastky stale pokracuje.

2.6 Vlastni vysledky vyzkumu anorganickych optickych materiali pro aktivni optické
soucastky

Vyzkum aktivnich materidlii v nasi laboratofi Uzce navazuje na vyvoj pasivnich
optickych ¢lent, které byly popsany v ptedchozi kapitole a materiald s nim spojenych. Jelikoz
jsme byli schopni pfipravit optické vinovody v niobi¢nanu lithném a ve sklech, snazili jsme se
tyto materidly modifikovat tak, aby vykazovaly navic i zesilovaci efekt optického zateni.
Moje pozornost se soustfedila pifedevSim na obohaceni téchto materialii iontem erbia.
Dopovany erbiem byly pfedev§im niobi¢nan lithny, ZnO a safir, tj. optické krystaly podobné
svou strukturou niobi¢nanu lithnému. Souvislosti byly hledany piedevS§im mezi polohou

erbitého iontu ve struktufe krystalu a luminiscen¢nimi vlastnostmi v oblasti okolo 1530 nm.

Pozice erbia v krystalové strukture v objemové dotovaném LiNbO; [P6]

Pro naSe ucely podle ndmi navrhnutého slozeni byly v dnes$ni firmé Crytur Turnov
pfipraveny kvalitni monokrystalické podlozky niobi¢nanu lithného dotovaného iontem
erbitym popt. smesi iontl erbitych a ytterbitych v koncentracich 0,5 a 1 mol %. Monokrystaly
byly roziezany tak, aby jejich povrchy mély rliznou krystalografickou orientaci. Ziskali jsme
tak podlozky s rtizn¢ krystalograficky orientovanym povrchem, tj. krystalografick¢ fezy X
{1120} a Z{0001}. V t&chto krystalech byla s vyuzitim metody RBS/kanélovani stanovena
pozice erbia, ktera dobie odpovidala dosud zjisténym vysledkiim. Zjistili jsme, Ze atom erbia
ve struktufe niobi¢nanu lithného obsazuje polohu lithia. Naméfeny posun 0,03 nm podle osy
z (tj. blize k jedné z rovin kysliku) souvisi pravdépodobné s vétSim polomérem atomu erbia a

odpovidal naméfenym hodnotam jinych autori.
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Vliv procesu pripravy optickych vinovodii na pozici erbia v objemové dotovaném

LiNbO; [P22]

Jak bylo popséno v piedchézejici kapitole vinovody v Er: LiNbO3 byly pfipravovany
metodou difuze titanu, metodou protonové vymény a implantaci helia. Pro vSechny uvedené
techniky byl sledovan metodou RBS/kandlovéani stupenl poskozeni struktury niobi¢nanu
lithného, zména pozice erbitého iontu ve struktufe a jeji vliv na luminiscencni vlastnosti. Tato
studie je ojedinéld, protoZze neni mozné srovnavat intenzitu luminiscence mezi jednotlivymi
pracovisti. U vSech pouzitych technik bylo prokazano, Ze ani jedna z nich neovlivituje pozici
energetickych past v luminiscen¢nim spektru. Metodou RBS/kandlovani s technikou jemnych
skenl bylo potvrzeno, Ze erbium neni vyznamné vychyleno ze svych poloh. Pfi pfesném
méfeni vlivu procesu APE na pozici erbia metodou XRD byla zjisténa odchylka z ptivodni
polohy lithia 0 0,09 nm, coz oproti ptivodni poloze erbia v substratu ¢ini odchylku o 0,06 nm
[P6]. Porovname-li vliv jednotlivych technik ptipravy vlnovodl, pak lze fici, Zze se lisi
predevsim ve stupni poSkozeni krystalové struktury niobi¢nanu lithného a také jen velmi malo
v intenzit¢ luminiscenéniho péasu pii 1535 nm. Nejvice je intenzita luminiscencniho pasu
ovlivnéna difuizi titanu i pfes to, Ze strukturni poskozeni je nejnizsi je intenzita luminiscence
ptitomného d- a f-prvku a tedy nejvEtsi mirou ovlivnéni krystalového pole erbitych iontd
ptitomnosti titanu. Pro obé dalsi techniky bylo zjisténo vétsi poskozeni krystalové struktury

ale jen velmi maly pokles intenzity luminiscence.

Poloha erbia v riiznych monokrystalech po provedeni lokalizované dopace [P19]

Kromé niobi¢nanu lithného jsme erbiem dopovali i jiné optické krystaly, které jsou
vyuzivany ve fotonice, jejichz struktura byla co nejvice podobna struktuie niobi¢nanu
lithného. Provedli jsme iontovou implantaci do monokrystalického Al,O3, ZnO a LiNbO3. U
vSech krystalli byla pouzita jedna krystalograficka orientace tj. tfez Z. Implantace erbia byla
provedena s energii 190 keV a davkou 1x10'° ionti.cm™ a ptipravené vzorky byly nasledng
zihdny pifi 1000 °C. Sledovan byl stupeit poSkozeni krystalové struktury metodou
RBS/kandlovani a pomoci jemnych skeni také poloha erbia ve struktufe, méfena byla
luminiscenéni spektra pii pokojové teploté v oblasti 1530 nm. Porovndni vysledkt vedlo
k zajimavym zavérim. Zatimco ve struktufe niobi¢nanu lithného a oxidu hlinité¢ho se erbium
po implantaci objevilo v intersticidlnich polohach, v oxidu zine¢natém nahrazovalo zinek a

obsazovalo tedy substitucni polohy. Nésledné zihani zplsobilo v prvnich dvou krystalech
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hojeni struktury s tim, Ze erbium obsazovalo substitucni polohy lithia nebo hliniku. V ZnO
tomu bylo naopak a erbium béhem nasledného zihdni substitu¢ni polohy opoustélo a vétSina
atomil obsadila intersticidlni polohy. Naméfena Iuminiscenéni spektra odpovidala
pozorovanému chovani erbia. Zatimco nasledné Zihani mé¢lo v niobi¢nanu lithném a oxidu
hlinitém na intenzitu luminiscence ptiznivy vliv, v ZnO se intenzita luminiscence naslednym
zihdnim snizovala.

Z porovnani vysledkl plyne, Ze kongruentni struktura niobi¢nanu lithného obsahuje
nejvice moznych volnych pozic pro umisténi erbia. Navic v této struktute existuji jak pevné
kovalentni, tak i iontové vazby. Struktura je po implantaci erbia s davkou 1x10' iontél. cm™
tedy poskozena nejvice. Pfi pouziti vysokych davek dochéazi dokonce i k pohybu — vyrazeni
atomi niobu ze svych poloh a erbium se spolu sdalSimi ionty krystalu nachazi
v intersticidlnich polohach. Nasledné zihani, které je nad teplotou rekrystalizace, dovoluje
erbiu usadit se ve struktufe kongruentniho krystalu na pozice lithia.

Struktura ALOs je velmi podobna LiNbO;. Vazby v Al,Os maji vSak pevny jednotny
kovalentni charakter. Proto je mozné ptedpokladat, ze pokud pouzijeme nizké davky
implantace, erbium preferuje prazdné oktaedrické pozice a je umisténo v zdkrytu s ionty
hliniku [111]. Pfi vysSich davkach, jaké byly pouzity v nasem experimentu, vSak dochdzi k
vyrazné destrukci struktury v misté doletu. Prakticky vSechno erbium spole¢né¢ s atomy
hliniku je v intersticialnich polohach. Zihani na 1000 °C pravddpodobné nezpisobuje
ve struktufe dostatecné zmény na to, aby erbium nahradilo hlinik, popf. se umistilo do
oktaedrickych vakanci.

Struktura ZnO neni trigondlni, ale jiz hexagonalni (P6m), a obahuje jak oktaedrické tak
tetraedrické dutiny. Neobsazené tetraedrické dutiny jsou malé a velmi blizko obsazenych
tetraedrickych dutin. Je ot4dzkou, pro¢ nejsou obsazeny oktaedrické dutiny. Implantované
erbium tedy nemé po implantaci jinou moznost, néz se umistit do pozic zinku a kvili nizsi
pevnosti vazby ZnO je to pravdépodobné snadné€js$i nez u oxidu hlinitého. Pfi implantaci
vstupuje erbium do substituénich poloh, protoze struktura ZnO je pomérné malo poSkozena a
zinek obsazuje intersticidlni polohy. Néslednym Zzihanim je vSak erbium opét nahrazeno
zinkem.

Zajimava je také otazka iontovych polomérti a rozmérii vakanci, které ve struktufe
existuji, popf. otdzka ndbojové rovnovahy, kterd je implantaci poruSena, ale po zihani by se
méla alesponi ¢astecné obnovovat. O erbitych iontech je znamé, ze i pies vysoké atomové
Cislo maji diky lathanoidové kontrakci pomérné maly polomér a vejdou se ve struktuie

niobi¢nanu lithného i do jeho volnych oktaedrickych pozic. Bylo potvrzeno, ze maléd velikost
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nebrani erbiu obsadit ani volné oktaedrické dutiny ve strukture AlL,Os. I kdyz jsou zineCnaté
ionty oproti iontim hlinitym a lithnym srovnatelné nebo mensi (iontovy polomér Zn*" je
74nm [112]) zdd se, ze pravé tésnd hexagondlni struktura ZnO nedovoluje erbiu po
nasledném zihani obsadit polohy zinku. Roli pravdépodobné u implantovaného ZnO hraje
také nabojova nestabilita, kterou u safiru diky tfimocnému hliniku neptedpokladame.
V niobi¢nanu lithném dokaze nestabilitu naboje po implantaci pravdépodobné vyrovnat
kongruentni struktura krystalu.

Krystalové okoli jednotlivych krystali ovliviiuje polohy hlavniho energetického pasu
v luminiscencnim spektru. Ve struktufe oxidu zine¢natého je nejvyssi intenzita luminiscence
nameétena pii 1537 nm, coZ je asi o 7 nm vice nez u niobi¢nanu lithného. U oxidu hlinitého
k posunu nedochéazi, hlavni intenzita pasu je opét okolo 1530 nm. U oxidu hlinitého se
objevuje pas okolo 1543 nm, ktery je pravdépodobné spojen s existenci erbia v intersticidlnich
polohach. Posun atomil erbia mimo strukturni polohy hexagonalni struktury ZnO je provazen
vyznamnym snizenim intenzity luminiscencniho pasu.

Z vysledkl je tedy ziejmé, ze v porovnavanych krystalech je pro vysokou hodnotu
intenzity luminiscence nezbytné, aby erbium obsazovalo substitu¢ni polohy a mélo co

nejuspotradangjsi strukturni okoli.

Shrnuti

nasledujici zjisténé skutecnosti:

a)  ve spolupraci s UJF AVCR jsme schopni sledovat pozici erbia ve struktuie krystali
s hexagonalni krystalickou miizkou,

b)  jsme schopni popsat pozici erbia a také zmény ve struktufe po iontové implantaci erbia
v LiNbO3;, v ALO3; a také vZnO a velmi pravdépodobné¢ bychom tuto schopnost
dokazali rozsitit jak na jiné lanthanoidy, tak i jiné krystalové struktury

c) dokdZzeme dobfe popsat luminiscencni spektra erbitého iontu a sledovat vliv
krystalového pole na posun past v luminiscen¢nim spektru

d)  prokazali jsme, Ze ptiprava vinovodi v Er: LiNbO3; pomoci difuize titanu, metodou APE
a nebo implantaci helia neméni charakter luminiscenéniho spektra erbitého iontu a jen
velmi malo ovlivni intezitu pasu pfi 1530 nm, uvedeny material ve spojeni se
zkouSenymi metodami piipravy vilnovodii mulze byt zdkladem aktivni optické

soucastky.
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2.7 Technologie pripravy tenkych vrstev pro fotoniku

V soucasnosti existuje celd fada technologii, které je mozné pouzit pro ptipravu tenkych
vrstev vhodnych pro fotoniku. Obecné je mozné je rozdélit na technologie depozi¢ni nebo
technologie vyuzivajici selektivni leptani a technologie difuzni. Depozi¢ni technologii je
mozné piipravit vrstvy se skokovou zménou vlatnosti, napt. indexu lomu, ale i ostatnich.
Naproti tomu ve vrstvach vytvofenych technikou difuzni je zména vlastnosti gradientni.
Zalezi na konkrétni soucastce, pro kterou ma vrstva slouzit. Mezi technologie depozi¢ni je
mozné zafadit napafovani, napraSovani, epitaxni rust, sol-gel techniky ale také technologie
Chemical Vapour Deposition (CVD), Physical Vapour Deposition (PVD), Flame Hydrolysis
Deposition (FHD), Pulsed Laser Deposition (PLD) a déle epitaxni metody - Molecular Beam
Epitaxy (MBE) a Liquid Phase Epitaxy (LPE). Uvedené techniky se vyuzivaji pfedevsim pro
ptipravu polovodi¢ovych vrstev a pro vétSinu z nich jsou charakteristické vysoké naklady na
vybaveni i na jeho provoz. Naopak velkou vyhodou téchto metod je moznost velmi piesné
fidit sloZeni, tj. vlastnosti a v n€kterych piipadech kontrolovat riist piipravovanych vrstev.

Mezi technologie diftizni miizeme zafadit iontovou vyménu, iontovou implantaci a také
difazi z kovovych nebo oxidickych tenkych vrstev deponovanych na povrch. Dochézi
k vytvoteni vrstvy pfimo v podloZce a vznikne tak vlnovod s gradientni zménou vlastnosti.
Tento zplisob ptipravy tenkych vrstev se obvykle vyznacuje pomérné¢ malou naro¢nosti
z hlediska vybaveni (které umoziuje ptipravit velké mnoZzstvi vzorkl najednou), nicméné i
pfes to jsou vrstvy charakteristické velmi dobrou reprodukovatelnosti ptipravy a nizkymi
optickymi ztratami. Mezi nejCastéji pouzivané metody patii vysokoteplotni difize iontl z
kovové vrstvy nanesené na povrch podlozky (napi. diftuze Ti [35,113,114] nebo Ag [115] a
iontovou vyménu (Cisté¢ termickd diftize, difuze s vyuzitim vnéjSiho elektrického pole
[96,116,]), ktera se vyuziva jak ve sklech, tak v optickych krystalech.

Dalsi a nejmladsi technologii ptipravy tenkych vinovodnych vrstev je tzv. technologie
primého zapisu optickych vlnovodi do podlozky za pomoci vysokovykonovych lasert.
Ozéteni laserovymi pulsy ma za nésledek pokles ¢i nartst hustoty ozatrené ¢asti ve srovnani se
zbytkem objemu daného materidlu a nasledné také zvySeni indexu lomu. Tato technika se
v souCasné dob¢ pouziva pro tvorbu kandlkovych vlnovodli pifedev§im v krystalickych
materialech, ale také ve sklech obsahujicich oxidy tézkych kovl. Jako ptiklady materidlt

terée je mozné uvést a-kiemen, LiNbO3, safir dopovany ionty Ti*" a KY(WO,), [117,118].
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Iontova vyména

Plvodné byla iontova vyména vyuZzivdna prevazné k barveni a chemickému tvrzeni
povrchu skla nebo ke zvySeni chemické odolnosti skel [119]. Pozdé&ji se této metody zacalo
vyuzivat pro piipravu optickych vlnovodi. Optické vinovody pfipravené iontovou vyménou
maji nasledujici vyhody:

a)  cely proces je relativné jednoduchy a levny i pfes to, ze zahrnuje také pripravu masek
pomoci litografie;

b)  proces je velmi flexibilni vzhledem k volbé vyrobnich parametrt a vlastnosti vinovoda
mohou tak byt snadno optimalizovéany;

c) diftzni podstata iontové vymény je pti¢inou malé¢ho ovlivnéni kvality vinovodu tj. jeho
optickych ztrat vlivem nedokonalosti litografické masky (nedokonale rovnych okraji
namaskovaného motivu);

d)  kruhovy prifez vystupniho signalu umoziiuje snadné a bezeztratové navazani na
kruhovy prifez signalu v optickém vlakn¢;

e) pokud se jednd o struktury ptipravené iontovou vyménou na povrchu podlozniho skla,
je relativné snadné propojit vlnovod s jinymi materidly, jako jsou polymery a
polovodice.

Iontova vyména iontl ztaveniny za ionty z podlozky probihd zpravidla tak, ze je
substrat pfi urcité teploté a po urcitou dobu ponofen do taveniny, kterd obsahuje pozadované
ionty. Hnaci silou iontové vymény je difize. lonty z taveniny se zaénou pohybovat smérem
do substratu a vyméiovat se za slab& vazané ionty v substratu (napt. Li’, Na', K"), které pak
difunduji ze skla do taveniny. Zména indexu lomu v pfipravené vrstvé je pak zplsobena
jednak vlivem zmény chemického slozeni materidlu (Cili prostfednictvim rizné
polarizovatelnosti vyménénych iontl1), ale zaroven také vlivem rizné velikosti téchto iontl a
nasledné vznikajicitho vnitfniho pnuti ve vrstvé (v nékterych piipadech i pozorovanym
zvétsenim objemu vrstvy ve sméru kolmém na povrch vzorku).

Asi nejvice pouzivanym substrdtovym sklem je komeréné dostupné borito-
kifemicitanové sklo IOT BGG31 spfiblizné 7% obsahem sodiku. Ve spojeni
s kemic¢itanovymi skly bylo dosud zkoumano pouziti riznych vyméiovanych iontd z tavenin
anorganickych soli, pfedev§im to byly jednomocné ionty Li", K, Rb", Cs’, TI" a Ag". Za
igelem ptipravy aktivnich vlnovodi ve sklech byly studovany také iontové vymény Cu' a

3+ - o RIS S 4 ~roor . r 4 v + +
Er’" iontl. Nejbéznéji je vSak vyuzivana iontovd vyména Ag <> Na .
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Tato technika se dnes vyuziva jesté pro jiné ucely nez je tvorba optickych vlnovodu.
Predev$im jejim spojenim s naslednym Zzihanim je ji mozné pouzit pro tvorbu kovovych
nanocCastic stiibra ve skelné matrici a vyuzivat tak napt. povrchové plazmonové resonance

téchto nanodastic.

Iontova implantace [120,121]

Pii iontové implantaci dochazi k interakci urychlenych iontd s pevnou latkou.
Dtsledkem interakci energetickych iontd s pevnou latkou je fada jevi. Pfi iontovém
implantaci povrchu pevné latky implantované ionty vnikaji hloub&ji pod povrch, kde postupné
interakcemi s atomy bombardované pevné latky ztraceji svoji energii a zabudovavaji se do jeji
struktury. Koncentra¢ni rozdéleni dopadlych iontl tvoii tzv. hloubkovy koncentra¢ni profil
implantované pfimési v pevné latce, ktery mé vzdy tvar Gausovy kiivky. Vyhodou iontové
implantace je jeji znacna variabilita v kombinaci implantovaného iontu a bombardované
pevné latky a snadnd kontrola a fizeni vznikajiciho hloubkového koncentra¢niho profilu.
Koncentra¢ni profil je totiz funkci pouze dvou dobfe méfitelnych implanta¢nich parametra:
energie iontll (dané nastavenym urychlovacim napétim) a davky ionti (dané implantovanym
nabojem méfenym integraci iontového proudu dopadajiciho na tercik). Iontovou implantaci
Ize dosdhnout vysoké homogenity a také velmi dobré reprodukovatelnosti. Nevyhodou
iontové implantace je pomérné¢ znacné poruseni struktury pevné latky v misté dopadu
implantovantované castice, kdy tyto poruchy mohou vyznamné ovlivnit napf. optické
vlastnosti pevné latky. Toto poskozeni lze ¢astecné eliminovat ndsledny zihanim. Iontova
implantace se piivodné zacala vyuzivat pro modifikaci polovodict, pozdé&ji se ukazalo, Ze je
mozné ji vyuzivat ke zméné mechanickych, koroznich a supravodivych vlastnosti kovovych
materialii, cehoz se dnes vyuziva i komeréné [122].

Pro piipravu optickych vinovodu je iontova vyména vyuzivana spise ziidka. Pomoci ni
je mozné piipravit tzv. bariérové vinovody [123]. Pokud se pouzije dostatecné vysoké energie
implantované¢ho iontu, kterd svym priletem prakticky neposkodi strukturu pevné latky a
v misté dopadu vytvofi barieru (oblast jiného sloZeni) prochéazejici opticky signal se dopadem
na tuto vrstvu lomi a za¢ne se vrstvou vytvofenou povrchem latky a vrstvou v misté¢ dopadu
implantované castice S§ifit. Kvali poruchdm, které prilet a dopad implantované cCéstice
zpusobi, jsou uvedené vlnovody studovany ziidka, vykazuji totiz vysoky opticky Gtlum.

Pro fotonické materidly je iontova implantace vyuzivana spiSe jako metoda vhodna

k obohaceni amorfnich 1 krystalickych materidli jinymi ionty zplsobujicimi optickou
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aktivitu, tj. napf. ionty lanthanoidii nebo vzacnych kovi. Pfitom je mozné fici, ze vypocet
doletu a kone¢ného rozlozeni implantované ¢astice se mezi amorfni a krystalickou latkou lisi.
Zatimco v amorfni latce je dolet ovlivnén energii, davkou, hmotnosti a protonovym ¢islem
implantovanych iont, hmotnosti a protonovym ¢islem atomt terce, hustotou a teplotou
amorfni pevné latky v krystalickém materidlu terce k témto vlivim pfistupuje jesté vliv
krystalografické orientace povrchu vici svazku. Je-li totiz pevna latky orientovana tak, ze
iontovy svazek je rovnob&zny s nckterym krystalografickym smérem dochéazi k tzv.
kanalovéani, kdy ionty pronikaji podstatn¢ hloub¢ji. Tohoto jevu je mozné vyuZzit pii
zjiStovani stupné poskozeni krystalové struktury dopaci aktivnich iontt.

V nasi laboratofi jsme se soustfedili pfedev$im na technologie, jejichz podstatou je
vymeéna iontd, tj. pfiprava tenkych vrstev vyménou iontl z tavenin nebo z napatenych vrstev.
Piipravovany tak byly tenké vrstvy s gradientni zménou sledované optické vlastnosti tj.
predev§im indexu lomu nebo koncentrace aktivniho iontu. Ve spolupraci s Ustavem jaderné
fyziky AVCR vRezi nebo sHelmholtz-centrum Rossendorf dokazeme piipravovat a
charakterizovat optické vrstvy pfipravené iontovou implantaci. Jak bylo uvedeno vyse, tyto
technologie se dopliuji v tom smyslu, Ze iontova vyména je omezena vhodnou kombinaci
substratu a dopovaného iontu, ale velmi naro¢nd co se tyce pouzitého vybaveni. Metoda
iontové implantace vyuziva iontovy urychlovac, ale na druhou stranu je schopna kombinovat
jakykoliv materidl substratu s jakymkoliv implanatovanym iontem. I proto si myslim, Ze jsme
v soucasné dobé pracovistém, které dokéze pfipravit tenkou optickou vrstvu pozadovanych

vlastnosti a modifikovat jeji optické vlastnosti v souvislosti s chemickym slozenim.

2.8 Vlastni vysledky v oblasti technologickych procesii pripravy tenkych vrstev pro

dynamické i aktivni optické cleny

Z technologii, na které jsem se soustfedila ve své praci, jsou to predevSim iontova
vyména v elektrickém poli, kdy je mozné pouzivat pomérné Sirokou skalu vloZzeného napéti
od 0 V do 2000 V. Pro tuto technologii se podafilo vybudovat zdkladni experimentalni
pracovisté, na kterém bylo studovano ptfedev§im ponoifovani tenkych optickych vrstev pod
povrch skelnych substrati a vyzkum souvislosti mezi slozenim optickych skel, jejich
vodivosti a snadnosti ponofeni povrchového vinovodu. Své experimentalni zkuSenosti jsem
pak uplatnila pfedev§im v aplikac¢nich vystupech pro firmu Color-Chip, Israel a Vldknova
optika SQS Nova Paka. Soucasné jsem se soustfedila na iontovou vyménu a iontovou

implantaci v optickych krystalech a v mensi mife také v optickych sklech.
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Nizkoteplotni dopovani erbia: vliv krystalografické orientace Fezii niobi¢nanu lithného

na luminiscenci [P3 a P11, P15]

Jako novy zputsob lokalizované dotace LiNbO; erbiem byla v nasi laboratofi studovana
termickd difuze erbia z taveniny dusi¢nanti, pii které jsme vyuzivali rizné krystalografické
fezy niobi¢nanu lithného [P3,124]. Ukazalo se, Ze takto pfipravené vzorky vykazuji
luminiscenci pfi 1530 nm a byly prokdzany rozdily v obsahu erbia mezi jednotlivymi fezy
niobi¢nanu lithného. Rozhodli jsme se zhotovit specialni fezy niobi¢nanu lithného s orientaci
kolmo a rovnobézné se St€pnou rovinou krystalu (fez rovnobézny YII <10-12> a kolmy fez
Y1 <10-14>). Pomoci nich bylo prokazano, ze $tépna rovina v monokrystalickém niobi¢nanu
lithném usnadniuje pohyb erbia danou strukturou. Tato skutecnost byla pozdéji potvrzena pro
vyssi teplotu lokalizované dotace [124] a také v safiru [P3]. Ukazalo se, ze teplota termické
dotace je dualezitym faktorem nejen z hlediska rychlosti dotace, ale také z hlediska
mechanismu procesu.

V nasledujicich experimentech jsme se proto soustfedili na porovnani mechanismu
termické difuze pti riznych teplotach [P11]. Sledovany byly nejen zmény v luminiscenénich
spektrech v souvislosti s podminkami piipravy, ale také pohyb lithia a erbia strukturou
niobi¢nanu lithného pomoci metod NDP, RBS a RBS/kanalovani. Uvedené vysledky
potvrzuji skute€nost, Ze je mozné ptipravit termickou difiizi erbia z taveniny jeho soli velmi
tenkou optickou vrstvu erbia v niobi¢nanu lithném vykazujici luminiscenci na 1530 nm.
Tloustka takto pfipravenych vrstev dosahovala maximalné 0,1 pm a obsahovala 7 az 24 at %
erbia. Rizny obsah erbia odpovidal pouzitym podminkdm a krystalografickym fezim.
Z uvedenych vysledkt bylo zjisténo, ze teplota ovliviiuje mechanismus, kterym ionty erbia do
krystalu pronikaji. Obecné se podle vysledki SIMS uvadi, ze pti termické difuzi z taveniny
soli erbitych probiha v materidlu iontova vymeéna trojmocnych iontl erbia z taveniny za ionty
lithné [125]. Uvedenému mechanismu, tj. iontové vymeéné by v nasem piipadé¢ odpovidala
mnohem Iépe data zjisténa pii termické difazi pti nizsi teploté 350 °C (z taveniny dusi¢nantl),
kdy tloustka vrstvy obsahujici erbium pomérné¢ dobie odpovida tloust’ce vrstvy, ve které je
patrny ubytek lithia zjistény metodou NDP. V piipadé taveniny dusi¢nani je tfeba si
uvédomit, ze ¢as vymény je dlouhy ve srovnani s vyménou erbia v tavenin¢ sirani a zZe
tavenina dusicnani neobsahuje lithné ionty, coZ znamend, Ze iontovd vyména neni
zpomalovana. Navic se v naSich pracich ukazalo, Ze pohyb lithia strukturou je pfi této teploté

vice nez pravdépodobny. Zlstava vSak otdzkou, zda pfi tomto procesu ionty erbité obsazuji
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polohy lithnych ionth. JelikoZ nebylo mozné naméfit kanalovaci spektra je mozné v tomto
ptipad¢ predpokladat, Ze tomu tak neni a erbium obsazuje z velké ¢asti polohy intersticidlni,
popt. vychyluje atomy kysliku a niobu z jejich pravidelnych poloh.

Z naSich vysledka plyne, Ze pfi teploté 600 °C k iontové vyméné erbitych za lithné
ionty nedochazi. Musime si vSak uvédomit, ze ¢as vymény je kratS$i a tavenina obsahuje
lithium. Pfesto je patrné, Ze i kdyz je hloubka, ve které¢ je erbium v povrchu krystalu pfitomné
mnohem véEtsi, je ubytek lithia ve vSech pfipravenych vzorcich prakticky nulovy.
Predpokladdme tedy jiny mechanismus vymeény. Podle [56] miiZe niobi¢nan lithny pfti
pouzivané teploté ¢astecné rekrystalovat. Z tohoto diivodu pfedpokladame, Ze po inkorporaci
erbia do struktury niobi¢nanu lithného dochazi k vyrovnani naboje ¢astecnou rekrystalizaci
struktury krystalu, kdy erbium obsazuje ve vétSi mife polohy niobu a lithium ze struktury
krystalu neubyvd. Tomuto mechanismu by nasvédcovaly mnohem vétsi hodnoty intenzit
luminiscen¢nich past, kdy je mozné predpokladat uspotadanou strukturu kolem atomi erbia.
Také vysledky metody RBS a RBS/kandlovan ukazuji, Ze po termické difuzi erbia ze sirani

¢

jsou vakance ve struktufe krystalu ,naplnény “ ionty erbia a po nasledném zihani jsou
obsazovany polohy niobu (mnohem vice erbia se nachézi v substituc¢nich polohach).

Budeme-li diskutovat mechanismus termické difuze erbia z hlediska vyuziti rGznych
krystalografickych tfezii monokrystalu niobi¢nanu lithného, je zietelné¢ patrny vliv $tépné
roviny na prubé¢h termické difuze. Pfi obou teplotich bylo ve vSech piipravenych sadach
vzorkll naméteno vysoké mnozstvi erbia stejné jako byla nalezena vysoka hodnota intenzity
luminiscence pii 1530 nm pravé v fezu kolmém na §tépnou rovinu.

Jako prvni jsme také publikovali iontovou vyménu erbia a lithia z taveniny dusi¢nant
v elektrickém poli [P15]. Pfi tomto experimentu krystalem protékal proud 0,5 mA pfi napéti

1800 V. K experimentiim byl dosud vyuzit pouze fez Z niobi¢nanu lithného. S prodluzujicim

se Casem iontové vymeny se zvySovala intenzita luminiscen¢niho pasu pii 1535 nm.

Vysokoteplotni dopace erbia: vliv krystalografickych rezii niobi¢nanu lithného a sloZeni

naparené vrstvy na luminiscenci [P18]

Jako jiny zplsob dotace niobi¢nanu lithného erbiem byla studovana vysokoteplotni
dotace z napafené vrstvy obsahujici erbium. Pro dotaci erbia byly zvoleny dva rtizné typy
napafenych vrstev — kovova vrstva Er a oxidova vrstva Er,O;. V obou piipadech byla difuze
provedena pii teploté¢ 1060 °C po dobu 100 h [P18]. Vysledky je mozné shrnout do

nasledujicich bodu:
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a)  Charakter luminiscen¢niho spektra byl pro oba pouzité zpiisoby dopace, tj. pro vrstvu
kovovou i oxidovou stejny. Pokud byla napatfena vrstva s tloustkou kovu i oxidu 20 nm,
nelisily se ani intenzity luminiscen¢niho pasu pifi 1535 nm. Naproti tomu pii snizeni
tloustky napafenych vrstev na 10 nm se vyssi intenzita luminiscence objevila u vrstvy
Er,0s.

b) Intenzita luminiscence dobfe odpovidala tloustkdm napafenych vrstev, kdy u vzorki
pfipravenych z vrstev s tloustkou vrstev 20 nm se objevila dvojnisobna intenzita
luminiscence v porovnani se vzorky pfipravenymi z vrstev o tloust’ce 10 nm.

c) Luminiscencni spektra vzorkd z vysokoteplotni difuze z napatfenych vrstev ukazovala
na velmi dobré luminiscencni vlastnosti — intenzita luminiscence dosahovala az 20 000
a. u.

d)  V luminiscen¢nim spektru bylo patrnych vice nez 6 luminiscen¢nich pasii s malou
polositkou pasu. Predpokladali jsme tedy vysoké strukturni uspotadani, coz se potvrdilo
i zkandlovacich RBS spekter, ktera vykazovala miru uspofadanosti struktury
srovnatelnou s €istou nedotovanou strukturou LiNbOj3.

e) Pokud porovname intenzitu luminiscence mezi pouZzitymi fezy X a Z, je patrné, ze pro

oba typy vrstev vykazova nejvyssi hodnotu luminiscence ez Z.

Tloustka vrstev pfipravenych uvedenou technologii nepfesdhla podle méfeni metodou
RBS 100 nm, ale podle vypoctu dosahovala az do hloubky 5 az 8 um, coz je za detekénim
limitem metody RBS. Koncentrace erbia byla 0,1 az 2,3 at %. V téchto vzorcich nebyl
potvrzen vyménny mechanismus erbia za lithium. Analyzy prokazuji obsazeni poloh niobu i
lithia v pfipravenych strukturdch. Vzhledem k vysoké teploté procesu zde zcela jisté¢ dochdzi
k rekrystalizaci struktury niobi¢nanu lithného. Navic z vysledkid vyplynulo, Ze ve srovnani s
jinymi pouzivanymi difiznimi metodami maji vrstvy pfipravené uvedenym zpusobem zatim
nejvyssi hodnoty luminiscence pii 1530 nm a jsou tedy vhodné pro piipravu optického

zesilovace.

Iontova implantace: vliv experimentalnich podminek na luminiscenci eritych ionti

[P8,P9, P12 a P20].

Pro dotovani niobi¢nanu lithného erbiem byla vyuzivana i technika iontové implantace.
Tonty Er” byly implantovany do monokrystalu za riiznych podminek. Vzhledem k moZnostem

vyuzivanych urychlovact iontii jsme se soustiedili na sttedné energetickou implantaci pti 300
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a 500 keV a davky implantovaného erbia se pohybovaly od 1x10" az do 5x10'° ionti.cm™.
Podle pouzit¢ davky se koncentrace erbia v pfipravenych vrstvach pohybovala od 0,25
do 8 at. % erbia. Pfitom platilo, Ze ¢im je pouzita davka ale také energie véEtsi, tim je
maximalni hodnota v koncentraénim profilu, ktery ma tvar Gaussovy kiivky, vétsi. Pfipravené
vrstvy mély maximalni koncentraci erbia v hloubkédch mezi 60 az 80 nm pod povrchem a
nevykazovaly tésné po iontové implantaci prakticky Zadnou luminiscenci v oblasti 1530 nm,
teprve nasledné Zzihani zptisobilo vyrazné zlepSeni luminiscen¢nich vlastnosti.

Diskutovan byl také mechanismus piipravy vrstev v souvislosti se zménou
luminiscen¢nich spekter. Obecné je mozné piedpokladat, Ze s rostouci koncentraci erbia ve
vrstvé poroste také intenzita luminiscen¢niho pasu. Ze ziskanych vysledkd je patrné, Ze
pouZijeme-li pro implantaci vysokou davku — v naSem piipadé 5x10' ionti.cm™ - intenzita
sledovaného luminiscenéniho pasu je niz$i v porovnani s implantaci niz8i davkou. Ve spektru
je navic zfetelna velkd intenzita luminiscen¢niho pasu pti 1485 nm. Otazkou byla tedy pficina
zhorSeni luminiscencnich vlastnosti, ktera mohla mit dva diivody:

a)  destrukci krystalové struktury béhem implantace a neschopnost rekrystalizovat béhem
nasledného zihani nebo

b) nevhodnou polohu erbia ve struktufe niobi¢nanu lithného a tvorbu shlukd, které
luminiscenci zhasi.

Ze sledovani pohybu erbia a lithia spolu se stupném uspofadani struktury bylo zjiSténo, ze

bezprosttedné po implantaci jsou ionty erbia soustfedény v misté dopadu a jejich okoli je

zna¢né zniGené. V. RBS spektru se objevuje pii vysoké davee 5x10'° jonti.cm™ relativni

ubytek niobu, ktery neni zpsoben vyraznou destrukci povrchu. Intenzita luminiscence pasu

1535 nm je tedy prakticky nulova.

Béhem nasledného zihdni dochazi k pohybu erbia smérem k povrchu, ale také do
hloubky. Tento jev je mnohem patrn&j§i pii davee 1x10'® ionti.cm™. Pokozena struktura
béhem nésledného Zihani rekrystalizuje a nezavisle na pouzité davce, je po 5 hod. Zihani pii
1000 °C jiz z 90 % plvodni. Z méfeni RBS metodou jemnych skend, je vSak patrny vyrazny
rozdil v pozici erbia. Zatimco pii niz8§i davce implantace a po nasledném Zzihdni erbium
obsazuje prevazné substitu¢ni polohy pravdépodobné niobu nebo lithia, pti davce vysoké je
znacna cast erbia v poloze intersticialni. Blizkost dvou atomt erbia po implantaci vysokou
davkou vede ke koncentraénimu zhédseni luminiscence, tj. k poklesu intenzity luminiscen¢niho
pasu. Pfitomnost vyrazného luminiscen¢niho pasu pii 1485 nm je s nejvétsi pravdépodobnosti

zpusobena praveé vznikem klastrli erbia.
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Iontova implantace: vliv Zihani a vliv krystalografické orientace povrchu vuci

dopadajicimu iontovému svazku [P9 a P12]

Vliv nasledného zihani a rizné krystalografické orientace povrchu krystalu niobi¢nanu
lithného vuci iontovému svazku pii iontové implantaci erbia byl studovan v [P9 a P12].
V uvedenych pracich bylo zjiSténo, Ze néasledné Zihdni ovliviiuje pfedevsim hojeni struktury
poskozené dopadem implantované ¢astice. Zhojeni strukturniho okoli implantovaného erbia a
jeho vhodné pozice zplsobi charakteristickou luminiscenci erbitého iontu. Zkouméany byly
razné teploty zihani, tj. 350 °C, 600 °C a 1000 °C. Intenzita luminiscence se zvySovala se
zvySujici se teplotou Zzihani. Navic se béhem experimentti projevily vyznamné rozdily
v chovéani jednotlivych fezii niobi¢nanu lithného béhem Zzihdni. Ukazuje se, Ze nejvyssi
intenzitu luminiscence a také nejsnadnéj$i pohyb erbia strukturou umoziuje pravé fez kolmy
na Stépnou rovinu krystalu.

Nejjednodussi pricinou odlisného chovani pravé fezu YL by bylo vysvétleni, ze v fezu
YL je koncentrace erbia vyssi a tudiz také intenzita luminiscen¢niho pasu bude vyssi. Jak
tomu bylo napf. v naSich piedchozich pracich [P3,P10a P14]. V piipad¢ iontové implantace,
kdy je implantovana vzdy stejnd davka daného iontu, vSak miizeme tuto pfi¢inu vyloudit, jak
ukazuji také hloubkové koncentracni profily naméfené metodou RBS. Pficinu je tedy nutné
hledat jinde. Z kombinace vysledkt pro riizné bézné i specidlni fezy LiNbO3, kdy erbium bylo
implantovano riznou davkou (tj. struktura byla zcela odlisné poskozena) a zihano pfti rtiznych
teplotdch bylo nalezeno nésledujici vysvétleni: Pohyb erbia béhem nésledného zihdni je
ovlivnén predevsim stupném poskozeni struktury, tj. implantacni ddvkou a nésledné zvolenou
zihaci teplotou.

Pii implantaci s davkou 1x10" iontéi.cm™ je mozné piedpokladat pouze bodové defekty
popt. quasiamorfni vrstvu a pii nasledném hojeni se pak mnohem vice projevi vliv difize
defektli a nasledné dopantu podle jednotlivych krystalografickych sméri tj. vliv fezu. Tento
efekt je zfetelny pti teploté zihani 350 °C, kdy se vyrazn¢ snizi koncentratni maximum v RBS
koncentraénim hloubkovém profilu erbia a profil se stdvd SirSim. K nejvétsi zméné
koncentra¢niho profilu RBS dochazi v tomto piipadé¢ v fezu Y., coz by bylo mozné na
zaklad¢ nasich predchozich experimentd [P11 ] vysvétlit rychlou difuzi erbia Stépnou rovinou
krystalu. Pfi vyssi teploté (600 °C) dochazi k celkové rekrystalizaci, kterd je nejsnadnéjsi
podél osy z — struktura v tomto fezu je podle kanalovacich spekter nejvice podobna ptivodni a

proto také luminiscence v tomto fezu je po zihani na 600 °C jiz jen o malo niz§i nez je tomu
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viezu YL V tezu YL je hojeni pii 600 °C pomalejsi, pfesto je luminiscence vysokd diky
rovnomérnému rozlozeni erbia pravdépodobné jiz v polohach se symetrii Cj,.

Pii davkach 1x10'® jontd.cm™ je struktura velmi poskozena, o ¢emz svédéi i vyznamné
zvétSeni objemu, které je mozné dolozit zdanlivym ubytkem lithia [P11] — nejvice méni sviij
objem pravé tez Y_L. Struktura jednotlivych fezl pak hraje pfi nasledném hojeni mnohem
mensi roli, o ¢emz svéd¢i mensi rozdily mezi intenzitou luminiscence jednotlivych tezl
implantovanych uvedenou davkou.

Z vysledku je patrné, Ze stupen poSkozeni a ndsledny rtizny mechanismus hojeni béhem
zihdni zfeteln¢ ovliviiuje moznost klastrovani erbia a také strukturu krystalového okoli erbia.
Nasledné se popsané rozdily projevi jako rozdilné intenzita luminiscence erbia v jednotlivych

krystalografickych fezech ptipravenych za stejnych podminek.

NanaSeni vrstev Er: LiNbO; depozi¢nimi technikami [P16, P17]

Ve spolupraci s FU AVCR a se skupinou Ing. Katefiny Rubesové Ph.D. na UACH
VSCHT jsme piipravovali vrstvy niobiénanu lithného obsahujiciho erbium popf. smés erbia a
ytterbia pomoci depozi¢nich technik. Vrstvy byly pfipravovany na safirovych podlozkach
metodou PLD [P16] a také metodou sol-gel [P17]. Technikou PLD se podatilo pfipravit
pti vhodné zihaci teploté vinovodné vrstvy, které vedly pii vyssich vinovych délkach (tj. 964,
1311 a 1552 nm) dva az tfi vidy. Index lomu pfipravenych vrstev byl méfen jak metodou
vidové spektroskopie tak elipsometrii. Hodnoty indexu lomu si dobfe odpovidaly pro obé
pouzité metody a také se shodovaly s teoretickou hodnotou indexu lomu niobi¢nanu lithného,
protoze mala koncentrace erbia nebo ytterbia zvySila index lomu jen o n€kolik tisicin. Vhodné
zihani vrstev vedlo prakticky k vymizeni faze odpovidajici LiNb3Og a vysoké hodnoté
intenzity luminiscence pii vlnové délce 1530 nm, kterd byla srovnatelnd s objemové
dotovanymi substraty. Hors§i mikrostruktura vrstev se projevila rozSifenim absorp¢nich past.
Metodou sol-gel se zatim podaftilo pfipravit vrstvy, které maji luminiscenci v dané oblasti

spektra, ale diky mikrostrukturnim porucham vykazuji velkou absorpci optického zafeni.

Shrnuti

V uvedenych experimentech bylo pouzito né€kolik zptsobti jak dopovat niobi¢nan lithny
ionty erbia. Byly to: a) dopace erbia ztaveniny b) dopace erbia ztavenin provedena
v elektrickém poli c) iontové implantace erbia d) vysokoteplotni difiize erbia z napaiené

vrstvy obsahujici erbium e) depozice tenkych vrstev Er:LiNbOs; metodou PLD f) depozice
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tenkych vrstev Er: LiNbOs; metodou sol-gel. Vlastnosti ptipravenych tenkych vrstev jsme

porovnavali s objemové dotovanym niobi¢nanem lithnym obsahujicim 0,5 nebo 1 at. % erbia.

Na ptipravenych optickych vrstvach byly sledovany pfedevS§im jejich vlnovodné a

luminiscenéni vlastnosti. Vysledky pfehledné shrnuje Tabulka 8.

Z uvedenych vysledkt vyplyva, Ze metody depozicni a také nizkoteplotni dopace erbia pti

350 °C je mozné pouzit pro piipravu vinovodné vrstvy obsahujici erbium. Problémem u

deponovanych vrstev je jejich rovinnost a homogenita. Pravé to zplisobuje, ze pro kratké

vlnové délky se obecné vinovodné vlastnosti téchto vrstev ztraceji.

Tabulka 8 Porovnani vlastnosti tenkych vrstev niobi¢nanu lithného obsahujicich erbium ptipravenych

riznymi technologiemi

Metoda Luminiscence Koncentrace Er VInovodné
vlastnosti
1'200'000
objemova 1000000 | 5000 ppm (0,5at.%)
dopace ER— NE
(@
g
N 600'000 |-
k5
= 400'000
200'000 |
10440 14‘60 14‘80 1500 1520 1540 1560 1580 1600
VInova délka [nm]
240
metoda dopace 200
erbia z tavenin = el 1,3 at % NE
provedena 3 hloubka 60-80 nm
@
v elektrickém ¥ 20r
poli E gl
40 +
?440 1460 14‘80 15‘00 15‘20 15‘40 15‘60 1580 1600
VInova délka [nm]
125
ol AN O‘ o
metoda dopace 2az7 at% 4-8 vidu,

erbia z taveniny

Intenzita [a. u.]

75

50

25

0 L L L L L L h
1440 1460 1480 1500 1520 1540 1560 1580 1600

VInova délka [nm]

hloubka 50 nm

zména indexu
lomu
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2500 -
metoda dopace _, 2000r 12 az24 at % NE
erbia z taveniny Sl hloubka 80 nm
:
g 1000 +
500 |-
?440 1460 14‘80 15‘00 15‘20 15‘40 15‘60 15‘80 1600
Vinova délka [nm]
1000
1x10", 330keV
metoda iontové N e
implantace erbia 3 0,25 az 8 at% ANO
s naslednym S sor hloubka 60-80 nm | 1 nepfilis
Zihanim E prikazny vid
b= 400
200 |-
?440 1460 14‘80 15‘00 1520 15‘40 1560 1580 1600
VInova délka [nm]
20000
—— Er kov (20 nm)
vysokoteplotni
difiize erbia - T 0,1az2,3at%
Z naparené s hloubka 5-8 um NE
Vl’Stvy ‘g 10000 |-
obsahujici =
O 5000
erbium
10440 14‘80 15;20 15;60 1600
VInova délka [nm]
3000
700 °C
— 800 °C
metoda piipravy N 0,5 at % ANO
tenkych vrstev s tloustka vrstvy 1-3 vidy pro
Er:LiNbO; g okolo 1um vlnové délky >
metodou PLD £ 10001 964 nm
14’50 1 5‘00 1 5'50 16‘00 1650
VInova délka [nm]
metoda piipravy 0,5 at % zatim nevedou
tenkych vrstev luminiscence zatim nezjisténa tloustka vrstvy opticky signal
Er: LiNbO; okolo Ium
metodou sol-gel

Difuznimi technikami byly v niobi¢nanu lithném pfipraveny vrstvy s riznym obsahem

erbia vriznych hloubkich a také s riznym tvarem hloubkového koncentracniho profilu.
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Nejvyssi mnozstvi erbia obsahovaly vrstvy dopované z taveniny siranti. Tato vrstva méla i
pres zna¢né¢ vysoky obsah erbia jasné¢ méfitelnou luminiscenci pfi 1530 nm. Zietelné se pii
pouziti této techniky projevil pas na vlnové délce 1485 nm, ktery je charakteristicky pro
vysoké obsahy erbia ve vrstvach a indikuje klastrovani erbitych iontti. lontovou implantaci se
ptipravi mélké vrstvy s pomérné malym obsahem erbia a vysokym stupném poSkozeni
struktury krystalu, coz zpusobi, ze po iontové implantaci je intenzita luminiscence erbia
nulova a musi nutné nasledovat zihani. Cim je vy3si teplota Zihani, tim jsou pasy ve spektru
ostiejsi a jejich pocet se zvysuje, coz ukazuje na postupné hojeni okolni struktury erbia a
vhodné krystalové pole pro vznik luminiscence. U vysokoteplotni dotace z napafenych vrstev
je koncentrace erbia nizka, ale vrstvy jsou hluboké a struktura navykazuje znamky poskozeni,
proto se vyslednd luminiscence blizi objemové dotovanym vzorkim jak v charakteru, tak
v intenzit¢ luminiscen¢niho spektra.
V oblasti technologii pfipravy tenkych optickych vrstev pro fotonické soucastky

a) navrhli jsme a experimentaln¢ jsme potvrdili moznost dopovani niobi¢nanu lithného
erbiem z taveniny,

b) overili jsme, ze dopovani niobi¢nanu lithného erbiem lze provést i v elektrickém poli,

c) prokdzali jsme vyznam krystalografickych fezii monokrystalu pii difuznich
technologiich dopovani niobi¢nanu lithného erbiem a na zakladé porozumnéni probihajicim
dé&jiim jsme objasnili rozdilnou intenzitu pasti luminiscenéniho spektra mezi jednotlivymi fezy
niobi¢nanu lithné¢ho

d) vliv podminek piipravy na vysokou intezitu luminiscence pii 1530 nm se d4 zobecnit
tak, Ze vysoké intenzit¢ luminiscenéniho pasu pii 1530 nm prospiva vysoka teplota pfi
technologiich popf. pfi ndsledném zihani, pfi které ma struktura moznost rekrystalizovat a

uspofadat okoli erbitych iontd.
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3. ZAVER

Predlozend habilitacni prace je souborem pivodnich praci, které jsou sefazeny
chronologicky za sebou, jak byly publikovany. K pracim je pfiloZzen jen struc¢ny piehled
zakladnich pojmt a pak kratké komentafe k jednotlivym publikovanym pracem shrnujici
pak rozdélena na tii zakladni ¢asti, kdy prvni se zabyva materidly vhodnymi pro pasivni a
dynamické fotonické soucastky, druhd pak materidly pro aktivni fotonické soucastky a tieti
shrnuje a porovnava vyuzivané technologické postupy.

V prvni ¢asti je popsana predevSim piiprava planarnich optickych vlnovoda jako
zakladniho fotonického prvku a to jak v materidlech krystalickych, pfedev§im v niobi¢nanu
lithném, tak v materidlech amorfnich pfedev§im v riznych typech optickych skel. Popsano, je
zde studium souvislosti mezi optickymi vlastnostmi, které dokdzeme v nasi laboratoti dobie
charakterizovat, a chemickym sloZzenim v pfipravenych optickych vrstvach. Uveden je také
aplika¢ni vystup v podob¢ popisu piipravy jednorozmérnych optickych struktur jako je
kanalkovy opticky vinovod nebo déli¢ optického signalu, ktery byl realizovan ve spolupraci
s firmou Vlaknova Optika SQS Nova Paka. Za nejdulezitéjsi zjisténé poznatky, které plynou
z predkladané prace, je mozné oznacit:

a)  puvodni pfistup ke studiu souvislosti mezi sloZenim kiemicitanovych skel, procesem
iontové vymeény a optickymi vlastnostmi predev§im zménou indexu lomu, zalozeny na
studiu bazicity skel, ktery vedl k ndvrhu slozeni erbito-ytterbitych kiemicitanovych
optickych skel vhodnych pro opticky zesilovac;

b)  vypracovani nového postupu piipravy optickych vlnovodi v niobi¢nanu lithném
metodou protonové vymény s naslednym zihdnim z netoxické kyseliny adipové, jeho
studium a nalezeni souvislosti mezi pohybem a koncentraci lithného iontu a zménou
indexu lomu;

c) na zékladé navrhu novych specialnich krystalografickych fezi strukturou niobi¢nanu
lithného nalezeni souvislosti mezi snadnym pohybem iontl §tépnou rovinou krystalu a
tedy také rozdilnym chovanim jednotlivych fezti LiNbOj; pii protonové vyméné

d) charakterizace vztahi mezi koeficientem [ dvoufotonové absorpce a velikosti

nanocastic zlata ptipravenych iontovou implanaci v riznych typech skelnych substrati
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V druhé ¢asti je popsana predevsim ptiprava aktivnich vrstev pro fotoniku, konktrétné
predevsim tenkych vrstev obsahujicich erbium jako prvek vykazujici luminiscenci pfi vinové
délce 1530 nm a umoznujici tak zesileni optického signalu pravé pii uvedené vinové délce.
Sledovéna a popséana je predev§im poloha erbia v riznych fotonickych krystalech a ovliviiéni
jeho luminiscence blizkym krystalovym polem, které mize byt zménéno nejen jinou
nalezené poznatky bych oznacila:

a)  moznost detailniho sledovéani polohy erbia v riiznych krystalickych strukturach pomoci
metody RBS/kandlovani v rliznych fezech optickych krystalli a nalezeni souvislosti
mezi jeho polohou, mirou poskozeni jeho okoli a luminiscen¢nimi vlastnostmi;

b) objasnéni vlivu orientace povrchu krystalu vii¢i iontovému svazku pii iontové
implantaci na rozdilné luminiscencni vlastnosti vrstev pfipravenych v riiznych
krystalografickych fezech fotonickych krystalt;

c) prokazani skute¢nosti vlivu ndsledného Zzihani na rekrystalizaci struktury optickych
krystal a pohyb erbia danou strukturou;

d) nalezeni moznosti spojit proces protonové vymény s objemové dotovanym Er:LiNbO;
krystalem pro ptipravu aktivni vrstvy.

Ve tfeti Casti zaméfené na technologické postupy jsou popsany jednolivé moznosti
dopace niobi¢nanu lithného iontem erbia. Porovnany jsou konktrétné techniky dotace
z taveniny, dotace z napatfené kovové nebo oxidické vrstvy, iontova implantace erbia,
depozi¢ni technika PLD a sol-gel technika. VSemi témito technikami se podafilo pfipravit
nalezené poznatky v této kapitole bych oznacila:

a) ojedinélou moznost srovnani intenzity luminiscence pasu pii 1530 nm mezi
jednotlivymi technologiemi;

b) nalezeni souvislotsi mezi experimentdlnimi podminkami jednotlivych technologii a
luminiscen¢nimi vlastnostmi erbia;

c) nalezeni a ovéfeni skuteCnosti, ze depozic¢ni techniky jsou pro piipravu vrstev se
skokovou zménou vlastnosti vhodné vzhledem k jejich vyrazné vyssi variabilité slozeni,
ale je tfeba dbat na homogenitu piipravenych optickych vrstev, které mohou casto vést

pouze opticky signal s vétsi vinovou délkou.
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Zavérem bych chtéla fici, ze se v naSi laboratofi podafilo vytvofit experiemtalni
pracovisté, které je schopné anorganické materidly modifikovat ,,na miru* dané fotonické

soucastky, a které ma znacné zkuSenosti s charakterizaci zakladnich optickych a chemickych

vlastnosti pfipravenych tenkych vrstev.
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Seznamy

Seznam zKkratek

[T index lomu

A i vlnova délka

M ... pocet vedenych vidii

d o tloustka vinovodné vrstvy

O eeeereeennn koeficient optického utlumu

P vykon optického zéateni

EF e relativni permitivita nebo dielektricka konstanta materialu
Vieeroreeeennnns rychlost Sitfeni optického signalu materidlem
C v, rychlost svétla

YAG ........ ytterium — aluminium granat (Y;AlsO1,)
KTP ......... KTiOPO4

KDP ......... KH,PO4

Fin eeeveeeennnne elektroopticky koeficient

7 TR nelinearni opticky koeficient

X3 i, susceptibilita tfetiho fadu

P polarizace

E intenzita elektrického pole

CVD ........ metoda CVD - Chemical Vapour Deposition
PLD ........ Pulsni Laserova Depozice

APE ........ Annealed Proton Exchange - metoda protonové vymény s naslednym zihdnim
NDP ......... metoda Neutron Depth Profiling

K1 aK2 ... konstanty

UJF AVCR  Ustav jaderné fyziky Akademie Véd Ceské Republiky

Er:LiNbO; Erbiem dopovany niobi¢nan lithny

HIC .......... vlnovody s vysokym kontrastem indexu lomu ( hight index contrast)

FU AVCR Fyzikalni Gstav Akademie Véd Ceské Republiky

MW CVD metoda MW CVD - Microwave Enhanced Plasma Chemical Vapour

Deposition

NCD ........ nanokrystalicky diamant

BK7 ........ oznaceni komer¢niho boriti-kfemicitanového skla

EMA ........ elektronovéa mikroskopie — Electron Microprobe Analysis
Z-scan ...... metoda mefeni nelinedrni optické absorpce
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) FOUT koeficient dvoufotonové absorpce
TPA ......... koeficient dvoufotonové absorpce
LED.......... dioda emitujici svétlo — Laser Emited Diods

EDFA ... erbiem dopovany opticky zesilova¢ — Erbium Doped Fiber Amplifier

MIR ......... oblast stfednich vinovych délek spektra

152 e spektroskopicky term

ZBLAN .... fluoridové sklo obsahujici ve své struktufe zirkonium, baryum, lanthanoidy,
hlinik a sodik

Qo Judd- Ofeltovy parametry

RTG ......... rentgenova difrakce

XSW ........ metoda X-ray Standing Wave

CO koncentrace, pii které dochdzi ke zhaseni iontii erbia

T oeeeeeeieeens doba Zivota excitované¢ho stavu

Op oo ucinny prafez pasu stimulované emise

PVD ......... metoda Physical Vapourr Deposition

FHD ......... metoda Flame Hydrolysis Deposition

MBE ........ metoda Molecular Beam Epitaxy

LPE ......... metoda Liquid Phase Epitaxy

I0T BGG 31 komec¢ni oznaceni borito-kfemicitanového skla

SIMS ....... metoda Secondary lon Mass Spectroscopy

RBS ... Spektroskopie Rutherfordova zpétného rozptylu (Rutherford Backscattering
Spectroscopy)

59



Seznamy

Literatura

[1]
[2]
[3]
[4]
[3]
[6]

[7]
[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

J. Ctyrok}'/, L. Huttel, J. Schrofel, L. Simkova: Integrovand optika, SNTL Praha 1986
J. Ctyroky, Integrovana fotonika, dostupné online na http://archiv.otevrena-veda.cz
B.E.A.Saleh, M.C.Teich, Zéklady fotoniky, 2.sv.1vyd., Univ. Karlova v Praha 1996
J. Schrofel, K., Novotnny: Optické vinovody, 1986, SNTL, Praha.

B. Svecova - Disertacni prdce: Studium vztahli mezi slozenim a vlastnostmi optickych
vrstev ptipravenych riiznymi metodami, VSCHT, Praha 2010

M. Fox, Optical properties of solids, Oxford University Press, New York, Second
Edition, 2010

R.L. Sutherland, Handbook of Nonlinear Optics, Marcel Dekker, New York, 2003.
W.H. Wong, KK. Liu, KS. Chan, E.Y.B. Pun: Polymer devices for
photonicsapplications, Journal of Crystal Growth, 288 (2006).

Refractivelndex.INFO website: © 2008-2015 Mikhail Polyanskiy

Databaze: http://www.mt-berlin.com/frames_cryst/crystals frameset].htm

Stepanov, A. L.: Nonlinear optical properties of implanted metal nanoparticles in
various transparent matrixes: a review. Rev. Adv. Mater. Sci, 27(2) (2011)115-145.
Stepanov, A. L., Ganeev, R. A., Ryasnyansky, A. I.,Usmanov, T.: Non-linear optical
properties of metal nanoparticles implanted in silicate glass. Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms,
206, (2003) 624-628.

Wang, Y. H., Wang, Y. M,, Ly, J. D, Ji, L. L., Zang, R. G., Wang, R. W.: Nonlinear
optical properties of Cu nanoclusters by ion implantation in silicate glass. Optics
Communications, 283(3), (2010) 486-489.

Ganeev, R. A., Ryasnyansky, A. L., Stepanov, A. L., & Usmanov, T.: Characterization
of nonlinear optical parameters of copper-and silver- doped silica glasses at
A= 1064 nm. physica status solidi (b), 241(4), (2004) 935-944.

Y.H. Wang, S.J. Peng, J.D. Lu, RW. Wang, Y.G. Cheng and Y.I.Mao, Vacuum 83
(2009) 412.

Wang, Y. H., Lu, J. D., Wang, R. W., Peng, S. J., Mao, Y. L., & Cheng, Y. G. Optical
nonlinearities of Au nanocluster composite fabricated by 300 keV ion implantation.
Physica B: Condensed Matter, 403(19), (2008) 3399-3402.

R.L. Sutherland, Handbook of Nonlinear Optics, Marcel Dekker, New York, 2003.

60



Seznamy

[18]

[19]

[20]

[21]
[22]

[23]
[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Chakraborty, P.: Metal nanoclusters in glasses as non-linear photonic materials,
Journal of materials science, 33(9), (1998) 2235-2249.

F. Gonella, P. Mazzoldi, Handbook of Nanostructured Materials and Nanotechnology,4,
Academic, San Diego, 2000.

Arizmendi, L.: Photonic applications of lithium niobate crystals., Phys. Status Solidi A,
201 (2), (2004) 253-283.

Wong, K. K. Properties of Lithium Niobate, 1st ed.; INSPEC, IEE: London, 2002.

J. Cajzl - Diplomova prdce: Erbium ve struktufe niobi¢nanu lithného a jeho
luminiscenéni vlastnosti, VSCHT Praha, 2010.

K.J. Rao, Sructural chemistry of Glasses, 1. vyd., Elsevier, 2002

A.K. Varshneya, Fundamentals of inorganic glasses, Gulf professional Poblishing,
1994

F. Gan, I. Xu, Photonics glasses, World Scientific, 2006

S.0. Kasap, P. Capper, Glasses for Photonics Integration, v Springer handbook of
electronincs and photonics materials, Springer, 2006

R. A. Soref and J. P. Lorenzo: Single-crystal silicon: a new material for 1.3 and 1.6 um
integrated-optical components, Electron. Lett. 21 (21), (1985) 953.

B. Schiippert et al.: Optical channel waveguides in silicon diffused from GeSi allow,
Electron. Lett. 25 (22), (1989), 1500.

N. Takato et al.; Silica-based single-mode waveguides on silicon and their application
to guided-wave optical interferometers, J. Lightwave Technol. 6, (1988),1003.

M.-K. Chin et al.: High-index-contrast waveguides and device, Appl. Opt. 44 (15),
(2005), 3077

J. I. Mackenzie: Dielectric solid-state planar waveguide lasers: a review, IEEE J. Sel.
Top. Quantum Electron. 13 (3), (2007) 26.

H. Kimura,A.Miyazaki, J.Cryst.Growth 250 (2003) 251.

Izawa, Tatsuo, and Hiroshi Nakagome: Optical waveguide formed by electrically
induced migration of ions in glass plates, Applied Physics Letters 21.12 (1972) 584-
586.

R. V. Ramaswamy and R. Srivastava: lon-exchanged glass waveguides: a review, J.
Lightwave Technol. 6 (6), (1988) 984

Schmidt, R. V., and 1. P. Kaminow. Metal-diffused optical waveguides in LiNbOs;.,
Applied Physics Letters 25.8 (1974) 458-460.

61



Seznamy

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Jackel, Janet L., C. E. Rice, and J. J. Veselka.: Proton exchange for high-index
waveguides in LiNbOj;., Applied Physics Letters 41.7 (1982) 607-608.

K. M. Davis et al.: Writing waveguides in glass with a femtosecond laser, Opt. Lett. 21
(21), (1996) 1729

D. K. Gramotnev and S. 1. Bozhevolnyi: Plasmonics beyond the diffraction limit, Nature
Photon. 4, (2010) 83

Sirotek V. - Kandidatska prace: Studium piipravy a vlastnosti APE vlnovodii
v niobi¢nanu lithném, 1995

Nekvindova P. - Disertacni prace: Studium optickych vrstev v niobi¢nanu lithném 1999
Salavcova L. - Disertacni prace: Mélovidové optické vinovody pro pouziti v pasivnich
a aktivnich fotonickych strukturach, 2009

Ondracek F. - Diplomova prace: Generace druhé hramonické v optickych vlnovodech
v KTP, 2002

Tiesndkova P. - Disertacni prace: Optické vinovody ve sklenénych podlozkach
obsahujicich ionty médi, stfibra a erbia, 2003

Salavcova, L., Svecova, B., Janakova S., Kolek, O., Mika, M., Spirkova, J., Langrova,
A.: Planar optical waveguides in newly developed Er: silicate glasses: A comparative
study of K+ and Ag+ ion exchange. Ceramics— Silikaty, 49(1), (2005) 53-57.

Malek J. - Diplomova prace: Ptiprava a stusium vlastnosti optickych planarnich
vlnovodu ptipravenych iontovou vyménou ve specialnich silikatovych sklech s riznym
obsahem erbia a ytterbia, 2009

S. Stan¢k - Diplomova prace: Charakterizace optickych vlastnosti vlnovodl v novych
Zn-Er, Yb kiemicitanovych skel, 2011

Svecova, B., et al.: lon-exchanged optical waveguides fabricated in novel Er 3+ and Er
3+/Yb 3+-doped silicate glasses: Relations between glass composition, basicity and
waveguide properties., Materials Science and Engineering: B 149.2 (2008) 177-180.
Kosikova J.- Disertacni prace: Vyukum vlnovodl na bazi vymény iontii K+- Na+ ve
sklenénych substratech, 1996

Salavcova L. - Diplomova prace: Ptiprava malovidovych optickych vinovodi ve skle
s vyuzitim migrace Li+, 2003

Salavcova, L., Nekvindova, P., Cervena, J., Langrova, A., Drahos, V., Spirkové, J..
Lithium migration based fabrication of few-modes planar glass waveguides, Solid State

Phenomena 90, (2003) 577-582.

62



Seznamy

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

Drozd A - Diplomova prace: Vinovody ve sklenénych podlozkach vytvofené iontovou
vyménou v elektrickém poli, 1997

Spirkova, J., Tresnakova, P., Malichova, H., Mika, M.: Cu+ containing waveguiding
layers in novel silicate glass substrates. Journal of Materials Science: Materials in
Electronics, 18(1), (2007) 375-378.

Tresnakova, P., Malichova, H., Spirkova, J., Mika, M.: Fabrication of optical layers
containing Er (Ill) and Cu (I) in silicate glasses. Journal of Physics and Chemistry of
Solids, 68(5), (2007) 1276-1279.

Altsmid J. - Diplomova prace: Vliv vodivosti silikatovych skel na proces ponofovani
optickych vlnovodu v elektrickém poli, 2011

Rebouta, L., Smulders, P. J. M., Boerma, D. O., Agull6-Lopez, F., Da Silva, M. F.,
Soares, J. C. Ion-beam channeling yields of host and impurity atoms in LiNbOj:
Computer simulations, Physical Review B, 48(6), (1993) 3600.

A. Meldrum, L. A. Boatner, W. J. Weber, R. C. Ewing: Amorphization and
recrystallization of the ABOj; oxides, J. Nucl. Mater. 300, 2-3 (2002) 242-254.

P. D. Townsend, P. J. Chandler, L. Zhang, Opt. Effects of lon Implantation, Cambridge
University Press, 1994.

V. V. Atuchin: Causes of refractive indices changes in He-implanted LiNbO; and
LiTaO;3 waveguides, Nucl. Instr. and Methods in Phys. Res. Sect. B: Beam Inter. with
Mat. and Atoms 168 (4), (2000) 498-502.

P. Peterka, V1dknov¢ lasery, Academia, 1. Vyd. 2014

Della Valle, G., Festa, A., Sorbello, G., Ennser, K., Cassagnetes, C., Barbier, D.,
Taccheo, S. Single-mode and high power waveguide lasers fabricated by ion-exchange.
Optics express, 16(16), (2008)12334-12341.

I.Pelant, J.Valenta: Luminiscencni spektroskopie, Academia 2006

Hauglie-Hanssen, C., & Djeu, N.: Further investigations of a 2-um Tm: YVO 4 laser.
Quantum Electronics, IEEE Journal of, 30(2), (1994) 275-279.

Lee, C. J., Han, G.,Barnes, N. P.: Ho: Tm lasers. II. Experiments. Quantum Electronics,
IEEE Journal of, 32(1), (1996) 104-111.

Bourdet, G. L., and G. Lescroart : Theoretical modelling and design of a Tm: YVO 4
microchip laser, Optics communications 149.4 (1998): 404-414.

Walsh, B. M., Barnes, N. P., Reichle, D. J., Jiang, S.: Optical properties of Tm *" ions in
alkali germanate glass. Journal of non-crystalline solids, 352(50), (2006) 5344-5352.
A.J. Kenyon, Prog. Quant. Electron. 26 (2002)

63



Seznamy

[67]
[68]
[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]
[78]

[79]

[80]

[81]

X. Feng, S. Tanabe, T. Hanada, J. Non-Cryst. Solids 281 (2001)

A. Kozanecki, B.J. Sealy, K. Homewood, J. Alloy. Compd. 300-301 (2000)

J. Ruan, E. Wu, H.P. Zeng, et al.: Enhanced broadband near-infrared luminescenceand
optical amplification in Yb-Bi codoped phosphate glasses, Applied Physics Letters vol.
92,(2008) 101121,

Y. Guang, C. Danping, R. Jing, et al.: Effects of melting temperature on the broadband
infrared luminescence of bi-doped and Bi/Dy co-doped chalcohalide glasses, Journal of
the American Ceramic Society, 90 (11) (2007) 3670-3672.

J. Ruan, G.P. Dong, X.F. Liu, et al.: Enhanced broadband near-infrared emission and
energy transfer in Bi-Tm-codoped germanate glasses for broadband optical
amplification, Optics Letters 34 (16) (2009) 2486-2488.

Amin, J., et al.: Spectroscopic analysis of Er " transitions in lithium niobate Journal of
Luminescence 69.1 (1996) 17-26.

Pujol, Maria Cinta, et al.: Crystalline structure and optical spectroscopy of Er’“doped
KGd (WO,), single crystals., Applied Physics B 68.2 (1999) 187-197.

Li, Chun, et al.: Spectral Properties and Parameters Calculation of Er: LiGdF 4 Crystal
Materials Sciences and Applications 2.08 (2011) 1161.

A. A. Kaminskii, A. G. Petrosyan, Denisenko, Butaeva, Fedorov Sarkisovdoi:
Spectrosco pic Properties and 3 um Stimulated Emission of Er’" ions in the (YI-
xErx);A150,, and (Lul-xEr;)3A150;, Garnet Crystal Systems: Physica Status Solidi (A),
Vol. 71, No. 2, 1982, pp. 291-312.

Tanabe,S.:  Rare-earth-doped  glasses  for  fiber amplifiers in  broadband
telecommunication. Comptes Rendus Chimie, 5(12), (2002) 815-824.

Kenyon, A. J.: Erbium in silicon, Semiconductor Science and Technology 20.12 (2005)
Lorenzo, A.; Jaffrezic, H.; Roux, B.; Boulon, G.; Garcia-Sol¢, J. Lattice location of
rare-earth ions in LiNbOj;. Appl. Phys. Lett. 67 (25), (1995) 3735-3737.

Mignotte, C.: Determination of lattice site locations of erbium ions implanted into
LiNbO; single crystals after annealing at moderate and high temperature. Applied
Surface Science 185 (1-2), (2001) 11-26.

Rebouta, L.; da Silva, M. F.; Soares, J. C.; et al.: Nonaxial sites for Er in LiNbO;,
Applied Physics Letters 70 (9), (1997) 1070-1072.

Mackova, A. Groetzschel, R. Eichhorn, F. Nekvindova, P. Spirkové, J.
Characterization of Er:LiNbO3 and APE:Er:LiNbO; by RBS—channeling and XRD
techniques. Surface and Interface Analysis 36, (2004) 949-951.

64



Seznamy

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

Gog, T., Griebenow, M. Materlik, G.: X-ray standing wave determination of the lattice
location of Er diffused into LiNbO;. Physics Letters A 181 (5), (1993) 417-420.
Baumann, 1., Brinkmann, R., Dinand, M., Sohler, W., Beckers, L.; Buchal, Ch.; et al.
Erbium incorporation in LiNbO; by diffusion-doping, Applied Physics A, 64, (1997)
33-44.

Fleuster, M., Buchal, Ch., Snoeks, E., Polman, A. Optical and structural properties of
MeV erbium-implanted LiNbOj3; Journal of Applied Physics 75 (1), (1994) 173-180.
Polman A.: Erbium implanted thin film photonic materials, J. Appl. Phys. 82 (1997)

E. Alves, M. F. da Silva, J. C. Soares, T. Manteiro, J. Soares, L.: Santos Effect of crystal
orientation on defect production and optical activation of Er-implanted sapphire, Nucl
Instrum Meth B 166-167 (2000), 183-187

G.N. van den Hoven, A. Polman, E. Alves, M.F. da Silva. A.A. Melo, J.C. Soares, J.:
Lattice site and photoluminescence of erbium implanted in 0—Al,O; Mater. Res. 12
(1997), 1401

Alves, E., Da Silva, M. F., Van Den Hoven, G. N., Polman, A., Melo, A. A., Soares, J.
C.: Incorporation and stability of erbium in sapphire by ion implantation, Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, 106(1), (1995) 429-432.

Jadwisienczak, W. M., Lozykowski, H. J., Xu, A.,Patel, B.: Visible emission from ZnO
doped with rare-earth ions, Journal of electronic materials, 31(7), (2002) 776-784.
Ozgiir, U., Alivov, Y. I, Liu, C., Teke, A., Reshchikov, M., Dogan, S., Morkoc, H.: 4
comprehensive review of ZnO materials and devices. Journal of applied physics, 98(4),
(2005) 041301.

Cho, H. Morkoc, J. Appl. Phys. 98 (2005) 041301.

Castafieda, L., Morales-Saavedra, O. G., Acosta, D. R., Maldonado, A., Olvera, M. D.
L. L.: Structural, morphological, optical, and nonlinear optical properties of fluorine-
doped zinc oxide thin films deposited on glass substrates by the chemical spray
techniqgue. PHYSICA STATUS SOLIDI A APPLICATIONS AND MATERIALS
SCIENCE, 203(8), (2006) 1971.

Karthikeyan, B., Sandeep, C. S., Pandiyarajan, T., Venkatesan, P., Philip, R.: Optical
and nonlinear absorption properties of Na doped ZnO nanoparticle dispersions Applied
Physics Letters, 95(2), (2009) 023118.

Kumari, Vinay, et al.: Nonlinear optical properties of erbium doped zinc oxide (EZO)
thin films, Optics Communications 285.8 (2012) 2182-2188.

65



Seznamy

[95] Zhou, S., Potzger, K., Von Borany, J., Grétzschel, R., Skorupa, W., Helm, M., ,
Fassbender, J., Crystallographically oriented Co and Ni nanocrystals inside ZnO
formed by ion implantation and postannealing, Physical Review B, 77(3), (2008).
0352009.

[96] S.I. Najafi, Introduction to Glass Integrated Optics, Artech House, Boston-London,
1992.

[97] Enrichi, F., Mattei, G., Sada, C., Trave, E., Pacifici, D., Franzo, G., Borsella, E.:
Evidence of energy transfer in an aluminosilicate glass codoped with Si nanoaggregates
and Er’" ions. Journal of applied physics, 96(7), (2004) 3925-3932.

[98] Palpant, Bruno : Third-order nonlinear optical response of metal nanoparticles Non-
Linear Optical Properties of Matter, Springer Netherlands, 2006. 461-508.

[99] Shin, Jung H., et al.: Si nanocluster sensitization of Er-doped silica for optical amplet
using top-pumping visible LEDs., Selected Topics in Quantum Electronics, IEEE
Journal of 12.4 (2006): 783-796.

[100] Kozanecki, A., Sealy, B. J., Homewood, K.: Excitation of Er*" emission in Er, Yb
codoped thin silica films, Journal of alloys and compounds, 300, (2000) 61-64.

[101] Zhang, W., Lin, J., Cheng, M., Zhang, S., Jia, Y.,Zhao, J.: Radiative transition, local
field enhancement and energy transfer microcosmic mechanism of tellurite glasses
containing Er>", Yb " ions and Ag nanoparticles. Journal of Quantitative Spectroscopy
and Radiative Transfer, 159, (2015) 39-52.

[102] MIKA M; SPIRKOVA J; LAHODNY F; et al., Optical sodium-aluminum-silicate glass for
photonic components, comprises silica, sodium oxide, alumina and metal oxide, where metal
oxide is selected from zinc oxide, magnesium oxide, calcium oxide and bismuth oxide ,Patent
Number: CZ201200063-A3; CZ303762-B6, Patent Assignee: VYSOKA SKOLA CHEM
TECH

[103] MIKA M; STANEK S; NEKVINDOVA P; et al., Optical luminescent sodium-aluminum-
silicate glass for photonic components, comprises silica, sodium oxide, alumina and metal
oxide, where metal oxide is selected from magnesium oxide, calcium oxide and zinc oxide ,
Patent Number: CZ201200064-A3; CZ303767-B6 , Patent Assignee: VYSOKA SKOLA
CHEM TECH

[104] O. Kolek.- Diplomova prace: Skla pro aktivni optické vlnovody obsahujici erbium,
VSCHT, 2003

66



Seznamy

[105] Svecova, B., et al.: lon-exchanged optical waveguides fabricated in novel Er 3+ and Er
3+/Yb 3+-doped silicate glasses: Relations between glass composition, basicity and
waveguide propertie, Materials Science and Engineering: B 149.2 (2008): 177-180.

[106] Salavcova L., et al.: Formation of optical waveguides in specially designed Er-and Yb-
containing silicate glasses by Ag™+/Na™+ ion exchange, CERAMICS SILIKATY 50.3
(2006) 130.

[107] Salavcova L., et al.: Channel optical waveguides in various silicate glasses—
optimalization of their parameters, Journal of Materials Science: Materials in
Electronics 18.1 (2007): 371-373.

[108] Capek, P., et al.: Effect of divalent cations on properties of Er 3+-doped silicate glasses,
Optical Materials 27.2 (2004): 331-336.

[109] Ondracek F. et al.: Er-Yb waveguide amplifiers in novel silicate glasses, Quantum
Electronics, IEEE Journal of 44.6 (2008): 536-541.

[110]Jagerska, J., et al..:. Er—Yb waveguide amplifiers in novel silicate glasses, 13th Eur.
Conf. Integrated Optics ECIO. 2007.

[111] A. Polman, Appl. : Erbium implanted thin film photonic materials, Journal of Applied
Physics 82.1 (1997): 1-39.

[112] Hausecroft C.E., Sharpen A.G., Anorganicka Chemie,VSCHT Praha, 2014

[113] M. Mattarelli, S. Sebastiani, J. Spirkova, S. Berneschi, M. Brenci, R. Calzolai, A.
Chiasera, M.Ferrari, M. Montagna, G. Nunzi Conti, S. Pelli G.C. Righini,
Characterization of erbium doped lithium niobate crystals and waveguides, Optical
Materials, 28(11), (2006). 1292-1295.

[114] Choi, C. G., Han, S. P., & Jeong, M. Y. Two-dimensional polymeric optical waveguides
for high-density parallel optical interconnection. Optics communications, 235(1),
(2004) 69-73.

[115] Gonella F.: Silver doping of glasses, Ceramics International 41 (5) (2015) 6693-6701

[116] Findakly, T.: Glass waveguides by ion exchange: a review, Optical engineering 24.2
(1985): 242244-242244,

[117] Borca, C. N., Apostolopoulos, V., Gardillou, F., Limberger, H. G., Pollnau, M., Salathé,
R. P. Buried channel waveguides in Yb-doped KY (WO 4) 2 crystals fabricated by
femtosecond laser irradiation. , Applied surface science, 253(19), (2007) 8300-8303.

[118] Ozcan, L. C., Guay, F., Kashyap, R., Martinu, L. Fabrication of buried waveguides in
planar silica films using a direct CW laser writing technique, Journal of non-crystalline

solids, 354(42), (2008) 4833-4839.

67



Seznamy

[119] Matusita, K., Mackenzie, J. D., Improvement of chemical durability of high expansion
glasses by ion exchange, Journal of Materials Science, 13(5), (1978) 1026-1030.

[120] Townsend, P.D. - Kelly, J.C. - Hartley, N.E.W.: Ion Implantation , Sputtering and Their
Applications, Academic Press, London, 1976

[121] E. Ryssel, H.Glawisching, Ion Implantation Techniques. Spinger-Verlag, Berlin 1988

[122] Mayer, J.W., Eriksson, L., Davies, J.A.: Ion Implantation in Semiconductors. Academic
Press, New York 1970

[123]P. D. Townsend, P. J. Chandler, L. Zhang, Opt. Effects of lon Implantation, Cambridge
University Press, 1994.

[124] Perina, V; Vacik, J; Hnatovicz, V., Cervena, J., Kolarova, P., Spirkova-Hradilova, J.,
Schrofel, J.: RBS measurement of depth profiles of erbium incorporated into lithium
niobate for optical amplifier applications, NUCLEAR INSTRUMENTS & METHODS
IN PHYSICS RESEARCH SECTION B-BEAM INTERACTIONS WITH
MATERIALS AND ATOMS 139 (1-4), (1998) 208.

[125]Sada, C., et al.: Erbium doping of LiNbO; by the ion exchange process., Applied
physics letters 72.26 (1998) 3431-3433.

68



Seznamy

Seznam pivodnich publikaci zafazenych do habilita¢ni prace

[P1]

[P2]

[P3]

[P4]

[P3]

[P6]

[P7]

[P8]

[P9]

Spirkova-Hradilova J; Nekvindova, P; Vacik, J;Cervena, J., Schrofel, J.: The possibility
of tailoring the n(e) vs c(Li) relationship in lithium niobate optical waveguides,
OPTICAL MATERIALS 15 (4) (2001) 269-278

Dostalek, J; Ctyroky, J; Homola, J., Brynda, E., Skalsky, M., Nekvindova, P.,
Spirkova, J., Skvor, J., Schrofel, J. : Surface plasmon resonance biosensor based on
integrated optical waveguide, SENSORS AND ACTUATORS B-CHEMICAL 76 (1-3)
(2001) 8-12

Nekvindova, P; Spirkova, J; Vacik, J; Cervena, J., Perina, V., Schrofel, J.: Importance
of crystal structure of the substrate for diffusion technologies of waveguides fabrication,
INTERNATIONAL JOURNAL OF INORGANIC MATERIALS 3 (8) (2001) 1245-
1247

Nekvindova, P; Spirkova, J; Cervena, J; Budnar, M., Razpet, A., Zorko, B., Pelicon, P.
Annealed proton exchanged optical waveguides in lithium niobate: differences between
the X- and Z-cuts, OPTICAL MATERIALS 19 (2) (2002) 245-253

Nekvindova, P; Cervena, J; Capek, P, Mackova, A., Perina, V., Schrofel, J., Spirkova,
J: Features of APE waveguides in different Er : LiINbO; and (Er+Yb): LiNbOs cuts:
electrooptical coefficient r(33), OPTICAL MATERIALS 24 (3) (2003) 527-535

Mackova, A; Groetzschel, R; Eichhorn, F; et al.,, Characterization of Er:LiNbO;3 and
APE : Er:LiINbOs; by RBS-channeling and XRD techniques, SURFACE AND
INTERFACE ANALYSIS 36 (8) (2004) 949-951

Malinsky, P.; Mackova, A.; Bocan, J., Svecova, B., Nekvindova, P.: Au implantation
into various types of silicate glasses, Au implantation into various types of silicate
glasses, NUCLEAR INSTRUMENTS & METHODS IN PHYSICS RESEARCH
SECTION B-BEAM INTERACTIONS WITH MATERIALS AND ATOMS 267 (8-9)
(2009) 1575-1578.

Svecova, B.; Nekvindova, P.; Mackova, Oswald, J., Vacik, J., Groetzschel, R.
;Spirkova, J.: Conference: NUCLEAR INSTRUMENTS & METHODS IN PHYSICS
RESEARCH SECTION B-BEAM INTERACTIONS WITH MATERIALS AND
ATOMS 267 (8-9) (2009) 1332- 1335.

Mackova, A.; Malinsky, P.; Svecova, B., Nekvindova, P., Groetzschel, R.: Study of
Er" ion-implanted lithium niobate structure after an annealing procedure by RBS and
RBS/channelling, NUCLEAR INSTRUMENTS & METHODS IN PHYSICS
RESEARCH SECTION B-BEAM INTERACTIONS WITH MATERIALS AND
ATOMS 268 (11-12) (2010) 2042-2045.

[P10]Svecova, B.; Nekvindova, P.; Mackova, Malinsky, P., Kolitsch, A., Machovic, V.,

Stara, S., Mika, M., Spirkova: Study of Cu', Ag+ and Au' ion implantation into silicate
glasses, JOURNAL OF NON-CRYSTALLINE SOLIDS 356 (44-49 (2010) 2468-
2472

[P11]Cajzl, J., Nekvindova, P., Svecova, B., Spirkova, J., Mackova, A., Malinsky, P., Vacik,

J., Oswald, J. and Kolitsch, A. (2012), in Advances and Applications in Electroceramics
II: Ceramic Transactions, Volume 235 (eds K. M. Nair and S. Priya), John Wiley &
Sons, Inc., Hoboken, NJ, USA.

69



Seznamy

[P12]Nekvindova, P.; Svecova, B.; Cajzl, J., Mackova,Malinsky, P.,Oswald, J.,Kolistsch, A.,
Spirkova, J.; Erbium ion implantation into different crystallographic cuts of lithium
niobate, OPTICAL MATERIALS 34 (4) (2012) 652-659

[P13]Husinsky, W.; Ajami, A.; Nekvindova, P., Svecova, B., Pesicka, J., Janecek, M.: Z-
scan study of nonlinear absorption of gold nano-particles prepared by ion implantation
in various types of silicate glasses, OPTICS COMMUNICATIONS 285 (10-
11) (2012) 2729-2733

[P14]Prajzler, V.; Varga, M.; Nekvindova P.,Remes Z., Kromka A.: Design and
investigation of properties of nanocrystalline diamond optical planar waveguides
OPTICS EXPRESS 21 (7) (2013) 8417-8425

[P15]Cajzl, J.; Nekvindova, P.; Svecova, B.; Mackova, A.,Malinsky, P., Oswald, J.,Vacik, J.,
Spirkova, J.): Electric field-assisted erbium doping of LiNbO3 from melt , SCRIPTA
MATERIALIA 68 (9) (2013) 739-742

[P16]Jelinek, M.; Oswald, J.; Kocourek, T, Rubesova, K., Nekvindova, P.,Chvostova, D.,
Dejneka, A.); Zelezny, V., Studnicka, V., Jurek, K.: Optical properties of laser-prepared
Er-and Er,Yb-doped LiNbO3; waveguiding layers , LASER PHYSICS 23 (10) (2013)

[P17]Jakes, V.; Rubesova, K.; Erben, J., Nekvindova, P., Jelinek, M.: Modified sol-gel
preparation of LiNbOs target for PLD, OPTICAL MATERIALS 35 (12) (2013)
2540-2543

[P18]Nekvindova, P.; Cajzl, J.; Svecova, B., Mackova, A., Malinsky, P.,Oswald, J.,, Vacik
J., Spirkova, J.: Erbium diffusion from erbium metal or erbium oxide layers deposited
on the surface of various LiNbO; cuts , OPTICAL MATERIALS 36 (2) (2013) 402-
407

[P19]Mackova, A.; Malinsky, P.; Pupikova, H., Nekvindova, P.; Cajzl, J.; Sofer, Z.;
Wilhelm, R. A.); Kolitsch, A.; Oswald, J.: The structural changes and optical properties
of LiNbOs3 after Er implantation using high ion fluencies , NUCLEAR INSTRUMENTS
& METHODS IN PHYSICS RESEARCH SECTION B-BEAM INTERACTIONS
WITH MATERIALS AND ATOMS 332 (2014) 74-79

[P20] Mackova, P. Malinsky, H. Pupikova, P.Nekvindova, J. Cajzl, B. Svecova, J. Oswald,
R.A. Wilhelm, A. Kolisch; A comparison of the structural changes and optical
properties of LiNbO;, ALO; and ZnO after Er' ion implantation; NUCLEAR
INSTRUMENTS & METHODS IN PHYSICS RESEARCH SECTION B-BEAM
INTERACTIONS WITH MATERIALS AND ATOMS 331 (2014) 182-186

[P21]Hlasek, T., Rubesova K., Jakes J., Nekvindova, P. Oswald J., Kucera M., Hanus, M:
Influence of gallium on infrared luminescence in Er’*doped YbsAis-yGayO,, films
grown by the liquid phase epitaxy, JOURNAL OF LUMINESCENCE 164 (2015) 90-
93

[P22] Cajzl J., Nekvindova P., Mackova A., Malinsky P., Oswald J., Stangk S., Vytykacova S.
and Spirkova : Optical waveguides in Er:LiNbO3 fabricated by different techniques — a
comparison, submited to the Optical Materials

70



PTICAL
Materials

www.elsevier.nl/locate/optmat

ELSEVIER Optical Materials 15 (2001) 269-278

The possibility of tailoring the n. vs cp; relationship in lithium
niobate optical waveguides

Jarmila Spirkové—Hradilvové a* Pavla Nekvindovd 2, Jiff Vacik °,
Jarmila Cervena ®, Josef Schrofel ©

& Department of Inorganic Chemistry, Institute of Chemical Technology, Technicka 5, 166 28 Prague, Czech Republic
® Department of Neutron Physics, Nuclear Physics Institute, Academy of Sciences of the Czech Republic, 250 68 Rez, Czech Republic
¢ Department of Microelectronics, Faculty of Electrical Engineering, Czech Technical University, 166 27 Prague, Czech Republic

Received 19 June 2000; accepted 10 July 2000

Abstract

We present results of our study of concentration profiles of lithium (cr;) in annealed proton exchanged (APE)
waveguiding layers as measured by the neutron depth profiling (NDP) method. This non-destructive method, based on
the SLi(n,o)’H reaction induced by thermal neutrons, allowed easy monitoring of cy; profiles in a large number of
samples fabricated under various fabrication conditions. Our systematic study revealed that, though every particular
waveguide could be characterised by very similar mirror-shaped extraordinary refractive index (n.) as well as ¢1; depth
profiles, in contrast with up to now generally accepted opinion, there was no linear relationship which unambiguously
attributed An, to Acy;. The most important fabrication step appeared to be the post-exchange annealing, during which
the lithium atoms were transported towards the sample surfaces. The annealing regime pre-destined not only the depth
distribution of the lithium atoms but, as a consequence of it, also other properties of the waveguiding region. That
knowledge allows us to fabricate the APE waveguides with a priori given properties for a wide range of special ap-
plications. We have also formulated the n. vs ¢;; semi-empirical relationship, which was proved to fit all our fabricated
APE waveguides. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 42.79.Gn; 82.65.Fr; 52.40.Hf; 41.75.Ai; 81.70.Jb

Keywords: Lithium niobate; Optical waveguides; Annealed proton exchange (APE); Lithium concentration profiles; Neutron depth
profiling

1. Introduction the surface of the wafers with an appropriate
proton source:

Th h hni f fabricati . . .
e.proton exchange tec. nique o abrlca.mon LiNbO; +xH" — Li;_ H,NbO; + xLi".

of optical waveguides in lithium niobate single
Crystalline wafers is based on a reaction between The as-exchanged Waveguides have a large in-
crease of the extraordinary refractive index value
(An. < +0.12); however, they are not stable and
" Corresponding author. Fax: +42-0-2-311-2206. their glectro-optlc properties, represented by the
E-mail address: jarmila.spirkova@vscht.cz (J. Spirkova- coefficient rs;, are degraded almost to zero. To
Hradilova). restore the value and to stabilise the waveguide
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properties, a second fabrication step, anncaling
(A), is necessary.

Proton exchanged optical waveguides in lithium
niobate have been intensively studied since their
discovery in 1982 [1]. The possibility of easy fab-
rication of the low-loss waveguides with a high
threshold of optical damage allows for their ap-
plications in a large range of integrated optics
devices such as polarisers, switches, splitters,
electro-optic frequency shifters, etc. Another very
promising application is in sensitive sensor struc-
tures based on few-mode waveguides with strong
evanescent fields. For better tailoring of the
waveguide parameters for any kind of applica-
tions, a good knowledge of the relationship be-
tween optical properties and composition of the
waveguiding region is highly helpful.

Secondary ion mass spectrometry (SIMS) has
already been used [2-9] to profile concentrations of
incorporated hydrogen as well as concentrations
of lithium remaining in the treated layers. The
results of the published measurements indicate a
strong correlation between the extraordinary re-
fractive index (n.) depth profiles and lithium con-
centration (cr;) profiles. However, the small
number of the measured samples does not allow
for any precise considerations on interrelations
between both (n. and ¢y;) parameters. Much more
attention has been paid to the correlation of con-
centration profiles of incorporated hydrogen with
the refractive index profiles, but these results lead
to diverging conclusions.

Recently, several papers appeared dealing with
the crystal structure of proton exchanged (PE) and
annealed proton exchanged (APE) layers [9-11].
The authors identified as many as seven different
crystalline phases that may exist, according to the
fabrication conditions, in the waveguiding region.
No doubt that many discrepancies between the
published results may be explained on the basis of
different crystalline structures of the fabricated
waveguides.

We present the results of our systematic study
of distributions of lithium atoms in PE as well as
APE optical waveguides fabricated under a large
variety of experimental conditions. For this, neu-
tron depth profiling (NDP) measurement is a
perfect tool that enables us to characterise a large

number of samples. For understanding the studied
relationship better, we show, in this paper, some
typical examples of the results obtained for Z-cut
wafers, which may help us to explain the most
important features of the problem. General con-
clusions are then made on the basis of all the ob-
tained results gained by the measurement of more
than 300 samples of the Z- as well as the X-cuts.
All of the measured samples have been character-
ised with their fabrication conditions, the ex-
traordinary refractive index (n.) depth profiles and
the lithium concentration (cr;) depth profiles in the
waveguiding regions. In this paper, we do not
present any considerations on the concentrations
of the in-diffused hydrogen. However, we have
made some necessary ERDA and IR reflection
spectra measurements in order to get some basic
information on the behaviour of hydrogen (or OH
groups) in the treated layers. The results are not in
contradiction with the presented considerations on
the behaviour of lithium and they will be published
later in another paper.

2. Experimental approach

2.1. Fabrication of the samples (proton exchange
PE and post-exchange annealing A)

The samples used in the experiments were
congruent, Z-cut, lithium niobate (LiNbO;) wafers
polished on one side, with typical dimensions of
25 x 5x 0.7mm?. The thoroughly pre-cleaned
samples were mounted in platinum holders and
placed in individual silica or platinum beakers that
contained the reaction melt consisting of pure or
lithium-salt-containing adipic acid '. The heating
source was an ordinary laboratory oven. The PE
waveguides were fabricated at a temperature of
213°C for times ranging from 30 min to 6 h. (The
setting of the temperature of the reaction melt at
213°C comes from our experiments on the com-

! Adipic acid (HOOC—(CH,);—~COOH) is similar to benzoic
acid (which is usually used for proton exchange) in acidity, but
it is a non-toxic, safe to use and an environmentally much more
friendly proton source than benzoic acid [12,13].
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position of the reaction melt. According to our
thermodynamic considerations, at a temperature
of about 210°C the concentration of H;O" ions in
the reaction melt is highest, which makes the
proton exchange process at this temperature pro-
gress most efficiently. Using either lower or higher
temperatures of the reaction melt than approxi-
mately 210°C resulted in fabrication of PE wave-
guides which had smaller An. and supported less
numbers of modes. These results will be published
in detail elsewhere.) The as-exchanged samples
were immediately washed with distilled water and
acetone in order to remove the remnants of the
reaction melt, and then they were annealed at
temperatures ranging from 250°C to 500°C for
various time periods (30 min to 100 h) in another
laboratory oven under ambient atmosphere. The
annealing was usually done immediately after the
proton exchange.

2.2. Measurement

The waveguides were optically characterised at
A=633 nm using the prism coupling technique.
The extraordinary refractive index (n.) depth
profiles of the fabricated waveguides were recon-
structed from the effective index spectra by means
of the inverse WKB procedure [14], using piece-
wise linear approximation to the actual index
profiles.

Lithium concentration depth profiles (¢y;) in the
as-exchanged as well as post-exchanged annealed
waveguides were measured by NDP [15,16]. The
method is based on the reaction of thermal neu-
trons with °Li: °Li(n,o)*H. The fabricated samples
were irradiated with a thermal neutron beam from
a 6 m long neutron guide (the neutron intensity
was 107 neutrons cm~2 s72) and the charged reac-
tion products were recorded by means of an Si(Au)
surface barrier detector. The accuracy of the NDP
method was 5% of the ¢p; value and the depth
resolution was 10 nm. Thus, the absolute values of
concentrations of lithium, as presented in ¢y; depth
profiles in the diagrams, represent, in fact, the
concentrations of °Li. The natural abundance of
the “NDP active” °Li isotope is 7.5%; however, in
the actual samples, the *Li/’Li ratio may signifi-
cantly vary (e.g., due to artificial depletion of the

®Li isotope from the original natural materials).
Thus, to avoid uncertainty induced by this varia-
tion, for some considerations, we rely on relative
changes of ¢y; instead of absolute values.

3. Results and discussion
3.1. n. and cy; depth profiles

The NDP lithium concentration (cy;) profiles of
the as-exchanged waveguides are presented in
Figs. 1 and 2. Fig. 1 clearly shows a difference
between the guides fabricated using pure and
lithium-containing (buffered) reaction melts for the
same time of the proton exchange (4 h). When the
pure adipic acid was used, practically all the lith-
ium was “washed out” from the sample surfaces.
After using lithium-containing adipic acid as the
reaction melt, much more lithium (30-40%) was
always found in the surfaces of much shallower
(1 pm in Fig. 1) exchanged layers. Longer times of
the proton exchange reaction resulted in fabrica-
tion of deeper PE waveguides (Fig. 2), but the
depths of the as-exchanged layers in our experi-
ments never exceeded 3 um. The shapes of both the
functional depth profiles, ¢;; and 7., always had a
step-like character and the as-exchanged wave-
guides supported, according to their fabrication
conditions, one, two or three modes. The depths
of the waveguides estimated from the mode
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Fig. 1. Lithium concentration depth profiles of the Z-cuts as-
exchanged (4 h) in pure (1) and lithium (0.5 mol%)-containing
(2) adipic acid.
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spectroscopy measurement corresponded well to
those obtained by the NDP measurement.

Generally, the as-exchanged waveguides suffer
from high optical loss and degradation of their
electro-optical properties as well as poor stability
of their optical properties. It is well known that
these drawbacks can be easily overcome by post-
exchange annealing, during which the incorporat-
ed hydrogen diffuses deeper into the substrate (see
[2-9]). However, much less is known about the
behaviour of lithium during annealing.

The shapes of both the profiles, n. as well as ¢,
dramatically change when the as-exchanged sam-
ples are annealed in ambient atmosphere (see Fig.
3). We have observed the well-known transition of
the shapes of the n. as well as ¢y; profiles from
step-like for the PE waveguides to graded after
annealing the sample, indicating, thus, a massive
transport of lithium ions towards the samples
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Fig. 3. ¢y (a) and n, (b) depth profiles of the as-exchanged (PE)
and annealed (APE) Z-cut (PE: 4 h, lithium-containing adipic
acid; A: 1.5 h, 350°C).

surfaces. The total amount of out-diffused lithium
is determined by the first fabrication step, the
proton exchange reaction, but its concentration in
the exchanged layer is gradually supplemented by
the consequent diffusion of lithium from the bulk
substrate. Thus, the resulting concentrations of
lithium on the surfaces of the annealed waveguides
depend strongly on the regime of annealing.

Fig. 4(a) shows the c¢; profiles of the annealed
(APE) waveguides that were fabricated from the
pure adipic acid for various times of the proton
exchange reaction and then annealed for 1.5 h at
350°C. Refractive index depth profiles of the
waveguides in Fig. 4(b) very clearly show two
different types of waveguides (graded index for the
waveguides with shorter proton exchange (1-3)
and step-like ones for the waveguides fabricated by
the longer proton exchange (4-6)). This trend is
less evident for the lithium concentration profiles,
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the shapes of which reflect a smooth, slow move-
ment of the lithium ions towards the surface of the
samples. Longer times of the proton exchange re-
action mean also longer times for re-establishing
the stable structure of the exchanged layer so that,
in fact, there are two diffusion processes which
occur at practically same time: (a) exchange of
lithium for hydrogen from the reaction melt and
(b) further progression of lithium via the sample
surfaces, which may be also considered as the next
step in the exchange of lithium for the already in-
diffused hydrogen in the outermost surface layers
of the samples.

From the NDP measurement, it follows that, in
the annealed waveguides, there exist several com-
positional phases which are relatively stable. One
of them is formed during the annealing in the
surfaces of the samples and is characterised by a
concentration of °Li of approximately 6 x 10%
atoms cm™, i.e., about 55% of the original amount
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Fig. 5. Effect of post-exchange annealing (A) on ¢; depth
profiles: various times of annealing [PE: 2 h in pure adipic acid;
A:300°C for 0.5 h (1), 24 h (2) and 100 h (3)].

of lithium remains in the surface. This phase was
always found when the as-exchanged guides were
annealed for 1.5 h at temperatures in the range of
300-350°C. Several examples of the formation of
this compositional phase are given in Fig. 4(a) (cy;
profiles 2-6) and Fig. 5 (c¢y; profiles 1 and 2). On
the contrary, this generally obtained value of ¢y
was not found for the samples annealed in air at
relatively low temperatures (e.g., see c¢r; profile 1 in
Fig. 6 for the sample annealed 90 min at 250°C) or
for the samples annealed at temperatures up to
350°C for very long times (e.g., the sample an-
nealed for 100 h, see c¢y; profile 3 in Fig. 5). A
similar effect was also observed when the samples
were annealed at temperatures higher than 350°C
for relatively short times (curve 4 in Fig. 6).
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Fig. 6. Effect of post-exchange annealing (A) on ¢; depth
profiles for various temperatures of annealing [PE: 2 h in pure
adipic acid; A: 1.5 h at 250°C (1), 300°C (2), 350°C (3) and
450°C (4)].
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The high mobility of lithium ions, owing to their
very small size and partly ionic character, makes
their movement through the lithium niobate
structure easy when some energy is provided. In the
first fabrication step, the proton exchange, trans-
port of lithium ions occurs via the substitution of
HT for Li*, and the ¢y; profiles of the as-exchanged
samples are very similar to each other (see, e.g.,
Fig. 2(a)). The longer times of the proton exchange
reaction result in the same concentration steps of
the ¢y ; depth profiles, which differ only by the
depths of the respective PE waveguides. The energy
added later in the form of post-exchange annealing
makes the lithium ions move again. Now, their
movement is ruled predominantly by their high
mobility via “empty’” sites in the structure. It
means that the annealing regime should be con-
sidered to be the most important parameter in the
fabrication of waveguides with desired properties.

In Fig. 7, the extraordinary refractive index (1)
depth profiles of the waveguides (the c¢; profiles of
which are shown in Fig. 6) are compared. The
similar surface concentrations of lithium corre-
spond with the very similar surface 7. values of the
respective guides. The significantly changed n.
profile of the guide annealed at 350°C (n. profile 5)
gives evidence of the importance of the annealing
temperature and corresponds well with the find-
ings of Korkishko and Fedorov [11]. The authors
affirm that annealing at temperatures above 320°C
results in dramatic changes of crystal structure of

2.34-

refractive index

depth (um)

Fig. 7. Effect of post-exchange annealing (A) on evaluation of
the n. depth profiles for various temperatures of annealing [PE:
2 h in pure adipic acid; A: 1.5 h at 250°C (1), 275°C (2), 300°C
(3), 325°C (4) and 350°C (5)].

the as-exchanged region which, in this particular
case, leads to a transition from the step-like 7,
depth profile to the graded one. The same trend is
clearly demonstrated also by the cr; profiles of the
APE guides in Fig. 6, where the guide annealed at
350°C has graded character of lithium distribution
(ci profile 3), in contrary to those annealed at
lower temperatures. Annealing at 450°C (curve 4
in Fig. 6) completely destroyed the waveguiding
properties of the sample. It means that, for better
tailoring of waveguiding properties, it is highly
recommendable to avoid using higher annealing
temperatures and to rely, rather, on a slow re-
distribution of the lithium ions during the longer
annealing procedures at lower temperatures.

3.2. Relationship between n. and cy;

In Fig. 8, we plot the n, vs cy; relationship for
the as-exchanged (PE) and the post-exchange an-
nealed (APE) samples fabricated from pure (a) and
buffered (b) adipic acid. Obviously, the annealing
removes, to a quite high extent, the differences in
the refractive index values as well as the distribu-
tion of lithium ions in the as-exchanged layers,
which were consequences of the different acidities
of the reaction melts used for the proton exchange
reaction. “Empty space’ near the surfaces of PE
layers, from which the lithium ions were washed
out during the proton exchange, is now filled with
lithium ions from deeper layers of the unchanged
substrates. This effect is particularly evident for the
waveguides that were proton exchanged in pure
adipic acid. As will be demonstrated in the fol-
lowing, the shapes of the resulting n. vs c; rela-
tionship of the APE waveguides can be easily
influenced by the regime of annealing so that, for
the same PE waveguides, it is, in principle, possible
to obtain a variety of guides with different n. vs cy;
relationships.

Figs. 9 and 10 show the effect of proton ex-
change times on the n. vs c¢; relations in the an-
nealed guides. The appearance of two types of n. vs
cy; relations (step-like for the longer times of the
“hard” exchange reaction in pure adipic acid and
graded for “‘softer” fabrication conditions when
short times and less acidity melts were used for the
proton exchange) may be explained by the already
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Fig. 8. Plot of n. vs depletion of lithium (as measured in the
depth of particular modes) for PE and APE waveguides fabri-
cated from pure (a) or lithium (0.5 mol%)-containing (b) adipic
acid (PE: 4 h, A: 1.5 h at 350°C). The numbers in the figures
stand for the depths (in um) of the particular modes.

reported (e.g., [9-11]) existence of several structural
phases within the waveguiding layers. It also
corresponds well with the discontinuity in the
transition of the waveguide characteristics from the
step-like to the graded ones. As has been demon-
strated above, the continuous redistribution of
lithium may be accompanied by a sudden change of
the n. profiles. These discontinuities are evidently
connected with the changes of structural properties
of the waveguiding layers. A possibility of transi-
tion from one structural phase to another affecting
the crystal structure of the fabricated waveguides
has been already reported in the literature (e.g.,
[10]).

As has been stated above, the regime of the
annealing is the most important step of the APE
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Fig. 9. Evaluation of the relationship between n. and cy; for the
APE waveguides for various times of proton exchange reaction
[PE:1h(1),2h(2),3h(3),4h (4) and 5 h (5) in pure adipic
acid; A: 1.5 h at 350°C]. The regions of particular structural
phases are denoted according to [11].
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Fig. 10. Evaluation of the relationship between n. and ¢;; for
the APE waveguides for various times of proton exchange re-
action [PE: 1 h (1), 4 h (2), 5 h (3) and 6 h (4) in buffered (0.5
mol% of Li) adipic acid; A: 1.5 h at 350°C]. The regions of
particular structural phases are denoted according to [11].

fabrication procedure. The curves in Fig. 11 illus-
trate the changes of the n. vs cy; relationships for
the waveguides proton-exchanged for 2 h in the
pure adipic acid and then annealed for various
times at 300°C. The step-like characteristics of the
waveguides, which were formed by short heating
at that rather low annealing temperature, change
to graded ones after 9 h of the heating. Wave-
guides 3 and 4 in Fig. 11 are the most interesting
ones as both of them represent waveguides with
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Fig. 11. Evaluation of the n, vs ¢y; relationship of the APE
waveguides which were proton exchanged for 2 h in pure adipic
acid and then annealed for various times at 300°C [A: 0.5 h (1),
1.5 h (2), 9.25 h (3) and 24 h (4)]. The regions of particular
structural phases are denoted according to [11].

the so-called alpha phase structure [11]. Wave-
guides consisting mostly of the alpha phase are
known to have low optical loss and higher values
of electro-optic coefficient r;; as their structures
are very similar to that of the untreated virgin
substrate, and therefore, they are expected to be
the most suitable ones for practical applications.
The importance of annealing temperature is
demonstrated in Fig. 12 for the samples, which
were proton-exchanged for 2 h from pure adipic
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Fig. 12. Evaluation of the n. vs ¢y; relationship of the APE
waveguides proton exchanged for 2 h in pure adipic acid and
annealed for 1.5 h at various temperatures [A: 250°C (1), 300°C
(2), 325°C (3) and 350°C (4)]. The regions of particular struc-
tural phases are denoted according to [11].

acid (similar to the guides in Fig. 11), but were
now annealed for 90 min at various temperatures.
The results of the n. vs c¢y; relationships are in a
good agreement with the already mentioned find-
ings of Korkishko and Fedorov [10] concerning
the critical temperature of annealing. Our results
give evidence that careful annealing may help tai-
lor the properties of the samples so that the re-
sulting characteristics of the fabricated guides fit a
desired purpose. For instance, the short annealing
of the as-exchanged sample (illustrated in Fig. 12)
at temperatures higher than 350°C, as well as the
longer annealing of the PE samples at 300°C
(curves 3 and 4 in Fig. 11), may “move” the n. vs
cL; curves to the lowest part of the diagram, i.e.,
predominantly to the region of the alpha phase.

The experimental data of all the fabricated
waveguides were found to fit the following func-
tional dependence of n. vs cy;:

Ay — By
Ne =
1 +efi1((4y — cvi)/(cLi — Ba))

K2+Bla (1)

where A; and B; are the surface and substrate
values, respectively, of n. (as determined by mode
spectroscopy), 4, and B, stand for the surface and
substrate values, respectively, of ¢;; (in atoms
cm~3, as determined by NDP) and X, and K, are
empirical, case-dependent constants, which are
closely connected with the orientation of the cuts
and structural phase of the fabricated waveguide.
(In our experiments, the values of 4, for the APE
samples were always lower than 2.32 and 4, varied
in a range between 6.00 x 10* and 1.35 x 10*!
atoms cm™3.)

The fit of the calculated and the measured data
is demonstrated in Fig. 13 for a series of APE
waveguides fabricated from buffered (containing
0.5 mol% of lithium) adipic acid for various times
of the proton exchange. A similar functional de-
pendence was found for the depth profiles of the
refractive index values as well as for the values of
the local concentrations of lithium in the wave-
guiding layers. It should be mentioned that the
actual shape of function (1) is determined by the
values of the case-dependent constants K; and Kj.
If K; = 0 and K; =1, then the solution of Eq. (1)
is a straight line. This may explain some of the
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Fig. 13. The fit of experimental and calculated data of the . vs
c1; relationship for the APE waveguides fabricated from buf-
fered (containing 0.5 mol% of Li) adipic acid for various times
of proton exchange [PE: 1 h (1 — triangles), 2 h (2 — squares), 4 h
(3 — circles), 5 h (4 — diamonds) and 6 h (5 — stars); A: 1.5 h,
350°C].

discrepancies between the already published con-
clusions, where some authors [6,8] stated the linear
dependence between n, (or An,) and the concen-
trations of the constituents of the waveguiding
layers, while other authors [3,17] found non-linear
shapes of this functional dependence. We have
proved that it is possible to control the APE pro-
cess in such a way that the resulting waveguides
may really reveal linear shapes of the n. vs c;
dependence. The details of the fitting will be pub-
lished elsewhere.

4. Conclusions

The NDP measurement revealed a high mobil-
ity of the small Li* ions through the lithium nio-
bate structure. The subsequent annealing results in
moving the lithium ions towards the surface of the
exchanged layers. The total amount of the out-
diffused lithium is given by the first fabrication
step, the proton exchange in the reaction melt, but
the resulting properties of the waveguides depend
strongly on the second fabrication step, the regime
of the annealing.

We have demonstrated how the properties of
the APE waveguides, namely, their n. vs cp; rela-
tionship, may be easily tailored by a large variety
of fabrication conditions. The waveguides suitable

for the most practical applications are expected to
be few-mode ones. Moreover, in order to get low
optical loss and high value of the coefficient rs;,
they should consist only of the alpha phase, which
is characterised by a small increment of the ex-
traordinary refractive index (An.<+0.03). Ac-
cording to our results, there is another parameter
which should be taken into account in the fabri-
cation of APE waveguides — the n. vs cp; rela-
tionship itself. Even for, e.g., weakly guided
waveguides with graded refractive index profiles,
there are quite a few possible variations of this
relationship, which can be intentionally tailored
for a desired purpose. Different contents of lithium
ions in the waveguides and different shapes of their
distribution might also influence their electro-optic
properties and attenuation (at least, the intrinsic
scattering of the guided radiation is expected to be
lower in the waveguides with lower contents of
lithium ions which are homogeneously distribut-
ed). These interconnections are now a subject of
our investigation.
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Abstract

We report a sensor based on spectral interrogation of surface plasmon resonance (SPR) in an integrated optical waveguide-coupled SPR
sensing device. We present theoretical analysis of the integrated optical SPR sensor structure leading to a device design optimized for
operation in aqueous environments. We demonstrate that the fabricated laboratory prototype of the sensor is capable of measuring bulk
refractive index changes smaller than 1.2 x 1075 In conjunction with specific biomolecular recognition elements (monoclonal antibodies
against human chorigonadotropin (hCG)) the sensor is used for the detection of hCG. The sensor is demonstrated to be capable of detecting
2 ng of hCG present in 1 ml of 1% bovine serum albumin solution. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Optical waveguides; Surface plasmon resonance; Optical sensors; Biosensors

1. Introduction

The use of optical waveguides in biosensors offers numer-
ous benefits such as potential for the development of mini-
aturized, compact and rugged sensing elements, and
prospect of fabrication of multiple sensors on one chip. In
addition, in conjunction with fiber optics, planar optical
waveguides may allow for the development of sensing
devices which may be used remotely from both the source
and detector, with the potential for sensor multiplexing. The
first surface plasmon resonance (SPR) integrated optical
sensors have been described in late 1980s [1]. Since then,
various integrated optical SPR sensors using slab wave-
guides, channel waveguides and even more complex wave-
guide structures have been demonstrated [2-6]. These
integrated optical SPR sensors are based on the measure-
ment of variations in the optical power transmitted by an
integrated optical SPR sensing element and thus are sensi-
tive to instabilities in light source and waveguide in/out-
coupling efficiency.

In this paper, we present an integrated optical SPR sensor
based on the use of a broadband optical source and spectral

*Corresponding author. Tel.: +42-2-688-1804; fax: +42-2-688-0222.
E-mail address: homola@ure.cas.cz (J. Homola).

interrogation of SPR. This approach offers more accurate
and robust SPR measurement than conventional approaches
relying on the intensity modulation [2-6].

2. Theory

The integrated optical waveguide SPR sensor structure is
shown in Fig. 1. It consists of a channel waveguide locally
covered with a planar (multi)layer structure supporting
surface plasmons. The multilayer contains an SPR-active
metal (usually gold) and other layers that promote adhesion
(e.g. chromium) or adjust the operating range of the sensor
(e.g. tantalum pentoxide). Light propagates through the
waveguide and excites surface plasmons in the multilayer
structure if the phase velocities of the waveguide mode and
that of the surface plasmon match. In comparison with
traditional guided modes of dielectric waveguides, surface
plasmons’ propagation constant depends strongly on the
wavelength. Therefore, the matching condition between a
guided mode of an integrated optical waveguide and a
surface plasmon supported by a planar multilayer may be
fulfilled only within a narrow spectral band. Thus, when a
broadband light is launched into the waveguide, the trans-
mitted spectrum exhibits a narrow dip associated with the

0925-4005/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII: S0925-4005(01)00559-7
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Fig. 1. Integrated optical waveguide-coupled SPR sensor.

transfer of optical energy into surface plasmons. As the
propagation constant of a surface plasmon is highly sensitive
to changes in refractive index distribution within its eva-
nescent field, the spectral position of the SPR dip in the
transmitted spectrum depends on the refractive index of
dielectrics adjacent to the SP supporting structure (sensed
medium) “seen” by the surface plasmon.

To simulate light propagation through the waveguide-
coupled SPR sensor, we use the equivalent planar waveguide
approach and the mode expansion and propagation method
(MEP) [7]. In this method, the waveguide structure is
subdivided into longitudinally uniform sections, and in each
section, the set of eigenmodes is calculated. The relations
among modal amplitudes at the interface between the long-
itudinal sections are obtained from the continuity of the
transversal field components. Perfectly conducting electric
(for TE modes) or magnetic (for TM modes) walls are
introduced to discretize the spectrum of radiation modes
of the waveguide. In order to account for waveguide refrac-
tive index profile, the graded-index integrated optical wave-
guide is simulated as a stack of twelve, 500 nm thick layers
with a constant refractive index [8].

2.1. Integrated optical SPR sensor

Fig. 2 presents normalized spectral transmission for the
waveguide-coupled SPR sensor consisting of a single-mode
integrated optical K™ <+ Na™ ion exchanged waveguide in
BK7 and a gold layer calculated for two different refractive
indices of the sensed medium.

As follows from the simulations presented in Fig. 2, the
theoretical refractive index sensitivity of the spectral inte-
grated optical SPR sensor is about 6000 nm/RIU (RIU:
refractive index unit).

2.2. Integrated optical SPR sensor for aqueous
environment

The operating wavelength of the sensor is determined by
the refractive index profile of the waveguide, properties of
the SPR-active metal layer, and the refractive index of the
sensed medium. In biosensing applications the sensor is
desired to be sensitive in a particular region of refractive
indices, usually around 1.33 (aqueous environment) in a
particular wavelength region (usually between 0.6 and

Relative transmitted power [dB]
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Fig. 2. Spectral dependence of the TM, mode transmission through the
K" < Na" ion exchanged waveguide with 2 nm thick adhesion chromium
layer and 60 nm thick gold film (interaction length: 1.8 nm) calculated for
two different refractive indices of the sensed medium.

0.9 um). In this wavelength range, SPR sensors based on
K* < Na™ ion exchanged waveguides in BK7 exhibit SPR
at the refractive index around 1.44 (Fig. 2). In order to shift
the operating point of the sensor towards aqueous environ-
ment, a thin high refractive index dielectric overlayer can be
employed [9]. In this work we use tantalum pentoxide which
was chosen for its high refractive index and good environ-
mental stability. Fig. 3 illustrates the tuning of the operating
point of the integrated optical SPR sensor by means of a
tantalum pentoxide overlayer.

A tantalum pentoxide overlayer of the thickness of 30 nm
shifts the refractive index operating point by about 0.11 RIU.
In principle, various dielectrics may be used for the tuning
overlayer. A shift in the resonant wavelength due to the

presence of the overlayer is proportional to (1 —n2,, .,/

2
noverlayer)toverlayer’ where Nsenseds Moverlayers toverlayer denote

refractive index of the sensed medium, refractive index of
the tuning overlayer and overlayer thickness, respectively
[10]. Therefore, the use of overlayers with higher refractive

Relative transmitted power [dB]
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Fig. 3. Spectral dependence of the TM; mode transmission through the
K" < Na' ion exchanged waveguide with 2 nm thick adhesion chromium
layer, 60 nm thick gold film, and 30 nm thick tantalum pentoxide overlayer
(interaction length: 1.8 mm) calculated for two different refractive indices
of the sensed medium.
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indices allows for thinner overlayers and potentially better
sensor sensitivity. As follows from Figs. 2 and 3, the
presence of the tantalum pentoxide overlayer decreases
the bulk refractive index sensitivity by a factor of three to
about 2000 nm/RIU.

3. Experimental
3.1. Reagents

Human choriogonadotropin (hCG; urine, 5000 mIU/mg)
and monoclonal antibody against B subunits of human
choriogonadotropin (a-hCG), were obtained from Seva
Immuno, Prague. Dextran sulfate sodium salt (DS; from
dextran with an average molecular weight of 10,000), bovine
serum albumin (BSA, 99% by electrophoresis), and glutar-
aldehyde (GA) were from Sigma. Solutions were prepared in
citrate buffer (0.1 M) pH 4 (CB) and phosphate-buffered
physiological saline, pH 7.4 (PBS).

3.2. Sensor fabrication and experimental setup

Waveguides used throughout this work were fabricated by
ion exchange in BK7 glass substrates. The substrates were
coated with resist in which channel waveguide pattern was
formed using lithography. The substrates were coated with
Ti—Al and channels were exposed using the lift-off process.
The K™ «+» Na' ion exchange was accomplished by immer-
sing the substrates into KNOj salt melt kept at the tempera-
ture of 375°C; in order to ensure single-mode performance
of the waveguides, rather short diffusion time (typically
30 min) was used. The waveguide exhibits TM « TE polar-
ization cross-coupling of about 25 dB and its loss is esti-
mated to about 1dB per cm. In the second stage of
fabrication, the waveguides were coated by an adhesion-
promoting chromium film (thickness: 2 nm), a gold film
(thickness: 60 nm), and a tantalum pentoxide overlayer
(thickness: 30 nm) by vacuum evaporation.

The configuration of the developed integrated optical SPR
sensor system is shown in Fig. 4. A pigtailed superlumi-
nescent diode (SLD) (SLD-371, Superlum Ltd., Russia) with
the power of 0.9 mW in a single-mode fiber, FWHM of
72 nm, and the central wavelength of 816 nm was used as a
source of polychromatic light. Light from the pigtail fiber
(SF) (SM800, Fibercore Ltd., UK) was directly coupled into
the integrated optical sensor element (SE). After propagat-
ing through the sensor chip, the light was collimated using a

Fig. 4. Integrated optical SPR sensor: experimental setup.
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Fig. 5. Normalized spectral dependence of TM transmission through the
K" < Na"™ ion exchanged waveguide with 1.7 mm stripe comprising
1.5 nm thick chromium layer, a 60 nm thick gold film, and a 30 nm thick
tantalum pentoxide overlayer, measured for two different refractive indices
of the sensed medium.

microscope objective (MO), TM polarization was selected
by a dichroic polarizer (P) (POLACOR 800-HC, Corning
Inc., USA; extinction ratio >50 dB) and coupled into a
multimode optical fiber (MF) (FT 400-EMT, Thorlabs
Inc., USA) by a collimator (C) (Zeiss-Jena GmbH, Ger-
many). The optical fiber was connected to the input of a
spectrograph (S) (SD2000, Ocean Optics Inc., USA). Trans-
mitted spectra were acquired by the spectrograph and nor-
malized with respect to the spectrum corresponding to
sensor response when no sample was present (Fig. 5). A
total of 64 spectra were averaged to reduce spectrum noise.
The centroid method was used to quantify the shift of the
position of the SPR transmission minimum; typically 200
points closest to the minimum of the SPR dip were used in
centroid calculation. A Teflon flow cell (FC) was attached to
the sensing element to contain a measured liquid sample
during experiments. The FC (volume ~2 pl) was interfaced
with Teflon tubing (inner diameter: 0.5 mm); the sample
flow was controlled by a syringe pump (Uniflows Ltd.,
Japan) at a flow rate of 20 pl/min.

3.3. Sensor functionalization

The sensor surface cleaned in solution of 10% hydrogen
peroxide (H,O,) and sulfuric acid (H,SO,4) mixed in 1:5
ratio was functionalized with a double-layer of a-hCG
molecules using the immobilization technique described
in [11]. Assemblies consisting of alternating molecular
layers of an a-hCG and DS were formed by alternating
adsorption from the a-hCG and DS solutions. The solutions
were used in the following order: CB, a-hCG in CB (0.1 mg/
ml), CB, DS in CB (1 mg/ml), CB, a-hCG in CB, CB. Then,
the assembly was incubated with 0.5 wt.% glutaraldehyde in
CB for 30 min to cross-link a-hCG. DS was washed out of
the cross-linked antibody network with PBS (Fig. 6).

The first a-hCG monolayer was adsorbed on Ta,Os
mainly due to the hydrophobic interaction. By changing
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Fig. 6. Preparation of a-hCG double-layer on tantalum pentoxide surface
of an integrated optical SPR sensor. Arrows indicate exchange of solutions;
a-hCG: 0.1 mg/ml CB, DS: 1 mg/ml CB, GA: 0.5% in CB.

the solution DS layer and the second a-hCG layer were
successively adsorbed due to electrostatic attraction between
DS polyanions and a-hCG molecules positively charged
below their isoelectric point in CB at pH 4. Glutaraldehyde
cross-linked covalently a-hCG molecules via reactive ami-
nogroups. In PBS at pH 7.4, the net electrical charge of a-
hCG reverted to a negative one and DS polyanions were
expelled from the a-hCG network [11,12]. A decrease in
sensor response measured in CB before and after soaking the
a-hCG/DS/a-hCG assembly with PBS (Fig. 7) was probably
due to the desorption of DS and some a-hCG molecules,
which were not strongly bound in the network. The full
reversibility of sensor response to 1% BSA solution indi-
cated a solid coating of the sensor surface with a-hCG
double layer which prevented the non-specific adsorption
of BSA on Ta,Os support.

As Fig. 6 indicates, the adsorption of a monolayer of a-
hCG produces a shift in the resonant wavelength of about 9.7
(the first monolayer) and 15.5 nm (the second layer). This
discrepancy is probably caused by different arrangements of
proteins in these monolayers. Based on a more detailed
theoretical analysis and assuming the refractive index of the
protein monolayer is equal to 1.45, these shifts were found to
correspond to antibody monolayer thickness of about 4.3 nm
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Fig. 7. Temporal sensor response to variations in the refractive index of
sample.

(the first monolayer) and 7.4 nm (the second layer). These
values are within expected dimensions of a-hCG molecule as
given in [13].

3.4. Integrated optical SPR refractometry

In order to demonstrate sensor’s potential as a refract-
ometer, we flowed liquid samples (mixtures of ethylenegly-
col and water) of known refractive indices across the surface
of the sensing element and recorded the sensor response,
Fig. 7 (refractive indices of samples are given at the wave-
length of 800 nm). In the performed refractometric experi-
ment, the sensor was found to exhibit baseline drift of less
than 1 nm/h at the flow rate of 20 pl/min and 0.4 nm/h for
static sample. The bulk refractive index sensitivity attained
by the sensor was as high as 2100 nm/RIU. The baseline
noise was determined to be about 0.0025 nm (standard
deviation) which corresponds to the sensor resolution better
than 1.2 x 107% RIU. It should be noted that the sensor
response was quite fast. It suggests that the multilayer is not
porous and thus not permeable for liquid samples. Relatively
good reproducibility attained in the refractometric experi-
ment (better than 2% of the response) indicates that the
tantalum pentoxide layers were stable in aqueous environ-
ment.

3.5. Integrated optical SPR biosensing

The integrated optical SPR sensor has been used for
biosensor-based detection of human choriogonadotropin
(hCG). The sensor functionalized with a double-layer of
a-hCG (Fig. 7) was incubated with BSA (1% in PBS), then
sample solutions containing 2, 5, and 10 ng/ml of hCG in the
BSA solution were flowed across the sensor surface. Finally
the sensor surface was incubated in BSA (1% in PBS) again.
The sensor response (Fig. 8) shows the resonant wavelength
shift of 0.3 nm for hCG concentration cpcg = 2 ng/ml,
0.95 nm for cycg =35 ng/ml, and 1.02 nm for ¢;cg =10 ng/ml.

846.8 -

J: hCG
" 10 ng/ml

846.4 |
fluidic error
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Fig. 8. Response of an integrated optical SPR sensor functionalized with a
double-layer of a-hCG to hCG present in BSA solution. Arrows indicate
exchange of solutions; 1% BSA in PBS, hCG 2, 5 and 10 ng/ml in 1%
BSA solution.
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It also suggests, that approximately 50% of antigen was bound
irreversibly.

4. Discussion

There seems to be a very good agreement between the
theoretical predictions and experimental results in terms of
the SPR dip position and bulk refractive index sensitivity.
The observed difference (less than 5%) is probably due to
discrepancies of the used thin film parameters from the
models employed in simulations. The depth of the experi-
mentally observed SPR dips is considerably lower than the
figures predicted by the theoretical analysis. This is likely
due to uncertainties in the thin film parameters, scattering at
imperfect interfaces of the layered structure, TM < TE
light polarization conversion in the waveguide structure
and spectrograph resolution.

A limit for hCG detection with a biosensor prepared by
immobilization of a double a-hCG layer on the integrated
optical SPR sensor is estimated to be of about 1 ng/ml. The
obtained detection limit is comparable with that attained in
ELISA experiments — using the same a-hCG/hCG pair, the
standard semiquantative ELISA was able to detect hCG in
the concentration of 1.2 ng/ml.

5. Conclusions

We have reported a new integrated optical SPR sensor
based on the use of broadband radiation and spectral inter-
rogation of SPR condition. We have demonstrated that the
sensor may be applied to refractometry where it allows
resolving refractive index variations smaller than 1.2x
10°. In conjunction with specific biomolecular recognition
elements (monoclonal antibodies against hCG) the sensor
has been used for the detection of hCG. The sensor was
capable of detecting 2 ng/ml hCG present in 1% bovine
serum albumin solution.

Future work will aim at introducing referencing for
compensating for long-term drifts and non-specific effects
producing background refractive index variations. This will
result in robust biosensor technology desired in many
areas such as medicine, environmental monitoring, and
biotechnology.
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Abstract

Effect of different crystallographic structure of various substrate cuts on diffusion processes into optica crystals is demonstrated for
lithium niobate and sapphire. After the low or moderate temperature diffusion processes the X-cuts, which are paralel to the C, axis,
always contained much more dopants comparing with the Z-cuts, which are oriented perpendicularly to the C,. This has been proved for
annealed proton exchange (APE) technology for fabrication of optical waveguides in lithium niobate and for the moderate temperature
incorporation of erbium ions into both materials. Thus the possibility of localized doping by Er®* diffusion at moderate (lower then
500°C) temperature is for the first time demonstrated for sapphire single crystal wafers. The strong anisotropy of the doping is explained
on the bases of suitable orientation of the cleavage planes to the substrates surfaces in the X-cuts that allows for better penetration of the
diffusing particles into the material. [0 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Lithium niobate; Sapphire; Optical waveguides,; Erbium doping; Annealed proton exchange; Crystal structure

1. Introduction

Single crystal lithium niobate (C3,) is one of the most
popular optoelectronic material for fabrication of dynam-
ical optical waveguides which are widely used in various
types of highly sophisticated optoelectronic devices and
structures. Moderate temperature approach for the wave-
guide fabrication in lithium niobate — annealed proton
exchange (APE) [1] — is based on an exchange reaction
between the substrate wafers and a suitable proton source,
typicaly an acid. The PE (H" < Li") reaction usually
occurs at temperatures between 150 and 250°C. For
fabrication of high quality stable optical waveguides the
second fabrication step — the annedling of the as-ex-
changed waveguides at temperatures around 350°C — is
necessary.

Another very interesting optical crystal is sapphire
(DS,), which is used e.g. as the basic component of the
tunable Ti-sapphire laser. It is a very promising material
for optoelectronic structure of a new generation.

Doping of both materials with laser active ions opens a
possibility to use them as optical amplifiers and waveguide

* Corresponding author. Fax: +420-23-112-206.
E-mail address: jarmila.spirkova@vscht.cz (J. Spirkova).

lasers, which may integrate the passive/dynamical and
active function of the guide on the same substrate. For that
the localized doping with the laser active elements, which
are presented only in the surface (waveguiding) layers of
the substrates, is highly desirable.

The aim of the presented paper is to summarize our
experience on behavior of differently oriented crystal cuts
in the processes of moderate temperature diffusion tech-
nologies for fabrication of optical waveguides in lithium
niobate and to present new results on the doping into
sapphire, which were obtained by utilizing our previous
knowledge of the subject.

2. Moderate temperature doping with H* and/or
Er3+

2.1. Lithium niobate

Two principal types of the lithium niobate substrate
wafers are used for the optical waveguides fabrication —
the Z-cuts (0001), perpendicular to the C, axis, and the
X-cuts (11-20), which are perpendicular to the Z-cuts. The
structure of the Z-cuts reveals open channels in the
structure, so that one would expect that in this cut the

1466-6049/01/$ — see front matter [ 2001 Elsevier Science Ltd. All rights reserved.

Pll: S1466-6049(01)00150-7



1246 P. Nekvindova et al. / International Journal of Inorganic Materials 3 (2001) 1245-1247

doping should be easier, i.e. the doped layers would be
deeper and the amount of the incorporated foreign particles
would be higher as comparing with the X-cuts. However,
as follows from the experiments, the opposite is true.

We have done a systematic study [2-5] of a large
number of PE and APE lithium niobate samples, which
were fabricated in the Z- and X-cuts under very different
fabrication conditions of the proton exchange reaction as
well as the post-exchange annealing of the as-exchanged
(PE) samples. The results of the study allowed us to
disclose quite general findings as follows: the prevailing
mechanism of H™ incorporation into the Z-cut structure is
substitution of H™ for Li ", which is accompanied by some
interstitial H™ diffusion. X-cuts revealed the same extent
of theH" « Li" substitution as was observed in the Z-cuts
waveguides fabricated under the same fabrication con-
dition. However, intensities of v(O—H) vibration bands in
the IR reflection spectra of the fabricated waveguides, as
well as ERDA measurements of the H™ concentration
depth profiles, always gave evidence for much more
hydrogen incorporated in the X-cuts. It means, that the
H" o Li" substitution is in the X-cut strongly accom-
panied by the interstitial in-diffusion of hydrogen. H"
species then form a barrier that prevents lithium to move
during the post-exchange annealing of the PE samples
towards the surfaces of the wafers, causing thus typical
step-like shapes of the X-cuts depth characteristics.

Moderate temperature Er®* doping [6-9] into lithium
niobate wafers made from a mixture of erbium containing
nitrates was far more successful in the X-cuts, where the
amount of the incorporated erbium (up to 10 mole %) was
approximately 10 times higher compared with that in-
corporated into the Z-cuts. Sada et al. [9] explained these
phenomena on the bases of a small depletion of lithium
atoms nearby the surface of the samples as the multivalent
Er®" < 3Li" ion-exchange process. The process which is
more favourable in the X-cuts as there is the higher surface
density of the lithium atoms compared with the Z-cuts.

However, we have observed in our erbium containing
X-cuts the increased concentration of hydrogen which,
evidently, was incorporated into the samples during their
treatment in the erbium-containing melts of the nitrates.
This finding, as to our opinion, explains the reported [9]
small depletion of lithium in the shallow surface layers of
the erbium-containing X-cuts. The erbium nitrate always
contains some hydrate water and it causes, due to the
covalent nature of erbium, a hydrolytic reaction in the
reaction melt which results in the presence of some H™ (in
fact H,O") particles in the reaction bath. Thus, smul-
taneously with the in-diffusion of erbium, occurs aso a
weak proton exchange (H" < Li™) reaction. This may be
also an explanation for the waveguiding properties, which
we have noticed with our erbium containing X-cuts.

We suggest that this strong anisotropy of the doping
with Er®" aswell aswith H™ isin a close connection with
the orientation of the substrate cuts towards the more open

planes of lithium niobate. The surface of the X-cuts opens
access to the cleavage planes {01-12} which vacancies
help moving particles to penetrate into the crystal (intersti-
tial in-diffusion) moreover to those incorporated into the
structure via substitution (e.g. H* for Li ™). To prove this
hypotheses we studied the moderate-temperature diffusion
of erbium ions into the sapphire, which structure is very
similar to that of lithium niobate, but it is well known to be
extremely resistant against in-diffusion of foreign particles.
The constituents of the structure (A1,0,) do make the
ion-exchange mechanism of the in-diffusion unlikely, so
that only interstitial in-diffusion is to be expected.

2.2 Sapphire

Diffusion of erbium into the sapphire occurred by
immersing the thoroughly pre-cleaned one side polished
(11-20) and (1-102) wafers (supplied by AVTEX, Czech
Republic) into a bath of molten nitrates (KNO,;+
Er(NO,), in the weight ratio 10:1) and kept at 350°C for
times ranging from 5 to 120 h. The fabricated samples
were then studied by SEM, RBS and photoluminiscence
spectra measurement. In the ‘X-cuts' (11-20) there were
found up to 1 mole % of erbium on the surfaces of approx.
400 nm thick erbium containing layers. In spite of it in the
(1-102) cuts the contents of erbium were by one order of
magnitude lower. Fig. 1 shows an example of RBS depth
profile and absorption (380 nm) and emission (435 nm) of
the *l,5,, - *G,,,, transition of Er®" incorporated into the
sapphire (11-20) cut by diffusion doping for 120 h at
350°C.

These first results correspond well with those already
obtained for lithium niobate and fulfilled our expectation.
In practice that means, that a suitable orientation of the
substrate cut may realy help to introduce the mobile
particles from melt into the substrate.

3. Conclusion

We have proved that it is in principle possible to control
the diffusion mechanism of H* and Er®” into the lithium
niobate and sapphire single crystals by using the suitable
orientation of the substrate wafer towards the cleavage
planes of the crystal. The X-cuts (11-20) of the both
single crystalline materials allow for much better incorpo-
ration of foreign particles into the structure. This effect is
explained on the bases of better access of the X-cut
surfaces to the more open planes of the crystals.
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Abstract

This article summarizes results and assessments of our systematic fabrication and characterization of proton ex-
changed (PE) and annealed proton exchanged (APE) waveguides study in lithium niobate. This study focused on
different behavior of crystallographically diverse X(1120) and Z(0 00 1) substrate cuts during waveguides fabrication,
and differences in characteristics of the resulting waveguides. Non-toxic adipic acid was used as a proton source, and the
waveguides properties were defined by a mode spectroscopy (waveguides characteristics) and neutron depth profiling
(NDP, lithium concentration and distribution), infrared vibration spectra and elastic recoil detection analysis (ERDA,
concentration and depth distribution of hydrogen). It was discovered that the X-cuts structure is more permeable for
moving particles (lithium and hydrogen ions), which leads to a higher effectiveness of the PE process within the X-cut.
The explanation of this phenomenon is based on the fitting X-cuts orientation towards cleavage planes of lithium
niobate crystal. Higher content of interstitial hydrogen in the X-cuts then prevents lithium from free movement during
the post-exchange annealing in direction to the surface of samples, and so causes a typical step-like shape of the depth
concentration profiles of lithium within the X-cuts. A free transport of lithium within the Z-cuts is being reflected in a
gradient shape of the lithium depth concentration profiles and extraordinary refractive index, as well the last but not
least, in a trouble-free good reproducibility of the waveguides fabrication within the Z-cuts. © 2002 Elsevier Science
B.V. All rights reserved.

PACS: 42.79.Gn; 82.65.Fr; 52.40.Hf; 41.75.Ai; 81.70.Jb
Keywords: Lithium niobate; Optical waveguides; Annealed proton exchange (APE); Lithium concentration depth profiles; Hydrogen
concentration depth profiles; X-cut; Z-cut

1. Introduction

Single-crystal lithium niobate (LiNbOs;) is an
* Corresponding author. Fax: +42-0-2-2431-1010. important ferroelectric material for various appli-
E-mail address: jarmila.spirkova@vscht.cz (J. Spirkova). cations in linear and non-linear optical devices.
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One of its typical utilization are annealed proton
exchange (APE) planar (channel) optical wave-
guides [1]. Proton exchange (PE) is based on a
reaction of the lithium niobate wafer with a suit-
able acidic source

LleOz —|—)CI‘PL — Lil_xHbeO3 +xLi+,

which results in a large increase of the extra-
ordinary refractive index n.. The as-exchanged
waveguides suffer from high optical loss and de-
gradation of electro-optic figure of merit. How-
ever, they can be substantially improved by the
annealing of the as-exchanged samples. Properties
of the resulting APE waveguides strongly depend
on the exchange conditions as well as on any
subsequent annealing conditions.

We have carried out a systematic research into
relationship between the change of refractive index
and the redistribution of lithium after the PE
and after the post-exchange annealing [2]. Now
we extend our prior investigation to include both
Z- and X-cut wafers and present the differences in
the properties of the waveguides fabricated under
the same fabrication conditions in both types of
cuts.

Let us first recall what has already been pub-
lished on the different behavior of the X- (1120)
and the Z-cuts (000 1) APE waveguides fabricated
using the same technological procedures:

e X-cut waveguides are always deeper [3,4];

e 1. values on the surfaces of the X-cut samples
are higher [5,06];

e Li-depletion depth profiles, as measured by
SIMS, were not the exact complements of the
SIMS or ERDA hydrogen depth profiles in
both types of the cuts, indicating thus that the
standard ion exchange model, i.e., substitution
of Li" for H', was not sufficient [7-9];

e Two types of mechanism of H" in-diffusion into
lithium niobate were assumed: Li* for H' substi-
tution (s, ~75%) and interstitial H" in-diffusion
(i, =25%). The calculated hydrogen diffusion
coefficients were DX = 3.4 x 1072 cm? s! and
DX¥ =13 x 107" cm? s7! for the X-cuts, and
D?=50x 10" cm? s™! and D =14 x 107"
cm? s~! for the Z-cuts [10];

e Existence of seven crystallographic phases in
the structure of the waveguiding layers was ex-
plicitly connected with the Li/H ratio [11].

Although there were quite a lot of evidences on
the different characters of the X- and Z-cuts, an
explanation why it is so has not been yet explicitly
studied in the literature. The intention of the pre-
sent study was to summarize the different behavior
of both types of the cuts as it was observed in our
experiments, and to discuss it on the basis of a
different structure of the pertinent cuts.

2. Experiments

2.1. Fabrication of the samples (PE and post-
exchange annealing A)

The samples used in the experiments were
congruent Z- and X-cuts of lithium niobate one
side polished wafers with typical dimensions 25 x
5 x 0.7 mm? (mostly provided by AVTEX, Czech
Republic). The thoroughly pre-cleaned samples
were mounted on a platinum holder and placed
into individual silica or platinum beakers that
contained reaction melt consisting of pure or
lithium salt containing adipic acid. The heating
source was an ordinary laboratory oven. The PE
waveguides were fabricated at a temperature of
213°C for times ranging from 30 min to 6 h. Set-
ting of the temperature of the reaction melt at
213°C comes from our experiments concerning the
composition of the reaction melt. According to our
thermodynamic considerations, at the temperature
about 210°C there is the highest concentration of
H;O" ions in the reaction melt, which makes the
PE process at this temperature to progress most
efficiently. Applying either lower or higher tem-
peratures of the reaction melt than =210°C re-
sulted in fabrication of the PE waveguides which
had smaller An. and supported less number of
modes. The as-exchanged samples were immedi-
ately washed with distilled water and acetone in
order to remove the remnants of the reaction melt
and then they were annealed at temperatures
ranging from 250 to 500°C for various times
(30 min—100 h) in another laboratory oven under
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ambient atmosphere. The annealing was usually
done immediately after the PE.

2.2. Measurement

The waveguides were optically characterized at
A=0633 nm using the prism coupling technique.
The extraordinary refractive index (n.) depth
profiles of the fabricated waveguides were recon-
structed from the effective index spectra by means
of inverse WKB procedure [12] using piecewise
linear approximation to the actual index profiles.

Lithium concentration depth profiles (cy;) in the
as-exchanged as well as post-exchanged annealed
waveguides were measured by the neutron depth
profiling (NDP) [13,14]. The method is based on a
reaction of thermal neutrons with °Li:®Li (n, o) 3H.
The fabricated samples were irradiated with a
thermal neutron beam from a 6 m long neutron
guide (neutron intensity was 10’ n cm™2 s72) and
the charged reaction products were recorded by
means of Si(Au) surface barrier detector. The ac-
curacy of the NDP method is 5% of the ¢; value,
the depth resolution is 10 nm. Natural abundance
of the “NDP active” °Li isotope is 7.5%, however,
in the actual samples the °Li/’Li ratio may sig-
nificantly vary (e.g., due to artificial depletion of
the °Li isotope from the original natural materi-
als). Thus, to avoid uncertainty induced by this
variation, for some considerations we rely on
relative changes of cp; instead of their absolute
values.

Depth profiles of incorporated hydrogen were
measured by elastic recoil detection analysis
(ERDA) [15,16]. The “He™ beam from the Tandem
accelerator with 1.8 MeV with the beam currents
below 10 nA was used for this measurements.
Reflection geometry was taken with the incident
angle of 75° relative to the surface normal and the
take-off angle of 24° with respect to the surface
normal. The beam doses of up to 100 uC were
obtained by the simultaneous Rutherford back-
scattering spectroscopy (RBS) measurement, the
method being also used for the determination of
the sample matrix composition. The 6 pm thick Al
foil placed in front of the ERDA detector was used
to stop scattered He* ions and prevent them from
scattering into detector. With this ERDA setup

were achieved the detection limit of 0.1 at.%, de-
tectable depth of up to 0.5 pum with the depth
resolution 30 nm.

3. Results

In the course of our systematic investigation of
the relations between concentration profiles of
lithium (c;) and the waveguiding properties, es-
pecially refractive index (n.) profiles, we have no-
ticed some peculiarities in the X-cut samples. One
of them is illustrated in Fig. 1 showing typical
examples of lithium concentration (cr;) profiles of
the APE X- and Z-cut samples. The Z-cuts re-
vealed the already described [2] transition of the ¢y ;
depth profiles from the step-like for the PE guides
to graded after annealing (1.5 h), the c¢r; depth
profiles of the X-cuts maintain more or less step-
like character even after annealing of the PE
guides. The same trends were observed also for the
refractive index (n.) depth profiles (Fig. 2).

Similar observations are also illustrated in Fig.
3, now for the guides annealed for very long times
(100 h). The c¢y; profiles of the X-cut maintain the
step-like shape even after such a long annealing
but both the n. profiles (Fig. 4) are graded with
different An, which is lower for the Z-cut sample.
Unlike the cases where the annealing times are
short, the depths of the X-cut waveguides after a
long annealing time are shallower compared with
those in the Z-cut samples.
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Fig. 1. Comparison of the c¢;; depth profiles of the APE
waveguides fabricated using different time of PE in the X- and
Z-cuts. (X1 and Z1 PE: 1 h, X2 and Z2 PE: 3 h, 213°C in pure
adipic acid; A: 1.5 h, 350°C).



248 P. Nekvindova et al. | Optical Materials 19 (2002) 245-253

2,304
2,284
2,26

2,24 1

refractive index

2,221

2,204

2,18 T T T T T T T T T T T T T T

depth (um)

Fig. 2. Comparison of the n. depth profiles of the APE wave-
guides from Fig. 1. (X1 and Z1 PE: 1 h, X2 and Z2 PE: 3 h,
213°C in pure adipic acid; A: 1.5 h, 350°C).
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Fig. 3. Comparison of the long time annealing effect on the ¢y;
depth profiles of the waveguides fabricated in the X- and Z-cuts
under the same fabrication conditions. (PE: 2 h, 213°C in pure
adipic acid; A: 100 h, 300°C).

Large number (about 300) of the measured
samples fabricated in both types of the cuts, and
using a variety of the fabrication conditions,
lead to fairly general findings. The results clearly
demonstrated the well-known fact that the as-ex-
changed PE guides in the X-cuts were always
deeper and supported higher number of modes
comparing with the guides fabricated using the
same experimental conditions of PE in the Z-cuts.

The differences between both types of the cuts
became even more significant after the post-ex-
change annealing of the PE samples. Though the
cy; profiles of the Z-cut APE waveguides tended to
be graded with longer times of the annealing, in
the X-cuts was always observed a tendency to

2,25+
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Fig. 4. Comparison of the long time annealing effect on the 7.
depth profiles of the waveguides fabricated in the X- and Z-cuts
under the same fabrication conditions. (The points in the figure
represent particular modes, so that the position of the last mode
gives also the depth of the particular guide.) (PE: 2 h, 213°C in
pure adipic acid; A: 100 h, 300°C).

persist the step-like shapes of the APE cr; depth
profiles.

Fig. 1 illustrates another interesting feature.
The lithium concentrations on the surfaces of the
samples tended to keep a relatively stable value of
6 x 10% at. cm~? corresponding approximately to
a 55% depletion of lithium. This stable phase is in
the X-cuts established sooner and can be observed
in deeper layers of the samples (curves X1 and X2
in Fig. 1). However, the pertinent . values differ in
both types of the cuts. The stable compositional
phase corresponds to the An. + 0.09 for the X-cut
samples and about +0.06 for the Z-cuts.

Quite generally, the relationship between lith-
ium concentration values (cr;) and the pertinent n,
values of the guides fabricated under the same
conditions are in both types of the cuts different. It

Table 1

Comparison of the areas under the v(OH) absorption bands at
3500 cm™! in the reflection infrared spectra of the X- and Z-cut
PE and APE samples fabricated in pure adipic acid at 213°C
and post-exchange annealed at 300°C in air

Fabrication X-cut Z-cut
Standard (virgin substrate) 0.251 0.199
PE:2h, A: 0.5h 2.324 0.132
PE:2h, A: 1.5h 2.442 -

PE:2h, A: 14 h 2472 0.005
PE:2h, A: 24 h 2.628 0.006
PE: 2 h, A: 100 h 2.760 0.001
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means that the contributions into the increments
of the extraordinary refractive indices are not the
same in the X- and the Z-cuts.

In Table 1 there are summarized the intensities
of the v(OH) absorption bands at 3500 cm~! in the
infrared vibration spectra of the APE waveguides.
From the X- and Z-cut pairs, the X-cut samples
always contained much more hydrogen incorpo-
rated in the waveguiding layer.

These observations made us to study the origin
of that phenomena beginning with the direct
measurement of the hydrogen concentration in the
PE and APE layers. We fabricated very shallow
optical layers (Figs. 5 and 6), resulting from very
short times of the PE reaction, which enabled the

1,4x10°" 7
1,2x107"
1,0x10%'
8,0x10°1 +
6,0x10°°

®Li concentration (atom.cm™®)

4,0x10°°1 [}

20

2,0x10
0,0

]
N
w
IN

0
depth (um)

Fig. 5. Comparison of the lithium concentration (cr;) depth
profiles of the PE X- and Z-cuts samples for the short (curves
X1 and Z1) and long (curves X2 and Z2) times of PE (PE: 5 min
and 1 h, 213°C in pure adipic acid).
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Fig. 6. Comparison of the hydrogen concentration (cy) depth
profiles of the PE X- and Z-cuts samples for the short (curves
X1 and Z1) and long (curves X2 and Z2) times of PE (PE: 5 min
and 1| h, 213°C in pure adipic acid).

ERDA measurement to characterize the whole
PE area in the surfaces of the samples. The figures
show the comparison of the ¢;; and ¢y depth
profiles of the PE guides fabricated in pure adipic
acid for 5 min and 1 h. It is obvious that the rate of
lithium out-diffusion is always slower in the
Z-cuts. The rate of in-diffusion of hydrogen can be
compared only in very shallow layers (see the
curves X1 and Z1 in Fig. 6) and evidently it is
substantially higher in the X-cuts. The cy; profiles
of the 1 h PE samples show that the concentrations
of lithium in 3 pum depths already reached its
substrate values (curves X2 and Z2 in Fig. 5).
However, the treated layers still contained the in-
diffused hydrogen (the depth to which the ERDA
measurement can refer is less than 0.5 pm so that
the exact depth of the H-containing layers could
not be determined).

Diffusion of hydrogen then does not entirely
correspond with lithium out-diffusion. It may be
explained by the fact that the mechanism of its
entry into lithium niobate structure cannot be ex-
pressed as a simple substitution of lithium, and be
assumed that it is accompanied by an interstitial
diffusion, and/or the migration of hydrogen inside
the bulk of the samples, which are the processes
fundamentally independent of lithium movement
from the surface out.

Figs. 7 and 8 indicate c¢; and cy samples depth
profiles from Figs. 5 and 6, at this time, after being
annealed at 300°C for a 90 min period. The lithium
movement from PE shallow layers (fabricated by
means of short PE) in direction towards surfaces
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Fig. 7. Comparison of the lithium concentration (cr;) depth
profiles for the samples of Figs. 5 and 6 after the annealing (A:
1.5 h, 300°C).
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Fig. 8. Comparison of the hydrogen concentration (cy) depth
profiles for the samples of Figs. 5 and 6 after the annealing (A:
1.5 h, 300°C).

of the samples causes its concentration to be
practically nearly balanced out up to a bulk value
within the entire volume of the optical layer. As
well hydrogen concentration profiles (X1 and Z1
curves in Fig. 8) indicated a drop of the hydrogen
content already in a depth, where it was measur-
able by the ERDA method. In layers deeper than
0.1 um the hydrogen concentrations are already
constant in both the cuts. A small difference in
their values, i.e., higher concentration of hydrogen
within the X-cut, is quite consistent with other
measured values, (although here it could also be
interpreted as an experimental error).

Even more interesting are cp; profiles of the PE
layers fabricated by longer PEs. Both the X2 and
Z2 curves in Fig. 7 indicate the so characteristic
difference already mentioned earlier. The gradient
shape of depth c¢; documents the movement of
lithium in direction towards the surface having to
be continuous during the Z-cut annealing. Quite
different is the situation in case of the X-cut, where

the c¢y; profile is of a much more complicated
shape. Lithium is quite distinctively slowed down
by a certain barrier when moving towards the
surface, which causes its accumulation, in this
case, in a depth of about 24 pm, where the lithium
concentration is higher than its corresponding
substrate value. Due to this fact, we can observe
the so typical step-like shape of the c¢p; depth
profile. Slight accumulation of lithium in a very
thin subsurface layer (<0.5 um) is also the com-
monly observed phenomenon in the X-cuts of
APE waveguides.

The hydrogen concentration profiles in these
samples (X2 and Z2 samples in Fig. 8) gives a quite
clear idea about the hydrogen volume contained in
the APE samples surfaces. A clear loss of its con-
centration in the Z-cut that already appears in a
very shallow layer (>0.05 pum) documents not only
its lower initial concentration after PE but also the
fact that hydrogen moves within the Z-cuts sub-
stantially slower than within the X ones, where it
penetrates deeper in the substrate during the an-
nealing process. It is certainly necessary to keep in
mind that the ERDA measurement only affects a
very shallow layer, up to 0.5 pum, so it does not
give any information about hydrogen distribution
within the entire waveguide layer volume, but,
nevertheless, from the measurement of the very
short-time PE layers it is obvious that the samples
always contained more hydrogen within the X-cuts
than the Z ones. This assessment is in a good
agreement with the information obtained upon an
indirect determination of the hydrogen content of
the PE as well as APE waveguides fabricated in
both the types of cuts, i.e., from comparison of the
OH stretching vibrations bands intensity in the
infrared reflection spectra.

Table 2
Comparison of Li (depleted): H ratios in the X- and Z-cuts PE waveguides fabricated in pure adipic acid at 213°C
Cut Fabrication (min) NDP-areas ERDA-areas Li:H
X-cut 5 4.057 x 10! 1.86 x 10% 1:0.45
10 3.29 x 10* 3.52 x 10! 1:1.07
60? 5.01 x 10*! 5.85 x 107! 1:1.16
Z-cut 5 3.18 x 10* 9.54 x 10% 1:0.30
10 4.66 x 10* 2.90 x 10! 1:0.62
60? 4.88 x 10 5.77 x 10%! 1:1.18

4The compared areas refer only to the depths of 0.3 um; the layers in both the cuts are in this depth already H-saturated.
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Table 2 indicates the comparison of areas un-
derneath the cy and cy; depth concentration pro-
files of PE samples in the X- and Z-cuts. Again,
from the comparison of the short PE time samples
it follows that significantly more hydrogen “flows”
into the X-cuts than into the Z ones. After the
longer PE times the shallow layers are already H-
saturated, so that there was found similar con-
centration of hydrogen. An interesting finding is
the fact that after short time periods of the PE a
ratio of hydrogen and lithium is not 1:1 as one
would expect in the event of a substitution reac-
tion. According to these assessments it seems that
both processes, i.e., movement of hydrogen into
the lithium niobate surface layer and movement of
lithium out of this layer, act independent of each
other, and that lithium moves faster than hydro-
gen. If we then compare the speed of movement of
these particles within both the types of cuts, then it
is clear that lithium moves within the X-cuts faster
than it does within the Z ones.

4. Discussion

To discuss the obtained results one should bear
in mind two things:

The base of processes taking place during the
PE and the post-exchange annealing, and the
structure of lithium niobate.

The PE includes Li* for H' substitution and,
very probably, also an interstitial in-diffusion of
the hydrogen into the lithium niobate structure.
What does the already reported [3-6] higher rate of
the PE in the X-cut structure really mean? Does it
mean a faster substitution of Li* for H because
of better accessibility of lithium atoms in the X-cut
structure or does it mean a larger amount of the
incorporated hydrogen in the X-cuts after the
same PE procedure as in the Z-cuts?

Our results show that the rate of the Li" for H*
substitution in the beginning of the PE, i.e., for
very short times of the PE, is really higher in the
X-cuts (see Figs. 5,6 and Table 2). The amount of
the in-diffused hydrogen is also always larger in the
X-cuts and even after some time of PE it is larger
than that which would correspond completely to a
simple Li" for H" substitution. Hence one may

assume that the extent of the interstitial H" in-
diffusion strongly depends on the orientation of
the cuts being more efficient in the X-cuts than in
the Z-cuts.

The post-exchange annealing causes a massive
transport of lithium towards the samples surfaces
[2]. This transport can be partly considered as a
“secondary’’ PE inside the subsurface layers of the
PE samples, where the already in-diffused hydro-
gen forms the diffusion source, and partly as an
independent pervading of the moving Li* and H*
particles through the lithium niobate structure.
The progression of lithium towards the samples
surfaces, and that of hydrogen inside the bulk
crystal, depend not only on the annealing tem-
perature but also on the availability of suitable
vacant positions. Longer periods of PE reaction
enable to start the secondary progression of the
diffusing particles, so that both processes, the PE
and the post-exchange annealing, may occur at the
same time. The smooth characters of the c¢; depth
profiles of the APE Z-cuts (Fig. 7) show a non-
interrupted motion of the lithium particles when
some energy is added by annealing. On the
other side, the outlasting step-like character of
the c¢;; depth profiles in the X-cuts gives evi-
dence for a barrier, which prevents the lithium
ions move smoothly towards the surface of the
wafer. It is expected that this barrier is, in fact,
positively charged area with higher concentration
of the in-diffused hydrogen which makes the
moving lithium to heap up before it reaches the
very surface of the wafer. However, much mea-
surement of the hydrogen depth profiles, espe-
cially in deeper layers of the waveguides, is needed
to complete the understanding of that phenom-
enon.

Similar anisotropy of the diffusion processes in
the X- and the Z-cuts has been already described
for erbium ions which were in-diffused into the
lithium niobate X-, Y- and Z-cuts at a moderate
temperature in melts containing erbium nitrate
[17-19], as well as by a high-temperature diffusion
of erbium from the metal erbium thin film evap-
orated onto the substrate surfaces. In the latter
case, the surface concentration of erbium in the X-
cuts higher than that in the Z-cuts was reported
([20] and references therein).
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Now why is the rate of incorporation of hy-
drogen (and Er’") higher in the X-cuts than in the
Z-cuts? Structure of the Z-cuts, which are oriented
perpendicularly to the C; axis, reveals the well-
known channel structure [21]. On the other hand,
the structure of the X-cut is less dense that the Z-
cut one (the density of the X-cuts is one quarter
lower than that of the Z-cuts [22]). Moreover, it
shows a layered-type situation with the following
sequences: —oxygen-lithium—oxygen—niobium-ox-
ygen—vacancy—. The layers of the vacancies form
the cleavage planes ({0112}) [23], which are in
this type of the cuts oriented perpendicularly to the
surfaces of the wafers. The easy access of the va-
cant sites helps introducing the diffusing particles
into the structure of the X-cuts in a higher rate
than into the Z-cuts. This easy access to vacant
sites of the cleavage planes also explains why both
the migrating Li" and H™ ions keep moving within
the X-cuts faster, and why hydrogen penetrates
into the substrate greater depths within these cuts.

Resulting waveguides characteristics, i.e., a
change of extraordinary refractive index, then
represent a result of co-action of a number of el-
ements. Fig. 9 indicates an example of difference
between n. and ¢;; APE waveguides within both
types of the cuts. It is obvious that this regards
quite different waveguides, and it is a question as
how much this is only caused by the fact that a
radiation of TM polarization is distributed within
the Z-cuts and the TE polarization within the X-
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Fig. 9. Plot of n. vs. depletion of lithium (as measured in the

depth of particular modes) for the X- and Z-cuts fabricated

under the same conditions (PE: 1 h, 213°C in pure adipic acid,
A: 1.5 h, 350°C).

cuts. Various options of this relationship (between
ne and cy;), i.e., the fact that more c; values can
correspond with one n. value and vice versa, and
how this relationship may be changed by modifi-
cation of experimental conditions, we had even
observed within the scope of the same cut (refer to
[2]). At first sight, it seems obvious that a higher
concentration of hydrogen within the waveguide
layer contributes to an increase of the extraordi-
nary refractive index, but a key factor for resulting
waveguide characteristics shall also be the hydro-
gen distribution inside the waveguiding layer. Ac-
cording to our preliminary results, it appears that
a shift of the curve of dependency between n. and
c1i into the o phase area, and due to this, even
substantial improvement of the waveguide quality
is connected with a lower concentration, and, at
the same time, a homogenous hydrogen distribu-
tion within the waveguide layer, i.c., by its pro-
gress into the substrate deep layers. However,
these assessments are necessary to be examined to
be made more accurate by further studying.

5. Conclusions

A systematic study of PE and APE waveguides
within the lithium niobate X- and Z-cuts had been
conducted focusing on differences between both
the crystallographically different cuts. The process
of the waveguide layer formation during the PE,
and subsequent annealing, is a very complicated
one, where the waveguide gets stabilized already
during PE longer periods. According to our re-
sults this process does not mean a pure exchange
of H" « Li", but, in harmony with already ear-
lier presented opinions, this substitution is ac-
companied with a hydrogen interstitial diffusion.
Nevertheless, a range of these two processes sub-
stantially varies in both the types of cuts. It was
discovered that the X-cuts (1 120) are significantly
better passable for moving particles than those of
Z.(0001). This “better permeability’’ of the X-cuts
is, most likely, caused by a suitable, particularly
perpendicular orientation of the X-cuts towards
crystal cleavage planes allowing easier movement
of particles due to the fact that these can take
advantage of their own easily available vacant
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sites. Hydrogen then proceeds faster within the X-
cuts into greater substrate depths. Its higher con-
centration closer to the samples surfaces creates a
barrier preventing the lithium ions to freely move
towards the surface, and so causes a typical step-
like shape of the lithium depth concentration
profiles within the X-cuts.
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Abstract

Our contribution represents a systematic study of optical layers fabricated by the annealed proton exchange (APE)
method in various cuts (X, Y, Z) of lithium niobate that was doped in bulk with erbium (500 ppm) and mixture of
erbium and ytterbium in weight portion 1:9 (1000 ppm). Rutherford backscattering spectrometry (RBS), elastic recoil
detection analysis (ERDA) and neutron depth profiling (NDP) methods have been used for monitoring a composition
of fabricated optical layers, i.e. changes of the concentration of the rare earths (RE), hydrogen and lithium. We have
used mode spectroscopy and a Mach—Zehnder interferometer to monitor the relevant properties, i.e. changes in the
effective refractive index and the electrooptical coefficient r3;. The obtained results show that during the APE process,
there is no loss of the rare earths from the substrate and that during the treatment of the as-exchanged samples the
hydrogen concentration increases while the lithium concentration decreases. Waveguiding properties and composition
of the RE doped waveguides were not substantially changed compared with those fabricated in pristine lithium niobate.
The presence of the doping ions decreases the r3;, however, a carefully designed APE technology can increase the rs;3
almost to the value of the pristine LiNbO;. A correlation between the uniform distribution of lithium and high values of
the electrooptic coefficient 33 was found. According to our results the proton exchange not necessarily lowers the
efficiency of the 1.5 pm emission and certainly does not lower the concentration of the RE.
© 2003 Published by Elsevier B.V.

PACS: 42.70; 42.82.E; 78.66; 78.20.J; 81.40
Keywords: Lithium niobate; Optical waveguides; Annealed proton exchange; Erbium; Ytterbium; Electrooptical properties

1. Introduction

Single crystals of lithium niobate are frequently

used in photonics and integrated optics due to its

* Corresponding author. Fax: +420-2-311-2206. ej(cellent 4pr0per.tleS.' FOI" emlsS}on at 155.0 nm
E-mail address: pavla.nekvindova@vscht.cz (P. Nekvin- (*Ii3/2 = *L1s/2), lithium niobate is doped with er-
dovd). bium ions [1-5], or with a mixture of erbium and
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ytterbium ions [6]. Basically, such doping can be a
bulk doping or a localised doping from an external
source. A suitable combination of the bulk or lo-
calised erbium doping and a simultaneous prepa-
ration of optical waveguides by using titanium
diffusion have been proved to be successful [7-9]
and several optical amplifiers and lasers based on
such technology have been already demonstrated
[10].

One of the reasons for the high popularity of
lithium niobate for optoelectronics applications is
the high value of the electrooptical coefficient r3;
(30x 1072 m V~!). However, only a limited num-
ber of lithium niobate devices such as Ti:LiNbO;
Mach—Zehnder [11] modulators have been used
so far because of their poor electrooptic perfor-
mance.

The annealed proton exchange (APE) [12]
technology for fabrication of the waveguides in
connection with the rare earth doped lithium nio-
bate was mentioned only scarcely. It has usually
been stated that this combination is not suitable
for a good function of the active waveguides as the
presence of hydrogen has a Kkilling effect on the
excited Er** electrons shortening their lifetimes,
which then results in a drastically reduced optical
gain [9,10].

The aim of this paper is to present properties of
the APE waveguides in the bulk doped Er:LiNbO;
and (Er+ Yb):LiNbO; X- and Z-cuts. We mainly
focused on the relations between the composition
of the waveguiding layers and important proper-
ties of the waveguides, especially the value of the
electrooptical coefficient r33, and how it can be
increased by a carefully designed APE process.

2. Experimental

Single crystals doped either with erbium or
mixture of erbium and ytterbium (1:9) were grown
by the Czochralski technique from congruent
melts of the relevant elements oxides with 500 ppm
of erbium oxide and 1000 ppm of mixture of er-
bium and ytterbium oxides (AVTEX, Czech Re-
public). The three crystallographically different
types of substrate wafers (one or both sides pol-
ished) of lithium niobate (Z (000 1), X (11-20) and

Y (1-100)), were used with dimensions of
25x5%0.7 mm and 30x5x0.7 mm.

Thoroughly pre-cleaned samples were immersed
into a proton source, which was a pure or buffered
(i.e. containing 0.5 mol% of Li*") adipic acid in a
quartz crucible. This system was closed with
ground glass joint and heated in a common labo-
ratory oven at a temperature of 213 °C for the
desired times. The as-exchanged samples were
immediately washed with distilled water and ace-
tone to remove the proton source residues and
annealed subsequently in the air in the laboratory
oven. Two sets of the samples were fabricated. For
a study of the waveguiding layers composition the
proton exchange (PE) times were 1 and 3 h and,
subsequently, the post-exchange annealing (A) was
done for 1.5 h at 350 °C. To ensure the fabrication
reproducibility as well as the accuracy of the
measurement, the same samples were doubled or
even tripled. The second set of the samples was
fabricated for the measurement of the electrooptic
coefficient r3;. The annealing times of the samples
(that were proton exchanged for 2 h) were from 30
min to 100 h at temperatures of 300 and 350 °C.

2.1. Measurement

Distribution of hydrogen and erbium in the
fabricated optical layers were determined by
Rutherford backscattering spectrometry (RBS)
and elastic recoil detection analysis (ERDA), re-
spectively. The RBS and ERDA measurement
were performed in a vacuum chamber simulta-
neously by 2.745 MeV ion beam from an electro-
static accelerator. The RBS measurement was
performed under 170° laboratory scattering angle.
In the ERDA measurement the protons recoiled
under an angle of 30° were registered with a sur-
face barrier detector covered with a 12 um thick
mylar stopping foil. The RBS and ERDA spectra
were evaluated using the GISA [13] and the
SIMNRA [14] PC codes, respectively.

Lithium concentration depth profiles (cy;) in the
as-exchanged (PE) as well as the post-exchanged
annealed (APE) waveguides were measured by
the neutron depth profiling (NDP) [15,16]. The
method is based on a nuclear reaction of thermal
neutrons with °Li: °Li(n,a)’H. The fabricated
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samples were irradiated with a thermal neutron
beam from a 6 m long neutron guide (neutron
intensity was 107 neutronscm™2s72) and the
charged reaction products were recorded by means
of Si(Au) surface barrier detector. The accuracy of
the NDP method is 5% of the cy;-value, the depth
resolution is 10 nm. The natural abundance of the
“NDP active” °Li isotope is 7.5%, however, in the
actual samples the °Li/’Li ratio may significantly
vary (e.g. due to an artificial depletion of the °Li
isotope from the original natural materials). Thus,
to avoid uncertainty induced by this variation, for
some considerations we rely on relative changes
of ¢1; instead of their absolute values.

The waveguides properties were characterized
at A =633 nm using the two-prism mode spec-
troscopy. The refractive index depth profiles of the
waveguides were reconstructed from the measured
effective index spectra by means of the inverse
WKB procedure [17] using piecewise (step-by-step)
linear approximation to the actual index profiles.

The electrooptical coefficient r;; was measured
using a Mach—Zehnder interferometer (see Fig. 1)

with a He—Ne laser (633 nm, 10 mW) as a light
source. The laser light was split to two beams
through a divider; one of the beams was the ref-
erence one and the other beam coupled into and
out of the measured sample using the BGO prisms.
An adjustable high voltage power supply 0-1200 V
was applied to the sample using a couple of elec-
trodes. The divider was used to create interference
between both beams. The interference pattern was
magnified by a microscopic objective and moni-
tored using a lock-in synchronous amplifier. The
electrooptic coefficient value was than derived
from the measured half-wave voltage.

The bulk values of the electrooptical coefficient
were also measured using the above-mentioned
experimental set-up. For the measurement of the
substrate mode guiding, one half of the surface
was covered with an aluminium thin layer so that
the proton exchange occurred only in the uncov-
ered area (see Fig. 2A). The light beam was then
coupled in through the PE layers and the substrate
mode was coupled out in the second (originally Al
covered) half using also the BGO prisms (Fig. 2B).

POLARIZATOR MIRROR MIRRCR /
POLARIZATORS
MICRO-OBJECTIVE
<V'IDER (80:20) DIVIDER (60:40)
*
VOLTMETER +[POWER SUPPLY
AV i aVEGUDE

[==s===s]

OSCILLOSCOPE

INTERLOCKING

Fig. 1. The r;; measurement set-up.
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Fig. 2. Details of the measurement of the r;; substrate value: (A) masking, (B) propagation of the optical signal during the mea-

surement in the APE waveguide.

The absorption spectra of the samples were
taken in a range of 200-1000 nm using the UV-
1601 (Shimadzu) absorption spectrophotometer.

3. Results

3.1. The properties of the pristine (untreated)
samples

The prime factor which significantly affects the
properties of the fabricated waveguides is the
composition of the bulk single crystals. Our at-
tention was paid to this fact and the single crystals
doped with rare earth ions were analysed by RBS,
ERDA, NDP and absorption spectroscopy meth-
ods. The surface concentrations of erbium, hy-
drogen and that of °Li were found to be
0.13£0.01, 0.001 mol% and 1.35x 10*° atomcm 3,
respectively, in the crystals doped with 500 ppm of
erbium. In the crystals doped with a mixture of
1000 ppm of Er and Yb (weight ratio 1:9) during
the crystal growth the same contents of Li and H
were found as in the former case. The total content
of RE was twice as high (i.e. 0.24 mol%) com-
paring with the former (RBS is not able to dis-
tinguish between Er and Yb).

As expected, the presence of ytterbium in the
erbium doped lithium niobate caused a significant
broadening of the absorption band at about 980
nm with three distinct bands showing an increas-
ing maximum intensity at 918, 956 and 980 nm
(Fig. 3) in the absorption spectrum. It was inter-
esting to find that the intensities of these bands
differed when comparing X-, Y- and Z-cuts of the
(Er + Yb):LiNbOj; samples. The 980 nm band had
almost the same intensity in all three types of the
cuts but the intensity of the 956 nm band was
significantly lower in Y-cut.

The results of the r3; coefficient measurement of
the RE doped wafers are shown in Table 1. It is
clear that the RE doping makes the r;; value de-
creased while increasing the total concentration
of the RE.

3.2. Annealed proton exchanged waveguides in
Z-, X- and Y-cuts of LiNbO;

The behaviour of the individual cuts during the
reaction in the acid melts differ each other. This
fact must be kept in mind when the waveguides are
being fabricated. There is a high risk of a surface
damage in X- and Y-cuts during the treatment in
the reaction melts, therefore the so called buffered
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Fig. 3. Absorption spectra of LiNbO; doped with Er (500 ppm) and Er+ Yb (1000 ppm).

Table 1

Dependence of the value of the r3; on the RE content in the Z-cut of lithium niobate

Mode Average Average value Standard 95% confidence 95% confidence
voltage U, (V) of r;3x 10712 deviation Ary3x 1072 interval for interval for
(mV) (mV~) average r33 x 10712 standard deviation
(mv—l) Arz; X 10-12 (mV*l)
Subs. 123.9 30.60 + 1.42 (4.64%) 30.60 £2.09 0.5; 4.07)
Er 500 ppm 128.1 29.40 + 0.82 (2.79%) 28.74+£1.02 (0.49; 2.37)
1Er:9Yb 1000 ppm 153.8 24.10 + 0.69 (2.86%) 24.10+0.97 (0.42; 1.99)
adipic acid (i.e. in our case containing 0.5 mol% of (iii) After the proton exchange the contents of the

lithium) was used for the fabrication of the APE
waveguides in all three types of the cuts. Only
shorter (i.e. 1 h) times of the proton exchange were
applied for Y-cuts as the risk of the surface dam-
age in them is even higher than in X-cuts. The
results of the experiments (see Table 2) were as

follows:

(1) The APE process did not change the concen-
trations of erbium and ytterbium which
means that “washing out” of the RE from
the exchanged layers did not occur.

(i) The PE process, as expected, made the lithium
concentration in the fabricated waveguides
decreased while that of hydrogen increased.

in-diffused hydrogen differed in various types
of the cuts, being lower on the surface of Z-
cut comparing with X-cuts. This is a conse-
quence of a better permeability of X-cuts for
the diffusing particles as we already proved
in [18]. During the annealing the hydrogen
migrated faster into deeper layers in the X-
cut substrates so that after the APE process
the hydrogen concentration was lower in the
measured shallow (up to 500 nm) subsurface
layers. These results were almost the same
for the waveguides fabricated in both pristine
and RE doped substrates (taking into account
the accuracy of the ERDA measurement,
i.e. 2 mol% of the actual H concentration).
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Table 2
The APE layers composition as measured by the NDP, RBS and ERDA methods
Sample Nb (at.%) Er (at.%) Li (surface) Li (depletion) (at.%) H (at.%)
x 10%! (atom cm™3)
Z-cut
(Er); PE, 1 h 20 0.13 0.5154 12.4 11.0
(Er+YDb); PE, 1 h 20 0.24 0.5160 12.35 14.0
(Er); PE, 3 h 20 0.12 0.6682 10.1 12.0
(Er+YDb); PE, 3 h 20 0.22 0.6217 10.8 16.0
Y-cut
(Er); PE, 1 h 20 0.14 0.6322 10.6 14.0
(Er+YDb); PE, 1 h 20 0.25 0.6003 11.1 17.0
X-cut
(Er); PE, 1 h 20 0.10 0.7537 8.8 9.0
(Er+YDb); PE, 1 h 20 0.26 0.7697 8.6 8.0
(Er); PE, 3 h 20 0.14 0.6623 10.2 7.0
(Er+YDb); PE, 3 h 20 0.25 0.6402 10.5 6.0

Fig. 4 shows the comparison of the refractive
index depth profiles of the APE waveguides fab-
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Fig. 4. Comparison of the APE waveguides properties in
pristine and doped Er:LiNbO; and (Er+ Yb):LiNbO;: (A) X-
cut, (B) Z-cut (PE: adipic acid + 0.5 mol% Li, 3 h, 213 °C, A: 1.5
h, 350 °C).

ricated using the same experimental conditions in
both RE doped and pristine substrates. The well-
known step-like n. profiles of the APE waveguides
in the X-cut were observed again in the RE doped
samples, though slightly different from those in the
pristine (i.e. undoped) wafers (see Fig. 4A). More
significant differences were observed in the prop-
erties of the APE waveguides in the Z-cuts (Fig.
4B) where a distinct shift of the refractive index
values in the surfaces of samples was found due to
a higher content of the RE. The typical few-modes
gradient character of the n. depth profiles in the
Z-cuts was observed in the RE doped samples as
well.

The electrooptic coefficients r3; for each par-
ticular mode of the waveguides were measured in
the Z-cut samples (see Section 2) immediately after
the proton exchange and then several times again
during the post-exchange annealing. Electrooptic
properties, which were deteriorated after the PE to
an undetectable value of the rs; recovered almost
completely after the post-exchange annealing. It is
demonstrated in Fig. 5 that if we observe the r3;
value for different modes (various depths) in one
waveguide the r3; value increases with increasing
depth of the particular modes. The a-structural
phase is likely to appear in the maximum depth of
the waveguiding layer, which is in a close vicinity
to the original crystal structure, so it is not sur-
prising that also the r3; value is the highest in that
part of the waveguide.
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Fig. 5. Electrooptic coefficient 733 dependence on the depths of
particular modes in the APE Er:LiNbO; (PE: pure adipic acid,
2 h, 213 °C, A: 10 h, 350 °C).

We compared the r3; values that were measured
always at the last mode, (i.e. in the maximum
depth of the PE waveguides) for various post-ex-
change annealing times (Fig. 6). The same trend as
for the r3; values obtained for the non-exchanged
substrates could be observed also here, it means
that the highest r3; values were found in the APE
waveguides fabricated in the pristine lithium nio-
bate and they decreased in the RE doped sub-
strates.

Another important finding is that the r3; did not
increase monotonously with the time when the
annealing temperature was higher than 350 °C but
it reached its maximum (Fig. 7) and then its value
decreased. We noted that lower annealing tem-
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Fig. 6. Effect of annealing times on the r3; values in RE doped
LiNbO; (PE: pure adipic acid, 2 h, 213 °C, A: 30 min to 100 h,
350 °C).
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Fig. 7. Effect of annealing temperature on the r3; value in
Er:LiNbO; (PE: pure adipic acid, 2 h, 213 °C, A: 30 min to 100
h, 300 and 350 °C).

perature (300 °C) makes the r3; value increased
steadily without reaching any maximum even after
100 h of the annealing, and that the r3; values of
the waveguides annealed at 300 °C are higher
compared with the former. As we expected that the
changes of the r;; originated in the migration of
lithium during the annealing, the lithium depth
distribution curves in several samples were deter-
mined by the NDP method and the r33 values were
then attributed to the pertinent lithium concen-
trations (Fig. 8). The measurement showed that
the higher depletion of lithium in the waveguiding
layer is always accompanied with the decreasing
r3; value, as we expected. Moreover, the lithium
distribution plays an important role also in the
samples annealed at 300 °C where quite a large
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Fig. 8. Depletion of lithium in the APE waveguide from Fig. 4
(see text) (PE: pure adipic acid, 2 h, 213 °C, A: 100 h, 300 and
350 °C).
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depletion of lithium was observed but the distri-
bution of the non-depleted lithium within the
waveguiding layer is almost homogencous. In
these waveguides we found the highest values
of the r3;.

4. Discussion

At present it is generally accepted that the
combination of the erbium doping into lithium
niobate and the APE fabrication of the waveguides
is not suitable for utilisation in optical amplifiers
or waveguide lasers. As reported, it is so mainly
because of the hydroxyl (hydrogen) presence in the
waveguide zone, which results in decreasing the
lifetime *I;3, energy level [10].

On the other side, our results show that a so-
phisticatedly designed APE process, namely the
regime of the post-exchange annealing, may have a
positive effect on the properties of the waveguides
as this way the value of the 733 can be increased so
that the observed decrease of the r3; value in the
RE doped substrate might be at least compen-
sated.

According to our NDP measurement the long
times of the post-exchange annealing cause a uni-
form distribution of lithium in the waveguiding
layers. It seems that the mobility of lithium is so
high that the main process that occurs during the
annealing is not the ion exchange itself (i.e. mi-
gration of protons deeper into the substrate and
migration of lithium towards the surface) but more
likely an independent migration of lithium to the
surfaces of the wafers. The values of the r3; in-
creased with the gradual changes of lithium dis-
placement resulting in the almost homogenous
distribution of lithium in the waveguiding layers.

The presence of the hydrogen incorporated
during the APE process was found to have a
negative effect on the r3; value, which tended to
increase with the decreasing concentration of OH
in the waveguides during the annealing process.
This finding is important when dealing with the
main problem (i.e. the already mentioned short-
ening of excited electrons lifetimes due to hydro-
gen present in the waveguides) that is associated
with the APE technology for fabrication of the

erbium-doped waveguides in lithium niobate. We
have found that a well designed regime of the
annealing may lead to the fabrication of the o-
phase APE waveguides with a homogeneous dis-
tribution of lithium and a negligible content of
hydrogen, in which the r3; was 32.3x 10712 mV~!
(Fig. 8).

Another option for fabrication of high gain
active waveguides is to use a suitable cut of lithium
niobate, especially X-cut. The structure of X-cut
enables the moving particles to use available va-
cancies of the cleavage planes to move faster inside
the structure and that results in a quicker decrease
of the hydrogen (OH) content in the waveguide
region (as confirmed by IR spectra and ERDA)
[18].

5. Conclusion

The study of the APE layers in lithium niobate
doped with erbium and with the mixture of erbium
and ytterbium points to the conclusion as follows:

e The rare earth (RE) content in lithium niobate
does not decrease during the process of the pro-
ton exchange (PE).

e The PE process in the RE doped lithium nio-
bate is controlled by the same mechanism as
that in lithium niobate, i.e. the hydrogen con-
tent increased while the lithium content de-
creased. Also the rate of the PE for various
cuts maintains the same trend as that one in
the undoped lithium niobate, i.e. the PE process
is faster in Y-cuts and slower in Z-cuts.

e The process of the waveguide formation by
APE method is the same in the pristine lithium
niobate as well as in the RE doped one. There-
fore the waveguide layers, which were fabri-
cated using the same experimental conditions
in both types of the cuts (doped and undoped),
had almost the same refractive index profiles.

e The addition of the RE into the lithium niobate
substrates causes partial decrease of the coeffi-
cient r3; value, but it can be increased again
almost to its original magnitude using a sophis-
tically designed regime of the annealing. The
reason for that are the homogeneous distribu-
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tion of lithium and a very low content of hydro-
gen in the long time-annealed waveguiding lay-
ers.

e As to our opinion the APE process itself might
not be in principle a cause for the observed de-
gradation of active properties of the erbium
doped lithium niobate. Similarly as above, the
carefully designed APE technology may help
to lower the hydrogen content in the wave-
guides, which is considered as the main obstacle
in using the APE waveguides in active inte-
grated optics structures.
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The samples of erbium-doped lithium niobate (Er:LiNbO3;) were prepared by the standard Czochralski
method and treated by the annealed proton exchange (APE) procedure to create a planar waveguide
for further optical application. The positions of Er atoms in the crystal lattice of pristine and APE
treated Er:LiNbO; samples were studied by the Rutherford backscattering spectrometry (RBS)-channeling
method. The Er’** ion positions in the pristine and the APE treated Er:LiNbO; samples are compared. X-ray
diffraction (XRD) was used to determine the damage to the crystal structure caused by the APE treatment.
It was found that the APE treatment leads to significant crystal structure damage and to shifts of the Er**
ions from their positions in the pristine crystal. Copyright © 2004 John Wiley & Sons, Ltd.

KEYWORDS: Er:LiNbOj;; RBS—channeling study; APE treatment; optical waveguides

INTRODUCTION

Optical amplifiers and lasers based on materials doped
with rare earth atoms have large application potential.
Lithium niobate (LiNbOj3), due to its very favourable electro-
optical, acousto-optical and non-linear properties, is one of
the most popular materials for these applications.! Several
techniques have been established to fabricate low-loss optical
waveguides based on lithium niobate.! One of the most
used ones is the annealed proton exchange (APE) and this
technique has been used in this study to fabricate planar
waveguides. Proton exchange (H" for Li*) takes place in
a liquid proton source, typically an acid. This procedure
increases the extraordinary refractive index, butit also causes
changes of the crystal structure of the treated layers. To
optimize the active function of the fabricated APE optical
waveguides in Er:LiNbO; it is very important to know the
exact positions of the Er’" ions in the structures of both APE
treated and non-treated Er:LiNbQOs.

Although several RBS—channeling studies of the lattice
site location of rare earth ion positions in Er:LiNbO; have
been performed,z’4 until now the exact positions of the Er*t
ions have not been fully clear. RBS—channeling analysis is
very suitable for the determination of the position of Er
atoms in the crystal lattice due to its sensitivity to atoms in
interstitial positions. In this study the Er atom positions in
the pristine and the APE treated Er:LiNbO; samples were
determined by the RBS—channeling method for the first time.
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Czech Academy of Sciences, Rez 25068, Czech Republic.
E-mail: mackova@uijf.cas.cz

Contract/grant sponsor: Grant Agency of the Czech Republic;
Contract/grant number: 102/01/D069.

Complementary information on the crystal structure damage
caused by the APE treatment was determined using the XRD
technique.

EXPERIMENTAL

The congruent Er:LiNbOj single crystal containing 5000 ppm
of Er was grown by the standard Czochralski method (Avtex
Turnov). The crystal was cut into 0.7 mm thick wafers
corresponding to x ((11-20)), y ((01-10)) and z ({0001))
cuts, in which the planar waveguides were fabricated by
the APE process at 213°C for 3h using adipic acid as
the proton source. The waveguides were single mode at
A = 1.5um and the proton profile reaches about 10 ym
deep into the wafer, as does also the depletion of lithium.
The RBS-channeling experiments were performed at the
Forschungzentrum Rossendorf, Dresden, Germany using
the beam of 1.8 MeV alpha particles from a van de Graaff
accelerator and standard measuring procedure.® The signals
of the Er atoms and the host lattice Er:LiNbO; in RBS spectra
are well separated due to scattering kinematics. From the
angular scan through different axial channels the Er atom
positions in the crystalline lattice were obtained for the
pristine and the APE treated Er:LiNbOs. The angular scans
along the x(11-20), y(01-10) and z(0001) axes were measured
for pristine Er:LiNbO; samples and for the samples treated
by the APE technique (the samples were denoted: 470x-cut,
491y-cut and 487z-cut.)

XRD measurements were performed on D5005 (Siemens/
Bruker AXS) with 1/4 circle Eulerian cradle and Cuk,
radiation (A = 0.154 nm). The samples were adjusted at high-
angle Er:LiNbO; reflections with 6 and x axes; diffractograms
were measured by 1:2 coupled scans (size step = 0.05°). The

Copyright © 2004 John Wiley & Sons, Ltd.
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net planes of used reflections were approximately parallel
to the surface (surface normal || momentum transfer vector),
i.e. the beam path was symmetric at the sample.

RESULTS

RBS-channeling

In the structure of the LiNbOj3 crystal four different lattice
sites are available which may be occupied by foreign
ions: two substitutive octahedral sites (Lit and Nb’"),
an additional free octahedron and a tetrahedral vacancy
site. The scan along the (0001) axis of pristine Er:LiNbO;
can be used to identify any position out of the z-axis,
i.e. the tetrahedral site. The angular scan of the Nb host
atoms through the (0001) axis is practically identical to
that of Er atoms (see Fig. 1), so that it can be concluded
that the Er atoms are located in three possible positions
along the z-axis, i.e. the Nb>", Li* sites or the structural
octahedral site. To determine precisely the Er position
inside the Li" octahedron the scans through the (01-10)
and (11-20) axes were measured (see Fig.1). If the Er
atoms sit in the octahedral position a maximum in the
scan through the (11-20) axis should be seen,’® but this
is not the case. From the measured angular scan shapes of
pristine Er:LiNbO; samples (Fig. 1, first row) and from the
simulations published in Ref. 4 we can conclude that the
Er’" ions sit on the Li* sites but they are shifted slightly
in the direction along the z-axis. The shift along the z-
axis direction of about 0.03 nm was found for the pristine
Er:LiNbOj; samples in accord with the data reported earlier
for Yb** ions in Yb:LiNbO;.> We have performed the same
analysis of angular scans for APE treated samples—3 cuts
(Fig. 1, second row) and it indicates about 0.09 nm shift of
the Er’" ions in the z-axis direction. The shift of Er atoms

after the APE treatment corresponds to the expansion of the
Er:LiNbOj; cell volume observed by XRD analysis. In the
case of APE treated samples we observed the crystal lattice
damages in RBS—channeling spectra which are indicated
by an increase of RBS yield from the APE treated sample
in comparison with that from pristine samples observed in
aligned spectra.

XRD

The XRD diagrams for the reflections (0 0 6) and (00 12)
from the z-cut of the pristine and the APE treated samples
are shown in Fig.2. The APE treated samples exhibit
higher intensity compared to the pristine ones. The proton
exchange disturbs the formerly nearly perfect crystal lattice
of Er:LiNbO;, so that the primary extinction is reduced
and the reflected intensity grows. The APE treated samples
show a clear shoulder at the low-angle side of the reflection
curve indicating a deformed crystal lattice. A layer with a
deformed lattice obviously exists in the APE treated samples,
the presence of which is manifested in a different manner
for differently orientated substrate cuts. Whereas the z-
cut sample exhibits a layer with a more imperfect lattice
(possibly due to point defects) without any change of the
net plane distance, on the x-cut and y-cut samples layers
with an increased net plane distance are observed. This
result corresponds well with the published data concerning
increasing crystal cell volume® and Er atom shift observed in
the present RBS—channeling measurement.

CONCLUSIONS

The RBS-channeling measurements show that the Er’"
ions in pristine Er:LiNbO; are located in the Li* site
but they are shifted by 0.03nm in the z-direction. The
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Figure 1. Comparison of angular scans along axes (0001), (11-20), (01-10) of the pristine samples (first row) of Er:LiNbO3z and APE

treated samples (second row).

Copyright © 2004 John Wiley & Sons, Ltd.

Surf. Interface Anal. 2004; 36: 949-951



S I A RBS and XRD of Er:LiNbO3 951

L ' ' 4 Z2-Ervirgin (D5005-2C120810)
L -Ervirgin (D5005-2C120810;
20000 r —42187;‘/('{)95‘%(()5-20111550) )
[ —-— 4877 (D5005-2C111550)
[ LiNbO3 (PDF20-631)
15000 |- —
@ L —~ ~ 1
a i © = 1
< [ g g ]
2 10000 [ -
@ L |
c
8 L |
£ L |
5000 -
38.5 39.0 83.5 84.0
Scattering angle 26 (°)

Figure 2. XRD measurement of the z-cut (0001) of pristine and APE treated Er:LiNbO3 sample.

shift from the Li" site is connected with the larger size REFERENCES

34 . . .
of the Er’" ion, which is forced to move towards the 1. Sohler W, Suche H. Integrated Optical Circuits and Components.

larger oxygen triangle. The shift of 0.09 nm observed in Marcel Dekker: New York, 1999; p. 127.
the APE treated samples can be explained by the enlarged 2. Lorenzo A, Loro H, Munoz Santiuste JE, Terrile MC, Boulon G,
volume of the Er:LiNbO; elementary cell and also by the Bausa LE, Garcia Sole J. Opt. Mater. 1997; 8: 55.

3. Lorenzo A, Jaffrezic H, Roux B, Boulon G, Garcia Solé]. Appl.
Phys. Lett. 1995; 67: 3735.
4. Rebouta L, Smulders PJM, Boerma DO, Agullo-LopezF, da

crystal damage created by the APE treatment. Both effects
were confirmed by RBS—channeling analysis and by XRD

measurement. Silva MF, Soares JC. Phys. Rev. B. 1993; 48: 3600.

5. Feldman LC, Mayer JW, Picraux ST. Materials Analysis by lon
Acknowledgement Channeling. Academic Press: London, 1982.
This work was supported by the Grant Agency of the Czech Republic 6. Zhou F, Matteo AM, De La Rue RM, Ironside CN. Electron. Lett.
under the Project number 102/01/D069. 1992; 28: 87.

Copyright © 2004 John Wiley & Sons, Ltd. Surf. Interface Anal. 2004; 36: 949-951



Nuclear Instruments and Methods in Physics Research B 267 (2009) 1575-1578

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

Contents lists available at ScienceDirect

f|BEAM
||INTERACTIONS

Nuclear Instruments and Methods in Physics Research B e

Au implantation into various types of silicate glasses

P. Malinsky *P, A. Mackova ®P*, ]. Bo€an?, B. Svecova ¢, P. Nekvindova

2 Nuclear Physics Institute, Academy of Sciences of the Czech Republic, 250 68 Rez, Czech Republic
b Department of Physics, Faculty of Science, J. E. Purkinje University, Ceske mladeze 8, 400 96 Usti nad Labem, Czech Republic
¢ Department of Inorganic Chemistry, Institute of Chemical Technology, Technicka 5, 166 28 Prague, Czech Republic

ARTICLE INFO ABSTRACT

Article history:
Available online 20 February 2009

The implantation of gold ions into three types of silicate glass was studied. The energies of the implanted
Au" ions were 1701 keV, and the fluences of the ions were 1 x 104, 1 x 10%%,3 x 10" and 1 x 10'® cm™2.
The as-implanted samples were annealed in air at two temperatures (400 and 600 °C). The Au concentra-

PACS: tion depth profiles were investigated using Rutherford Backscattering Spectrometry (RBS) and compared
42.70.Ce to simulated profiles from the SRIM. The structural changes were studied by UV-vis absorption spectros-
78.67.Bf copy. The obtained mono-mode waveguides were characterised using Dark Mode Spectroscopy at
62.23.Pq 671 nm to yield information on the refractive index changes. The results showed interesting differences
Keywords: depending on the type of glass and the post-implantation treatment. The obtained data were evaluated
Au” ion implantation on the basis of the structure of the glass matrix, and the relations between the structural changes, wave-
Glasses guide properties and absorption, which are important for photonics applications, were formulated.
Depth profiling © 20009 Elsevier B.V. All rights reserved.
RBS

UV-vis optical absorption

1. Introduction

Metal nanocluster composite glasses (MNCGs) are interesting
for their potential application in non-linear optics due to the
third-order optical non-linear responses of their metal nanoclus-
ters [1]. Glasses containing metal colloids can be prepared using
several techniques, such as melt doping, ion exchange or ion
implantation [2]. As compared to the other techniques, ion implan-
tation allows the synthesis of high-density metal nanoclusters in
the glasses with well-defined dopant depth profiles [3]. Post-
implantation annealing can control the size as well as non-linear
properties of the nanoclusters [4,5]. In this paper, we have focused
on the high-energy ion implantation of Au* ions into three types of
silicate glasses conducted under various conditions. Silicate glasses
were selected as they are important materials for various nano-
technology applications because of their low cost, easy manufac-
ture, high chemical stability, transparency and flexibility in
chemical composition [6]. The glasses used differed in their chem-
ical compositions especially in terms of the concentration of the
monovalent modifier (Na) and the network elements (Si and B).
The glass containing gold nanoclusters exhibited enhanced third-
order susceptibility %> at 532 nm [4], which, as a measure of opti-
cal non-linearity, can be considered as a figure of merit for its po-

* Corresponding author. Address: Nuclear Physics Institute, Academy of Sciences
of the Czech Republic, 250 68 Rez, Czech Republic. Tel.: +420 266172102.
E-mail address: mackova@uijf.cas.cz (A. Mackova).
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tential utilisation in photonics devices. Moreover, ions of gold have
a low enough diffusivity (when compared to e.g. silver ions [7],
which are too fast) to allow the study of the processes that occur
during annealing. The main aim of this project was to study and
subsequently formulate the relations between the chemical com-
position of the glass substrate and the formation of the Au
nanoparticles.

2. Experiment

We have used three types of optical glasses with varying chem-
ical compositions, namely specially designed Glasses A and B
(made at the Glass Institute Hradec Kralove Ltd., Czech Republic)
and a commercially available Glass C (BK7). The glasses varied
especially in their concentrations of monovalent and divalent mod-
ifies (Na,0, K;0, Ca0, Mg0) as well as their network formers (SiO,,
B,03). The compositions of the glasses determined by X-ray Fluo-
rescence (XRF) are provided in Table 1.

Au® ions were implanted into the silicate glasses on a new
Tandetron 4130 MC accelerator at the Nuclear Physics Institute
in Prague, Czech Republic. The energy of the implanted Au® ions
was 1701 keV. The fluences of the Au® ions into Glass A were
1x 10" 1x10%, 3 x 10" and 1 x 10'® cm~2, whereas the flu-
ences used in the cases of Glasses B and C were 1 x 104, 1 x
10'> and 1 x 10'® cm~2. The as-implanted glasses A were annealed
at temperatures of 400 °C for 5 and 25 h or 600 °C for 5 h. The
depth distribution and diffusion profiles of the implanted Au were
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Table 1
The compositions of the silicate substrates (in wt.%).

Substrate Si0, Na,0 Al,O3 Ca0 MgO K,0 B,03 BaO

Glass A 63.2 24.4 1.1 5.6 53 0.5 - -
Glass B 88.0 8.7 33 = = = = =
Glass C 68.3 8.8 - 0.1 - 8.1 121 25

investigated using Rutherford Backscattering Spectrometry (RBS)
with 2.0 MeV He" ions. The incoming angle was 0° while the scat-
tering angle was 170°. The measurements were evaluated with the
Gisa 3.99 [8] and compared with a simulation in the SRIM 2003 [9].
The UV-vis absorption spectra were collected using a CARY 50
dual-beam spectrometer in transmission modes ranging from
300 to 1000 nm. The implanted samples were also studied by Dark
Mode Spectroscopy (DMS) at 671 nm for possible waveguiding
properties. The method is based on coupling the light into the sur-
face of the substrate through a prism. This results in the phenom-
enon of the so-called ‘dark modes’, which are in fact a consequence
of the interference effect produced by the reflectivity of light at a
single point on the coupling-prism interface. The waveguiding
properties of the sample are then evaluated employing the well-
known IWKB procedure. The accuracy of the method (refractive in-
dex value) is currently mentioned as 2 x 107* [10].

3. Results and discussion
3.1. Implantation versus simulation

The typical depth profiles of the implanted Au ions in Glasses A
and B as determined from the RBS spectra are shown in Fig. 1(a)
and 1(b), respectively. Glass C contains a larger amount of Ba and
hence RBS is not capable of determining the depth profile or the
integral amount of Au with reasonable precision for this glass.
The depth profiles of the glasses implanted at a fluence of 1 x
10'* cm~2 are not presented because of the extremely low concen-
tration, making a comparison of the values over two orders of mag-
nitude in one figure unconstructive. The profiles calculated with
the SRIM 2003 code for the implanted glasses (1 x 10'® cm™2,
1701 keV) are shown in Fig. 1(a) and 1(b) for comparison.

Fig. 1(a) and 1(b) indicate that the SRIM simulation results are
in good agreement with the varying density of the glass. The
projected range Rp and range straggling ARp calculated using the
SRIM 2003 are Rp=378.9 nm and ARp=68 nm for Glass A and
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Fig. 1b. The depth profiles of the implanted Au in Glass B for the different fluences
compared to the SRIM simulation.

Rp=402.5 nm and ARp=71.7 nm for Glass B, with Glasses A and
B differing in their composition and density. In Fig. 1(a) and 1(b),
we observed two evident disagreements between the simulation
and measured data. First, the measured depth profiles are broader
than the simulated ones, which may be caused by higher straggling
of the implanted ions. Second, the maximal concentration is shifted
towards the surface as compared to the simulated values mainly
for Glass A and at higher fluences. This disagreement is not surpris-
ing since the SRIM code does not take into account the structural
changes of a glass matrix caused by ion irradiation. Consequently,
Glass B, which is similar to silica glass (in terms of the network’s
cross-linking), yielded better agreement of the simulation with
the experimental data, unlike Glass A, which, being more basic
(as compared to the rather covalent Glass B), provided much worse
agreement. This may indicate that the structure of the treated thin
layers had become more covalent (i.e. cross-linked to a higher ex-
tent) as a consequence of the depletion of oxygen from the glass
surface. A different degree of cross-linking of the glass network
was reported e.g. in [11].

3.2. Post-implantation annealing

The annealing conditions, especially temperature, play the main
role in creating gold nanoparticles in glass. Therefore, Glass A was
annealed at temperatures below or near the glass transition tem-
perature T; = 615 °C (as determined by Differential Thermal Analy-
sis). The gold concentration profile changes caused by the different
methods of annealing of Glass A are shown in Fig. 2(a) and 2(b).
The Au depth profiles presented in Fig. 2(a) describe the Au distri-
bution for the various annealing conditions for the samples im-
planted at 1 x 10" cm™2. A change of Au depth profile was
observed after the long-time annealing at 400 °C, namely for
25 h, when the Au was redistributed and formed an Au layer with-
out a significant concentration maximum.

The Au depth profiles in Glass A implanted at 1 x 10'® cm™2 are
presented in Fig. 2(b). The concentration profiles of the non-an-
nealed samples and samples annealed at 400 °C and 600 °C for
5h were similar. The depth profile of the sample annealed at
400 °C for 25 h was narrower with a higher concentration maxi-
mum than the other samples. A substantial change of the Au depth
profile occurred after the long-time annealing and could have been
caused by the Ostwald ripening mechanism [12].

The RBS measurement of the Au integral amount is summarised
in Table 2. The Au integral amount stayed the same for the as-im-
planted Glass A after a short-time annealing of 4h at 400 °C.
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Fig. 2b. The Au depth distribution in as-implanted and as-annealed samples. A
comparison is made for the fluence of 1 x 10'® cm~2 in Glass A.

Increasing temperature and time caused a broadening of the depth
profiles and a decrease of the Au maximum concentration in the
samples implanted at the lowest fluence (1 x 10" cm~2). The
decrease was so significant that the depth profiles could not be
measured by RBS. Glass A implanted at a medium fluence
(1 x 10" cm~2) exhibited a similar behaviour after annealing for
25 h, where the integral amount was decreased to 64% of the
original value, see Table 2. The integral amount for the samples
with the Au implanted at a fluence of 1 x 10'® cm™2 is the same
for all the samples with or without annealing.

We can hence conclude that the glass samples implanted at low
and medium ion fluences show similar behaviour after the long-
time annealing. The Au is redistributed in the glass substrate and

Table 2
The Au integral amount comparison before and after the annealing procedure for
Glass A.

The As-implanted Au Glass A

Au integral amount [cm 2] 1.5 x 104 0.94 x 10" 0.83 x 10'®
Au Glass A annealed at 400° for 5 h

Integral amount [cm 2] 1.5 x 104 091 x 10"® 0.85 x 10'°
Au Glass A annealed at 600° for 5 h

Integral amount [cm 2] = 0.99 x 10> 0.90 x 10'®
Au Glass A annealed 400° for 25 h

Integral amount [cm 2] - 0.64 x 10> 0.87 x 10'®

- RBS was not able to measure the depth profile.
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Fig. 3. The UV-vis absorption spectra of the three samples: (a) as-implanted, (b) as-
annealed at 600 °C for 5 h and (c) as-annealed at 400 °C for 25 h in Glass A.

Table 3
The waveguiding properties measured with DMS at 671 nm. The refractive index
values are given for TE polarisation.

Glass Au’* fluence (cm2) e Number of n An
guided modes

A 1x 10" 1.504 - - -
1x 10" - - -
3 x 10" 1 1.505 0.001
1x10'® 1 1.505 0.001

C 1 x10'-1 x 10'® 1.512 - - -

B 1x10" 1 x 10" 1475 - - -
1x10% 1 1.477 0.002

creates a constant concentration profile with no significant maxi-
mum. Completely different Au depth profile changes were ob-
served in Glass A when implanted at a high ion fluence (see
Fig. 2(b) for where the sharp peak concentration occurred).

3.3. Optical properties

The glasses that were implanted at the highest fluence (i.e.
1 x 10'® cm™2) and subsequently annealed at the highest temper-
ature (600 °C) changed from colourless to red. The colour red,
which appeared in all three glass types and which was confirmed
also by the appearance of the pertinent peak (at 532 nm) in the
UV-vis absorption spectra (see e.g. the absorption spectrum for
Glass A in Fig. 3) indicated the presence of colloid particles of gold.
Glasses A and B had that peak with similar intensities and located
at exactly 532 nm while Glass C differed in both, with a lower
intensity of the ‘red’ peak shifted to a shorter wavelength
(550 nm). Obviously, these findings are related to the structure of
the glasses used and deserve further analysis.

The waveguiding properties as measured by DMS are shown in
Table 3. The waveguiding effect was found only in Glasses A and B
after applying higher fluences (3 x 10" and 1 x 10'® cm™2). The
refractive index increments An in the waveguides ranged from
0.001 to 0.002, which is sufficient for the creation of single-mode
waveguides.

4. Conclusion

Three silicate glasses were implanted with 1701 keV Au” ions
using fluences ranging from 1 x 10’ to 1 x 10'® cm™. A small dis-
agreement between the predicted Au depth profiles calculated by
the SRIM and the measured Au depth profiles was observed in
correlation with the varying structures of the glasses. A dramatic
change of the Au concentration depth profiles was observed after
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long-time annealing (25 h) at 400 °C. The presence of gold colloid
particles was identified in the glass implanted at 1 x 10'® cm~2
and annealed at the highest temperature (600 °C), as proved by
UV-vis spectroscopy. The results showed a certain similarity be-
tween Glasses A and B, both being silicate glasses. Glass C (BK7),
on the other hand, revealed stronger resistance to the ion implan-
tation as well as its consequences. A likely reason is that Glass C is
a boron-silicate glass. Boron, with a much smaller size when com-
pared to silicon, makes the structure of the glass network less open
and denser than the mostly silicate network, which results in lower
penetrability of the glass for the incoming particles (ions). Our
experiments lead us to believe that rather than the concentration
of monovalent (more mobile) modifiers in the glass (in our case so-
dium ions), it is the network-forming elements that are decisive for
the behaviour of the glass in the ion implantation process applied
here.
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Erbium-doped lithium niobate (Er:LiNbOs3) is a prospective photonics component, operating at 1.5 pum,
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which could find its use chiefly as an optical amplifier or waveguide laser. In this study, we have focused
on the properties of the optically active Er:LiNbO layers, which are fabricated by medium energy ion
PACS: implantation under various experimental conditions. Erbium ions were implanted at energies of 330

85.40.Ry and 500 keV with fluences of 1.0 x 10'%, 2.5 x 10'> and 1.0 x 10'® cm 2 into LiNbO; single-crystalline
42.70.Hj cuts of various orientations. The as-implanted samples were annealed in air at 350 °C for 5 h. The depth
g;:ig:g’n distribution and diffusion profiles of the implanted Er were measured by Rutherford Backscattering Spec-

troscopy (RBS) using 2 MeV He" ions. The projected range Rp and projected range straggling ARp were cal-
Keywords: culated employing the SRIM code. The damage distribution and structural changes were described using

Lithium niobate
Erbium

Ion implantation
Photoluminescence

the RBS/channelling method. Changes of the lithium concentration depth distribution were studied by
Neutron Depth Profiling (NDP). The photoluminescence spectra of the samples were measured to deter-
mine whether the emission was in the desired region of 1.5 um. The obtained data made it possible to
reveal the relations between the structural changes of erbium-implanted lithium niobate and its lumi-
nescence properties important for photonics applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Single-crystalline lithium niobate (LiNbOs, LN) is one of the
most widely used photonic materials thanks to its unique combi-
nation of properties see [1,2]. After doping with rare earth ions,
LN crystals become suitable for use as optical amplifiers, lasers
or up-convertors. A laser emission of around 1.5 pm (the wave-
length commonly used in telecommunication [3]) can be achieved
by doping erbium into lithium niobate. A thin surface layer of lith-
ium niobate, containing erbium ions (Er:LiNbOs), can be, in princi-
ple, fabricated in several ways (see [4] and the references therein):
doping during a growth process, diffusion from an erbium metal
layer evaporated on the surface of an LN wafer, ion exchange from
a molten erbium salt and, last but not least, ion implantation.

Many papers (see e.g. [5] and the references therein) have
already been published on the erbium implantation into lithium
niobate, which have described on the implantation process and
the luminescence of the implanted samples. However, only a few
of them have thoroughly dealt with the structural properties of

* Corresponding author. Tel.: +420 220 444 003; fax: +420 224 311 010.
E-mail address: blanka.svecova@vscht.cz (B. Svecova).

0168-583X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2009.01.041

the implanted lithium niobate thin wafers. While Mignotte et al.
[6,7] have recently reported on the relationships between the com-
position and properties of Er:LiNbOs, a complete, systematic study
of the impact of the erbium-implantation process on the properties
and structure of the implanted lithium niobate is yet to be
conducted.

In this study, we have focused on erbium doping by the implan-
tation of Er* ions into various cuts of single-crystalline lithium nio-
bate. The ion implantation method has great potential for
application in terms of most of the substrate materials as well
as-implanted ions. By setting the implantation parameters (such
as ion fluence, beam energy and ion current), we can control the
final structure of the treated materials and their implantation-rel-
evant characteristics, e.g. the concentration and depth of the dop-
ant ions, the number of the introduced defects and extent of
damage induced in the thin layer implanted [8]. In the case of lith-
ium niobate, its disrupted crystalline structure (caused by the ion
implantation) can be reconstructed through subsequent annealing
at elevated temperatures (above 500 °C, see [9,10]). However,
annealing at higher temperatures may, in the case of higher con-
centrations of erbium ions, lead to the formation of clusters that,
because of the pair interactions of the erbium ions, cause an unde-
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sired effect known as concentration quenching of the 1.5 pm lumi-
nescence (see e.g. [5]). Moreover, annealing at higher temperatures
caused damage to the lithium niobate structure, which in many
cases proved to be irreversible. Hence, based on our previous expe-
rience with ion diffusion into lithium niobate [11], annealing at
lower temperatures (<350 °C) was applied for the recovery of the
lithium niobate structure. The lower annealing temperatures have,
in the authors’ opinion, an additional benefit: the processes occur-
ring during the annealing should proceed in the various crystallo-
graphic cuts at different rates, which could help comprehend the
importance of particular crystallographic orientations in the diffu-
sive processes inside lithium niobate.

The subject of this study consists of (i) implantation of Er* ions
into various crystallographic cuts of single-crystalline lithium nio-
bate using different conditions of the implantation, and (ii) charac-
terisation of the as-implanted and the annealed erbium-containing
thin layers using a combination of chemical analysis and structure
defining as well as photoluminescence methods.

The aim of this study was to discover how the different crystal
structures of the particular lithium niobate cuts affect the erbium-
implantation process and migration (diffusion) of the erbium ions
during the thermal treatment of the as-implanted lithium niobate
wafers.

2. Experiments

In this study, we have used various LiNbO3 cuts (made by the
Czochralski method in Crytur Turnov, Czech Republic), namely
commonly used X cuts (11-20), Z cuts (0001) and specially de-
signed Y cuts, i.e. parallel YII (10-14) and perpendicular YL (01-
12) to the cleavage plane.

Thoroughly pre-cleaned LiNbO3; wafers were implanted with Er*
ions using medium energies (330 or 500 keV). The ion fluence ran-
ged from 1.0 x 10" to 1.0 x 10'® cm 2. The implantations were
performed by a 500 kV implanter in Forschungszentrum Rossen-
dorf, Germany. The beam was scanned through an aperture of typ-
ically 1 x 1 cm?, resulting in a beam current density on the target
of typically 0.25 pA/cm?. During implantation, the crystals were
tilted by 7° to avoid the channelling of the erbium ions into the
LiNbO3 crystalline structure. For the recovery of the structure,
the as-implanted samples were annealed for 5 h in air at 350 °C.

The concentration profiles of the incorporated erbium ions were
studied by Rutherford Backscattering Spectroscopy (RBS). The
analysis was performed at the Tandetron 4130 MC accelerator
using a 2.0 MeV He" ion beam. The He" ions, backscattered under
a 170° laboratory scattering angle, were detected by the ULTRA-
ORTEC silicon detector. The collected data were evaluated using
the GISA 3 computer code [12] and transformed into concentration
depth profiles.

The structural changes (structural damage, amount of the intro-
duced defects), which occurred during the ion implantation and
subsequent annealing, were examined by the RBS/channelling
measurements using a beam of 1.8 MeV He" ions from the van
de Graaff accelerator in Forschungszentrum Rossendorf, Germany.

A few samples that were implanted with Er* ions at high flu-
ences (1.0 x 10'® cm~2) were characterised for the depth concen-
tration profiles of lithium by Neutron Depth Profiling (NDP), i.e. a
method based on the °Li(n,*He)*H nuclear reaction of thermal neu-
trons with the SLi isotope [13,14].

The photoluminescence (PL) spectra of the samples were col-
lected in the region of around 1535 nm at room temperature using
front-side excitation (from the implanted side) at 980 nm. PL was
detected by a Ge detector with a two-step thermoelectric cooler.
All the PL spectra were corrected on the spectral sensitivity of
the Ge detector.

3. Results and discussion
3.1. Erbium concentration depth profiles (RBS)

The RBS analysis confirmed that the implanted erbium ions
were present in all of the inspected LiNbOs cuts. Fig. 1 demon-
strates that the amount of the incorporated erbium corresponds
well to the increasing implantation fluence, and the depths of the
as-implanted layers range from 70 to 90 nm depending on the en-
ergy of the implantation (330 or 500 keV, respectively). For the X
cut samples, these trends are illustrated in Fig. 1. The results for
the Z and Y cuts were similar to those of the X cut.

The obvious differences between the cuts were shown in Fig. 2,
when the high ion fluences (1.0 x 10'® cm~2) were applied. At Y.L
cut, the erbium concentration maximum was shifted slightly closer
to the surface and its value was slightly higher than those for the X,
Z and YII cuts. In any case, however, these differences were very far
from those (much more dramatic) found in the case of erbium-ion
exchange doping [15].

As for the post-implantation annealing, it did not cause any dra-
matic changes in the erbium concentration depth profiles. The sub-
stantial change in concentration profiles occurred at YL cut
(1.0 x 10'® cm~2 and 330 keV), when it got 6% broader.

3.2. SRIM simulation

The statistical distribution of the implanted ions can be de-
scribed by a Gaussian function centred at the projected range Rp
with a half-width ARp straggling. The Rp and ARp values depend
on the energy and mass of the implanted ion as well as on the den-
sity of the substrate used.

The measured concentration depth profiles of the as-implanted
erbium ions corresponded to the SRIM 2006 [16] projected range
calculation and had a typical bell-shape distribution, especially
when the highest fluence was used (1.0 x 10'® cm~2, see Fig. 1).
In Fig. 2, we can see that the measured profile is broader than
the calculated one. The SRIM code does not take into account the
surface sputtering effects and the dynamic changes of the substrate
composition during the implantation process, which can appar-
ently lead to an error in the estimated concentration profile when
the implantation fluence is high. The projected range R, and range
straggling ARp of the erbium ions calculated by SRIM are
R,=69.9nm, AR,=21.9nm and R,=99nm, AR,=30.5nm
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Fig. 1. The dependence of the erbium concentration depth profiles on the
implantation Er* ion fluence (lithium niobate X cuts). The full Er depth profile
cannot be extracted from the RBS spectra due to overlap with the Nb edge.
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Fig. 2. The erbium-profile comparison of the various as-implanted (1.0 x 10'6 cm~2

and 330 keV) lithium niobate cuts.

depending on energies of the implanted ions (330 or 500 keV,
respectively).

By comparing the erbium concentration depth profiles of the
substrates with different crystallographic orientations (see
Fig. 2), it is possible to conclude that the Z cut manifests a narrower
erbium depth profile and better agreement with the predicted
data. The YII cut also exhibits a broader bell-shape depth distribu-
tion of the erbium ions as compared to the SRIM simulation, which
makes it similar to the X cut behaviour. More significant disagree-
ment with the SRIM code is observed in the as-implanted YL cuts,
where the depth profile broadens and obvious maximum shift to-
wards the surface in the as-implanted samples appears.

3.3. Structural damage and defects revealed by RBS/channelling

The data obtained by RBS/channelling illustrate how the ion
implantation induced considerable damage (amorphisation) of
the surface layers of the LN crystal (shown for the X cut in
Fig. 3). With increasing fluence, we observed a deepening of the
modified layer, namely the amount of disorder saturated first at
the most probable depth (corresponding to the projected range
of ions) and then over a widening depth interval. An increase of
the energy of the doping caused a higher number of defects which

500 keV
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Fig. 3. The RBS/channelling spectra of the lithium niobate X cuts implanted under
various implantation conditions.

reached deeper into the substrate. These effects occurred regard-
less of the crystallographic orientation of the cuts.

After the post-implantation annealing, a partial reconstruction
of the surface layer occurred (see Fig. 4). The thickness of the dam-
aged layer substantially decreased and so did the yield from the
depth behind the modified layers.

3.4. Changes in lithium distribution (NDP)

The NDP measurement showed that the lithium concentration
in the LN surface layer had decreased after Er* ion implantation
(see Fig. 5). The decline of the lithium concentration is seen on both
lines of the energy spectra (see the inset), but more distinctively on
the a-line (due to the higher stopping power of the alpha parti-
cles). In all measured samples, the measured depth profiles of lith-
ium showed a drop-off close to the surface to about 92% of the
nominal (i.e. bulk) value, measured by NDP, which slowly changed
to 94% at the depth of about 100 nm and finally recovered to 100%
at greater depth. The decrease of the lithium concentration
spanned the layer of about 130 nm, which roughly corresponded
to the implanted erbium depth distribution (see Fig. 2). The decre-
ment in the lithium concentration was probably caused by the
swelling of the surface layer implanted by the Er* ions with a high
fluence (>10'> cm~2). This effect (swelling of the crystalline sub-
strate arising from ion implantation with a high fluence) had al-
ready been observed in LN systems [17,18] as well as in other
oxide crystals (e.g. Al,05 [19], a-SiO; [20], etc.). In the present case,
the ‘swelling-effect’ observed on the LN crystal by NDP (for the first
time) is very pronounced and deserves further analysis.

3.5. Optical properties

The PL spectra of the erbium-implanted samples were collected
in the 1.5 pum region before and after annealing. The as-implanted
samples (unannealed) did not show any desired photolumines-
cence at 1.5 pm, which was attributed to the *I;1;; — *I;5/; transi-
tion. However, it appeared after the post-implantation annealing
although no significant change of the erbium concentration pro-
files had occurred. The intensity of the emission band increased
with the increasing fluence of the implantation and also depending
on the crystallographic orientation of the substrate cut in the se-
quence: X — YIl - Z — Y 1. The highest intensity of the photolumi-
nescence appeared in the annealed Y1 cut sample that was
implanted using 1.0 x 10'® cm~2 fluence and 330 keV (see Fig. 6).

1200-|MA‘U\/ f\,‘" f\m A a & —o— X cut
N WAl
vi'!'ﬁ' \'Wm iy —o—Z cut
random Pralsy —A—YIl cut
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g 800+ A3 —e—Zcut
Fa —&—Y]| cut
@
T
B
2
@
e 400 a
0 T T T T — v .
680 720 760 800 840 880
Channel

Fig. 4. The RBS/channelling spectra of the various as-implanted and annealed
lithium niobate cuts. Reconstruction of the annealed surface layers is evident.
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Fig. 6. The 1.5 pm photoluminescence spectra observed in the erbium-implanted
(1.0 x 10'® cm~2 and 330 keV) samples which were annealed for 5 h at 350 °C.

Fig. 6 clearly also shows that the annealing has a different im-
pact on the PL properties in the various crystallographic cuts. The
PL intensity of the annealed samples was substantially improved
in the YL cut, while remaining rather weak in the other cuts. In
our opinion, this effect cannot be unambiguously attributed merely
to the recovery of the lithium niobate crystal structure, i.e. to the
presence or absence of the amorphous layer in which the PL mea-
surements occurred. A similar effect has been observed in special
silicate glasses [21] into which erbium was in-diffused by the
ion-exchange reaction. Moreover, some of the samples revealed
significant enhancement of the 1.5 um luminescence after the
annealing of the as-exchanged samples, or, the sought lumines-
cence had not appeared until the samples were annealed, which
could not have been caused by the re-crystallisation of the Er-
doped matrix as the silicate glass surface undoubtedly remained
amorphous. Our explanation of the observed behaviour of the thin
erbium-doped layers is that the annealing caused a better distribu-
tion of the erbium ions, which in the as-implanted sample (as well
as in the as-exchanged samples in our previous experiments) was
rather random, leading to the formation of clusters and thus to pair

interaction, which is one of the main problems in erbium-doped
materials. Annealing in the erbium as-implanted thin layers could
thus cause both dissolution of the erbium clusters that were
formed during the doping and recovery of the original lithium nio-
bate structure, in which the erbium ions will be allowed to occupy
only several well-defined sites, preventing their interactions. Indu-
bitably, this effect is closely related to the crystallographic orienta-
tion of the cuts, indicating that the diffusive processes in the Y1
cuts are much simpler than in the other ones used. This finding
may be of some importance in the design of erbium-doped photon-
ics devices and will be further examined.

4. Conclusion

In summary, erbium was implanted into lithium niobate single-
crystalline wafers of various crystallographic orientations. The dif-
ferent conditions of the implantation were reflected in the proper-
ties of the resultant thin surface layers, especially the extent of the
introduced structural defects, the concentration depth profiles of
both the incorporated erbium and depleted lithium and, finally,
optical properties. Our results confirmed that Er* ion implantation
has a different effect on the various crystallographic cuts of LN. The
post-implantation annealing is beneficial for the character and
intensity of the erbium-induced photoluminescence at 1.5 pm,
which is important for its potential utilisation for photonics
devices.
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Erbium-doped lithium niobate (Er:LiNbO3) is a prospective photonics component, operating at
A =1.5 um, which could be used as an optical amplifier or waveguide laser. We have focused on the struc-
ture of Er:LiNbOj3 layers created by 330 keV erbium ion implantation (fluences 1.0 x 10'%, 2.5 x 10'> and

K_ey\{vordS{ 1.0 x 10" cm™2 1) in the X, Z and two various Y crystallographic cuts of LiNbOs. Five hours annealing at
'éltg{lum niobate 350 °C was applied to recrystallize the as-implanted layer and to avoid clustering of Er. Depth distribu-
rbium

tion of implanted Er has been measured by Rutherford Backscattering Spectroscopy (RBS) using 2 MeV
He" ions. Defects distribution and structural changes have been described using the RBS/channelling
method. Data obtained made it possible to reveal the relations between the crystallographic orientation
of the implanted crystal and the behaviour during the restoration process. The deepest modified layer has
been observed in the perpendicular Y cut, which also exhibits the lowest reconstruction after annealing.
The shallowest depth of modification and good recovery after annealing were observed in the Z cut of
LiNbOs. Since Er-depth profiles changed significantly in the perpendicular Y cut, we suppose that the
crystal structure recovery inhibits Er mobility in the crystalline structure.

Ion implantation
RBS/channelling

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Single crystals like lithium niobate (LiNbO3, named as “LN”) are
frequently doped with optically active rare earth or transition me-
tal ions for a variety of applications in optical devices such as solid
state lasers, amplifiers, sensors [1,2]. The crystalline field in the
surroundings of the active ions and their distribution in various
centres can strongly affect the optical properties. The ion implan-
tation technique is one of the ways (see [3] and the references
therein) to form active optical layers. lon implantation into LN in
order to form colloids or nanoparticles has already been performed
by several groups [4-7]. It is well known when using low-fluence
implantation, point-defect and simple-defect clusters are gener-
ated, whereas a fluence greater than 10'> cm~2 causes layer amor-
phisation with significant volume expansion [8]. However,
subsequent annealing is known to have a beneficial influence on
the reconstruction of the damaged structure as well as on optical
properties like intensity of luminescence. However, complicating
factor is the temperature of annealing. As has been already re-
ported, unlike other ABO; materials, the ion- implanted niobates
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and tantalates after annealing at temperatures of 825-925 K do
not recrystallize epitaxially but instead new crystals nucleated
and grew in the amourphous region [9]. Differences in the nano-
particle or precipitate formation in the different LN cuts during
annealing were attributed to the directional character of the stress
fields created during the implantation process and the anisotropic
re-distribution of vacancies and interstitials [6,8].

Here we have focused on erbium doping by implantation of Er*
ions into various cuts of single-crystalline lithium niobate. Precip-
itates formation was not expected at this stage [6,7], but the
anisotropy in Er distribution in LN crystal structure could be attrib-
uted to early stage implant accumulation, which is influenced by
radiation-stimulated diffusion, implantation fluence and by dam-
ages introduced during ion implantation [10].

The Er distribution and aggregation in the LN crystal lattice sig-
nificantly influences the luminescent properties. We have already
found significant differences of the photoluminiscence (PL) bands
intensities between various crystallographic cuts of the Er-impant-
ed LN (with the highest one observed at the Y,) [11], and in this
paper we are going to explain why do they occur. In order to get
that information, we have studied how the process of recovery
during the post-implantation annealing of Er:LN affects the migra-
tion of erbium ions through the different crystal structures of the
particular lithium niobate cuts.
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2. Experimental

In this study, we have used various LiNbO3 cuts (synthesized by
the Czochralski method in Crytur Turnov, Czech Republic), namely
the commonly used X cuts (11-20), Z cuts (0001) and specially de-
signed Y cuts, i.e. “parallel” Y;; (10-14) and “perpendicular” Y, (01-
12) to the cleavage plane. Thoroughly pre-cleaned LiNbO5; wafers
were implanted with 330 keV Er ions, 7° off-axis to avoid channel-
ling. The ion fluence ranged from 1.0 x 10" to 1.0 x 10'® cm™2; in
this paper, we present only the results of the lower implantation
fluences (1.0 x 10'> and 2.5 x 10'> cm~2). Different effects on Er-
depth profiles after annealing appeared only in the case of the
highest fluence, as described in [11]. The implantations were per-
formed using a 500 kV implanter in the Institute of lon-Beam Phys-
ics and Materials Research, Forschungszentrum Rossendorf,
Germany. The beam was scanned through an aperture of typically
1 x 1 cm?, resulting in a beam current density of typically 0.25 pA/
cm? on the target. For the recovery of the structure, the as-im-
planted samples were annealed for 5 h in air at 350 °C.

The concentration profiles of the incorporated erbium ions were
studied by Rutherford Backscattering Spectroscopy (RBS). The anal-
ysis was performed on a Tandetron 4130 MC accelerator using a
2.0 MeV He" ion beam. He" ions were detected at the scattering 170°.

The collected data were evaluated and transformed into con-
centration depth profiles using the GISA 3 computer code [12]. In
order to study damages introduced by the implantation process,
the influence of the annealing procedure on the recovery of the
host lattice was examined by RBS/channelling measurements
using a 1.7 MeV He* beam from the Van de Graaff accelerator in
the Institute of Ion-Beam Physics and Materials Research, Fors-
chungszentrum Rossendorf, Germany.

3. Results and discussion

3.1. Erbium concentration depth profiles (RBS) in the as-implante and
post-implantation-annealed samples

The RBS depth profiles were measured for all of the LN cuts (X, Z,
Yy and Y, implanted with Er ions at fluences 1.0 x 10> cm~2 and
2.5 x 10" cm™2). The statistical distribution of the implanted ions
can be described by a Gaussian function centred at the projected
range R, with half-width ARp. The measured concentration depth
profiles of as-implanted Er ions are compared with SRIM 2003
[13] projected range calculation. The projected range R, and range
straggling ARp of erbium ions calculated by SRIM are R, =70 nm,
ARp, =22 nm. The comparison with the values R, and AR, obtained
from RBS depth profiles for different fluences is shown in Table 1.

We have confirmed that as per the literature [14] the increasing
fluence makes the concentration depth profiles shift to shallower
depths. There is an interesting finding concerning the particular
types of LN cuts. The behaviour of the particular cuts is different
and the concentration maxima are shifted to the surface in the or-
der from the deepest one to the shallowest: X - Z — Yy, Y, (see

Table 1

Projected ranges Rp and range straggling ARp of implanted Er determined from RBS
depth profiles for the different crystallographic orientation of LN implanted using
various fluences.

LN cut  Fluence Fluence Fluence (11)

1.0 x 10" cm 2 2.5 x 10" cm™2 1.0 x 10'® cm 2

R, (nm) AR, (nm) R, (nm) AR, (nm) R,(nm) AR, (nm)
X cut 84 42 74 30 76 25.5
Z cut 81 27.5 75 28 74 28.5
Yycut 80 28 72 25.5 73 27
Y, cut 80 29.5 75 24.6 72 27.5

Figs. 1a, b and 2a, b) erbium concentration depth profiles (RBS)
in the post-implantation-annealed samples.

Moreover, in the case of lower fluences (for 1.0 x 10'®> cm 2, see
Figs. 1b, 2b; for 2.5 x 10'> cm~2, see Figs. 1a, 2a), the Er-depth pro-
files are influenced more significantly by the annealing procedure
than for highest fluence used (1.0 x 10'® cm 2, see [11]). We sug-
gest that with increasing implantation fluence larger Er clusters
could be created because of the higher level of damage induced
and the exceeding solubility limit of Er in LN [2], even if the
implantation temperature was not so high as to enable the crystal
structure re-growth in the modified layer [15-17]. We observed
that the annealing procedure influenced Er profiles for both Y cuts
more significantly than for other cuts (see Fig. 2a, b and compare
them with Fig. 1a, b). In the Y, cut, the erbium concentration max-
imum disappeared and the Er concentration at depth Rp decreased.
Hence, the erbium ions migrate most significantly through the
structure of both Y cuts. On the contrary, the most marginal
changes in Er-depth profiles were exhibited by the Z cut samples
after the annealing procedure. These interesting discrepancies in
Er profiles after the annealing procedure in various cuts could be
explained in the following way.

(i) When the amount of defects in the various cuts differ, so
does the level of recovery during the annealing procedure, (ii) in
some cuts a better migration of defects through the structure of
cuts is the reason for a more significant recovery [14], (iii) erbium
has a different mobility in the recovered or damaged structure of
the various cuts. We have used RBS/channelling to shed more light
onto these mechanisms.

3.2. Structural information about as-implanted and as-annealed
samples (RBS/channeling)

Data obtained by RBS/channelling illustrate how ion implanta-
tion induced considerable damage into the surface layers of the
LN crystal implanted with 2.5 x 10> cm~2 (see Fig. 3a and b) and
with 1.0 x 10" cm™2 (Fig. 4a and b). With increasing fluence, we
observed a slight deepening of the modified layer. The discrepan-
cies between fluence 2.5 x 10'>cm™2 and 1.0 x 10" cm™2 was
not as pronounced as when compared with 1.0 x 10! cm=2 flu-
ence (see [11]).

After the post-implantation annealing, a partial reconstruction
of the surface layer occurred (see Figs. 3 and 4). For all of the cuts,
the thickness of the damaged layer decreases. However, differences
in restoration of the modified structure for the various cuts were
observed after the annealing procedure. As mentioned above, the
cut mostly affected by ion implantation according to RBS Er pro-
files is the Y, cut, whereas the smallest impact of implantation
was found in the Z cut. This was confirmed also by the measured
RBS/channelling spectra (see Fig. 3b). After annealing, the thinner,
modified layer was found in the Z cut, but the restoration of the Y,
is the less significant one.

Even though the differences in the RBS/channelling spectra
were not so pronounced, we could observe that for all fluences
(see also in [11]), recovery after the annealing procedure was
mostly significant in the Z cut, unlike in both Y cuts, where it
was the least profound one. Our results confirmed the previ-
ously observed differences in the various types of sample cuts
[16,17].

It can be concluded that: (i) the amount of disordered atoms in
the implanted region was similar in all cuts (the yield in the RBS-
aligned spectra is comparable with the random spectra), but the
thicknesses of the modified layer differed for the various cuts,
which means that the depth of the introduced defects differed
for the various cuts as well; (ii) the migration of the defects also
differed, and we have observed better migration of defects in the
Z cut as compared to the Y, cut; (iii) Er migration is strongly
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Fig. 1. The Er-depth profiles in different LN X and Z cuts measured by RBS for implantation fluence (A) 2.5 x 10'> cm~2 and (B) 1.0 x 10'®> cm~2 - comparison of as-implanted
samples and as-annealed samples.
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Fig. 2. The Er-depth profiles in different LN Y;; and Y, cuts measured by RBS for implantation fluence (A) 2.5 x 10'* cm~2 and (B) 1.0 x 10'®> cm~2 - a comparison of the as-
implanted and as-annealed samples.
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influenced by the ability of recovery for each type of the cut, i.e. the
Er ions seem to be more mobile in the damaged structure of Y, cut.

4. Conclusion

Erbium doped single-crystalline lithium niobate has been cur-
rently one of the most significant materials for construction of
optical amplifiers and lasers. It has been found that not only suit-
able concentration of the erbium ions, but also their site symmetry
and surrounding in the structure of the thin optical layer have
important impact on the thought photoluminescence properties,
i.e. on the intensity and width of the 1535 nm emission bands.
However, it has not been yet made clear why also various crystal-
lographic cuts of the lithium niobate make such differences of the
photoluminescence behaviour. Results presented in this paper
showed that the RBS and RBS/channelling are efficient tools to fol-
low motions of the implanted ions both during the implantation
and during the post-implantation annealing. The measurements
done in thin erbium implanted surface layers in different crystallo-
graphic lithium niobate cuts proved that the migration of the Er
ions through the LN structure in the Y, cut is the best because of
the lower ability of the recovery, i.e. the worsened migration of de-
fects through the structure of this cut. We suppose that the recov-
ery of the interface between the modified and the non-modified LN
structure decreased the mobility of the Er implanted particles be-
cause of the migration of the introduced defects.
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different glass structures via unique mechanisms.
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1. Introduction

The metal nanocluster composite glasses (MNCGs), which are
synthesised by ion implantation, have been shown to be promising
non-linear photonic materials (see [1,2] and the references therein).
Metal nanoclusters (nanoparticles) embedded in glasses enhance the
third-order optical response at a wavelength around the characteristic
surface plasmon resonance (SPR) of the metal cluster. The enhanced
magnitude of the optical non-linearities of such MNCGs and the
amazingly short temporal responses (in a time domain below picose-
conds) of these non-linearities have unambiguously opened a new
dimension in the area of photonics, bringing the scientific community
closer to success in the realisation of all-optical switching devices [3,4].

Such glasses containing dispersed nanoparticles can be prepared by a
variety of physical and chemical methods [5-7], especially ion implan-
tation, ion exchange, sol-gel technique, etc. The advantage of the ion
implantation method is the formation of high-density nanoparticles in
solids in a well-defined space of an optical device because of the high
controllability of the depth distribution of the implanted elements
together with the ability to exceed the low solubility limitation [8]. The
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E-mail address: blanka.svecova@vscht.cz (B. Svecova).
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size, shape, lattice structure, distribution and composition of the
embedded metal nanoclusters are influenced by the preparation
procedure (i.e. beam energy, choice of the implanted ion and its fluence)
and, last but not least, the composition of the used material. Subsequent
treatment further promotes the nanoparticle precipitation and in the case
of thermal annealing reduces irradiation-induced damage in the material.

In the past few years, several research groups have studied the
synthesis of nanometre-sized particles of noble metals embedded
especially in silica glass, occasionally in soda-lime silicate glasses [9-11].
Besides noble metal implantation (Cu, Ag, and Au), sequential ion
implantation of two metal species (see [5,12,13]) or co-implantation of
noble metal, an oxidising or reducing ion (atom) [ 14-16] has been done to
form alloy metal nanoclusters and thus influence the resulting non-linear
properties. Several works on metal-ion-implanted colloid generation in
bulk glass have shown that optical properties depend also on the
annealing atmosphere (e.g. [5,17,18]). Nowadays, it seems obvious that
very good non-linear properties (considered as the x3 coefficient
measured by the Z-scan method) are revealed by the material having
homogeneously distributed small-sized nanoparticles (approx. 5 to
20 nm, see [3,4,19,20]).

In this paper, we report on the Cu®, Agt and Au' room-
temperature ion implantation into different types of glasses. All the
ions belong to the 11th group of elements with the general valence
shell electron configuration d'° s!, so that similar properties of the
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ions with the same valence can be expected (of course with respect to
their various atomic weight). All the implanted materials are silicate-
based glasses that form a basis with gradually changing properties (as
concentration or type of the modifiers, optical basicity or the various
extents of network cross-linking, etc.). The penetration of ions during
ion implantation through different glass matrices was studied by
Rutherford Backscattering Spectroscopy (RBS) and compared to the
SRIM simulation. The migration of implanted ions during subsequent
annealing was also investigated. The results were evaluated in terms
of finding and understanding the relations between the properties of
the implanted material and the incoming particle, which may be of
the crucial importance in designing e.g. nanoparticle-based compo-
nents for special applications.

2. Experimental procedures

In this study, we used glass substrates with different chemical
compositions, namely several specially-designed glass types GIL and
Glass B (made at the Glass Institute Hradec Kralove Ltd., Czech
Republic) as well as glass type GZ (specially designed at the Institute
of Glass and Ceramics, Institute of Chemical Technology Prague, Czech
Republic) and the commercially available BK7 and silica glass. The
glasses varied especially in their concentrations of monovalent (Li,O,
Na,0, and K;0) or divalent (Ca0O, MgO, and ZnO) modifiers as well as
their network formers (SiO,, and B,03). The compositions of the
glasses determined by X-ray fluorescence (XRF) or electron micro-
probe analysis (EMA) as well as the density of the glass substrates are
provided in Table 1. The volume occupied by one mole of a glass
containing N components was characterised by the glass molar
volume V;,, and calculated from formula [21]

Vm = —% )

where M, is glass molar mass (g mol™!) and p is the glass density
(g cm™3). Glass molar mass was calculated from Eq. (2):

N
M, = > Mpix;, (2)

where M,,,; are the molar masses of oxides (g mol~!) and the x; are the
molar parts of oxides. The values of V;,, for used glasses are given in
Table 1.

The thoroughly pre-cleaned glass substrates were implanted with
Cu™, Ag™ or Au™ ions at an energy of 330 keV while the ion fluence was
kept at 1x 10'® cm™2. The implantations were performed by the 500 kV
implanter in the Ion Beam Centre, Forschungszentrum Dresden-
Rossendorf, Germany. The as-implanted glasses were annealed in air at
temperatures of 600 °C for 1 or 5 h.

Table 1
The composition of the glass samples used (in mol%).
Glass Density Vi Si0, B,0; Li,O Na,O K,O Other
[gem™3] [ecm®mol '] components
BK7 2.50 25.70 73 11 - 9 6 As,03, BaO
GIL11 2.37 24.65 67 - 20 3 - AlLO3
GIL13K 2.48 26.67 62 29 - - 9 AlLO3
GIL49 2.49 23.81 73 - - 14 - Al,03, Ca0,
MgO
GIL56 241 25.48 79 - - 18 1 AL O3
Glass B 2.32 26.27 94 - - 5 - Al,03
Gz4 2.63 24.04 73 - - 14 - Al,03, ZnO
GZ5 2.44 23.78 73 - - 14 - Al,03, MgO
GZ6 2.50 24.05 73 - - 14 - Al,03, Ca0
Silica glass 2.20 27.26 100 - - - - -

The depth distribution profiles of the implanted atoms were
measured using Rutherford backscattering spectrometry (RBS) with
2.0 MeV He ions. The incoming angle was 0° while the scattering angle
was 170°. The measurements were evaluated with the Gisa 3.99 [22]
and compared with simulated profiles of the implants in the SRIM 2008
[23]. The accuracy of the method is mentioned to be 5 nm. The Raman
spectra were collected at 200 nm under the glass surface using a LabRam
system Jobin Yvon model Labram HR equipped with the 532 nm line
laser, the power on the head of the laser was 50 mW. The objective x 50
was used to focus the laser beam on the sample. The scattered light was
analysed by spectrograph with a holographic grating of 600 g/mm, a slit
width of 100 pm and a confocal hole of 400 pm. The adjustment of the
system was regularly checked using a silicon sample. The acquisition
time was 20 s and twenty accumulations were co-added to obtain a
spectrum. The UV-VIS absorption spectra were collected using a CARY
50 dual-beam spectrometer in transmission modes ranging from 300 to
800 nm.

3. Results and discussion
3.1. The ion implantation — results

The glasses shown in Table 1 were implanted with Cu™, Ag* or Au™
ions with the same experimental conditions: a beam energy of 330 keV,
a fluence of 1x10'® cm™2 The concentration depth profiles of the
implanted ions were measured using RBS and simulated by the SRIM
2008. The statistical distribution of the implanted ions can be described
by a Gaussian function centred at the projected range Rp with a half-
width ARp straggling. The summarisation of the simulated SRIM 2008
parameters Rp and ARp for all the implanted glasses and ions is
presented in Table 2 and compared to the Rp and ARp values calculated
from the real implant depth profiles (determined by RBS) extrapolated
by the Gaussian function.

It was confirmed that the lighter (and smaller) the implanted ions,
the deeper the projected range (see Table 2). This trend is similar for the
Rp values obtained by the SRIM simulation as well as by the RBS
measurement. It is obvious that the lighter the implanted ion is, the
more sensitively the SRIM simulation reacts to the varying density of the
materials used, i.e. the differences in the simulated Rp value between the
samples implanted with the lighter ion Cu™ are greater with even a
small change of the density of the substrate than the differences
between the Rp values of the SRIM simulation for the Ag™ or Au™ ions.

We supposed that the same trend would also be found in the actual
experiment. However, the Rp values obtained from the RBS measure-
ment did not follow the trend observed with the SRIM simulation

Table 2
Comparisons of the Rp and ARp parameters from the SRIM calculation and RBS depth
profiles extrapolated by the Gaussian function [cm>mol~'].

Substrate  Cu™ Ag™ Au*

SRIM RBS RBS SRIM RBS SRIM RBS

Rp/ARp  Rp/ARp  peak® Rp/ARp  Rp/ARp Rp/ARp  Rp/ARp

[nm] [nm] [nm]  [nm] [nm] [nm] [nm]
BK7 245/73 - - 147/40 161/60 96/19 106/47
GIL11 250/72  252/82 226 143/36  182/63 100/19 111/32
GIL13K 246/67 221/65 198 139/36 122/64 97/19 97/31
GIL49 237/70 242/85 254 139/37 143/55 96/19 101/35
GIL56 246/75 255/83 245 143/37  159/56 99/19 101/32
Glass B 251/70  250/92 234 147/38 117/100 102/21 102/39
Gz4 239/72 ° 15 137/38 125/78 94/20 103/36
GZ5 245/72  244/91 226 140/36  116/55 97/19  102/32
GZ6 243/73  221/91 223 140/37 146/61 96/20 91/32
Silica glass  270/78 244/90 207 147/38 135/59 107/21 116/39

- RBS was not able to measure the depth profile because of the barium shielding.

¢ The position of the maximum concentration.

b The Cu concentration depth profile could not be evaluated because of the very low
Cu concentration.
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(mentioned above). The measured RBS profiles correspond well to the
Gaussian function only for heavy ion, ie. Aut, while the Gaussian
function practically does not describe the RBS profiles of Cu (compare
the Rp values obtained by extrapolation of measured concentration
profiles and the position of concentration maximum). In Table 2 we can
also see that the Rp values for Cu differed from SRIM simulation mostly.
Generally, it is possible to say that for lighter elements the SRIM
simulation does not correspond well. Evidently, there is another factor
that has a substantial impact on the migration of the incoming ion
through the matrix of the glass and, regarding the results obtained, it
will be the structure of the glass rather than its density. To explain those
differences occurring with glasses of similar density, we need to make
considerations based on the glass structure and binding interactions.
Therefore, the influence of the glass structure on the behaviour of the
implanted ion will be discussed below.

It is very interesting to note (see Table 2) that differences between
measured concentration profiles of Ag"™ ions are the most pro-
nounced, i.e. type of glass and its structure affect the Ag range of all
the implanted ions mostly.

Contrary, the Rp values obtained from the RBS measurement of
glasses implanted with Au™ ions are in a good agreement with the
simulated values. The ion range of Au™ ions is affected rather by the
density on the glass than by glass structure.

3.2. The ion implantation — discussion

The ion penetration through the glass during ion implantation is
dependent on properties of the ion (beam energy and ion mass) and
properties of the substrate used (composition and density). The well-
known influence of density of the glass on the ion penetration was in
our experiment provable only at glasses implanted with heavier Au™
ions. This trend is not perspicuous in the glasses implanted with
lighter ions (Cu, and Ag), in some glasses is even reverse (i.e. Cu™ and
Ag™" ions do not have the deepest penetration in silica glass). For this
reason, we studied the relationships between the ion penetration and
the molar volume V,, or we focused directly on the structure of the
glass network.

From Tables 1 and 2 it is apparent that ranges of Cu™ and Ag™ ions
in glasses with high Vi, values are obviously the smallest ones which
can be explained by the high number of collisions (and i.e. a high
stopping power) of the implanted ions with particles of the substrate
in glasses with high molar volume V.

2000-silica glass
1000+

0!
10004 Glass B

500+

0!
|GIL49
400-

Raman intensity (a.u.)

200+

oy
200 400 600

If we focused directly on the structure of glass network it is
possible to divide the used glasses from the point of view of:

a) a different amount of monovalent modifiers (Na™),

b) a different type of monovalent modifiers (Li*, Na™, and K1),

c) a different type of divalent modifiers (Ca*, Mg?", and Zn?") or
d) a different type of network formers (SiO,, and B,03).

Regarding a) The simplest type of glass from the point of view of its
structure is the silica glass built-up only from deformed tetrahedron units
[SiO4/2] [24]. The addition of the modifier into the glass network results in
a ‘breaking’ of the Si-O-Si linkage, with a new terminal (non-bridging)
oxygen appearing in the glass structure. In the Raman spectra, the
addition of modifiers caused a growth of the peak around 1090 cm™,
which corresponds to the stretching mode [25]. Fig. 1 provides a
comparison of the Raman spectra of our three types of glass, where the
concentration of the monovalent modifier varies. For silica glass, the
stretching mode had a very small Raman intensity, but the peak intensity
significantly increased in the glass containing 14% Na,O (GIL49). We
suppose that the migration of the implanted ion through the glass matrix
will be more difficult in glass having a higher degree of cross-linking (i.e.
in glass having lower stretching mode's intensity).

When comparing as-implanted glasses with different concentra-
tions of a monovalent one-type modifier (see Fig. 2), it can be seen
that the implanted Ag™ ions penetrated to the greatest depth in glass
containing the highest amount of Na (GIL56, glass with 18% Na,0),
while the smallest ion range was recorded in Glass B with the smallest
content of Na (glass with 5% Na,0O) as well as in silica glass (despite
their low density). It could be explained by fact that both types of glass
(Glass B and silica glass) possess the highest amount of network cross-
linking. The behaviour of Cu™ ions in the glasses with various content
of monovalent modifier was similar to the behaviour of Ag" ions. The
penetration of Au™ ions reacted to the addition of the monovalent
modifier less pronounced. A possible explanation is that gold being
the heaviest ion causes greater damage in the glass matrix than lighter
ions regardless to the structure of particular type of the glass.

Concerning b) On the other hand, when we compare glasses with
different types (though of similar concentrations) of monovalent
modifier (Li*, Na™, and K"), it is apparent that ion penetration
through the material depends on the mass or size (understood here as
the ionic radius) of each modifier. We assume that the degree of cross-
linking of the glass structure is in this case similar (because of the
similar amount of the modifier) and the stopping power of each glass

800 1000 T 200

wavenumbers (cm)

Fig. 1. The Raman spectra of the glasses (not implanted) with a different degree of modification of the glass structure.
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Fig. 2. Ag depth concentration profiles in the glasses with a different concentration of
the monovalent modifier (Na), experimental conditions: a beam energy of 330 keV, a
fluence of 1x10'® cm~2,

containing a different type of the modifier increases in the sequence:
Li-glass — Na-glass — K-glass, depending on the increasing mass or
size of the modifiers, what correspond to the increasing Vy, values of
glasses used. The glasses containing Li,O (GIL11) are more permeable
than the glasses containing Na,O (GIL56) and K,O (GIL13K)
(demonstrated for Au™ ions in Fig. 3).

Regarding c) In this case, we compare the glasses with different
types of divalent modifier (Ca®*, Mg?*, and Zn?"). The divalent
modifier plays a similar role in the glass as a monovalent modifier (i.e.
its higher concentration generates a higher amount of non-bridging
oxygens in the glass structure). Our glasses with different types of
divalent modifier varied in their density, and we supposed that the ion
range would be the smallest in the Zn-glass (GZ4) (according to the
SRIM simulation). Nevertheless, from the results of the Cu™ and Au™
as-implanted samples, it is evident that the smallest ion range has
been surprisingly found in the Ca-glass (GZ6). The possible explana-
tions could be the size of divalent modifiers or the ionic character of
the Ca-0 bond, which makes the glass network less permeable for
incoming ions (see e.g. [26]).

Another interesting feature is the possibility of various oxidation
states of the ions embedded in the matrix that could vary from I to III.
In our opinion, the resulting valence will follow the so-called stable
oxidation states, i.e. Cu (II), Ag(I) and Au(IIl). If so, it would also

25
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Fig. 3. Au depth concentration profiles in the glasses with a different type of monovalent
modifier (Li*,Na™, and K*), experimental conditions: a beam energy of 330 keV, a fluence
of 1x10'% cm™=2

change the ionic/covalent character of the bonding interactions
between the terminal oxygen atoms and the implanted ions. This
may explain the rather unexpected behaviour of the silver ions during
ion implantation, which does not correlate well with the periodic
table sequence Cu— Ag— Au. However, discussion on this subject is
in this moment beyond the scope of this paper, but it will be closely
observed and presented elsewhere.

Concerning d) The used glasses can be compared also in terms of
the network formers, i.e. we can compare the glasses whose structural
element is SiO, and/or B,0s. For the given set of glasses, the resulting
trend is not clear, however, glasses containing B,03 seem to be more
permeable (the projected range of the implanted ions is deeper). We
suppose that the explanation of the longer-range ion in glasses
containing boron is the small mass or size of boron in comparison
with silicon.

3.3. The post-implantation annealing — results

The glasses implanted with Ag™ ions were annealed at 600 °C for 5 h
in the air. The annealing of the as-implanted glass containing Li,O (GIL11)
led to the formation of a crystalline phase and degradation of the glass.
The concentration profile of Ag in the as-annealed glass GIL13K (the glass
containing K,0) was substantially different than the profiles of all other
types of used glasses (demonstrated in Fig. 4 for glass GIL49 and GIL13K).
The maximum concentration of the Ag™ in glass GIL13K (containing K,0)
was slightly shifted towards the glass substrate, but not reduced. The
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Fig. 4. Ag depth concentration profiles in the two types of glasses before and after
annealing, experimental conditions: a beam energy of 330 keV, a fluence of 1x 10'® cm ™2,
annealing at 600 °C for 5 h in the air.
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maximum concentration of the implanted ions significantly decreased
after annealing in the samples made in all other types of the glasses, with
the most significant reduction (up to 85 %) being observed in the glasses
GIL49 implanted with Ag™ ions and annealed for 5 h.

The migration of Ag™ ions through the glass was very fast at the
annealing conditions applied. Due to the low weight of the Cu™ ion, we
expected also fast penetration of the Cu™ ions during the subsequent
annealing through the glass structure, therefore we annealed the samples
implanted with Cu™ and Au™ ions at the same temperature (600 °C) but
for a shorter time (1 h). We annealed only samples made in two types of
glass (i.e. GIL49 and GIL13K), where, according to the results of the Ag
implantation, we expected the most significant difference of the ion
migration through the glass structure. From the RBS measurements of the
samples annealed for 1 h, it was evident that Au™ ions moved through the
glass structure slowly, i.e. the Rp values of glass GIL49 implanted with Au™
ions changed from 101 to 94 nm, while glass GIL49 implanted with Cu™
ions the Rp values changed from 242 to 224 nm. The concentration
maximum at both annealed samples was shifted towards the surface
which has been observed also in [20]. The Rp values of Cu* and Au™ ions
in glass GIL13K after short time annealing changed as follows: from 198 to
158 nm for Cu and from 97 to 75 nm for Au respectively.

3.4. The post-implantation annealing — discussion

A different mass or size of individual ions of Cu™*, Ag", and Au™ was
revealed at differing speeds of ion movement in the structure during the
subsequent annealing. The deepest ion ranges observed at the glasses
implanted with Ag™ ions are caused by the annealing length being five
times greater. For glasses containing monovalent modifiers, it seems
probable that the Ag™ ions moved through glass during annealing by the
ion exchange mechanism. The different behaviour of all the implanted
ions in the glass GIL13K caused by annealing could be explained on the
basis of the low permeability of the glasses containing K,0. Bigger and
heavier potassium ions hamper the free movement of the incoming ion
through the glass matrix, thus causing clustering (nanoclustering) of the
implanted ions during the post-implantation annealing. The presence of
Au nanoclusters in the glass was confirmed during the measurements of
the absorption spectra, where the band at 412 nm was observed in the
as-annealed sample in the glass GIL13K (see Fig. 5).

4. Conclusion

Different types of silicate glasses were implanted with Cu™, Ag™ or
Au ions using similar experimental conditions. It was found that the

0.15
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absorbance (-)

0.05

0.00+

T T T T
300 400 500 600 700 800
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Fig. 5. The absorption spectra of the glass GIL13K implanted with Au™ ions, experimental
conditions: a beam energy of 330 keV, a fluence of 1x 10'® cm~2, annealing at 600 °C for
1 hin the air.

measured concentration profiles did not follow the expected trend
(i.e. the higher the density of the glass, the lower the ion penetration
as was predicted with the SRIM simulation) and a significant influence
of the glass structure was proved. The ion range was affected mostly
by molar volume of the glass and the presence of a monovalent
modifier (Na™) in the glass structure. The increasing concentration of
glass modifier (Na™) makes the glass structure less cross-linked and
hence more permeable to an incoming ion. When we compare glasses
with different types (but similar concentrations) of monovalent
modifier, it is apparent that the ion penetration through a material
depends on the mass of each modifier.

One well-known fact was confirmed, i.e. that light ions (Cu™, and
Ag*) migrate during the post-implantation annealing through the
glass structure faster than the heavier Au™ ions. The ion migration
during annealing was mostly hampered in glass containing K0,
which in the case of Au™ ions and the annealing conditions applied led
to the formation of nanoparticles.

Our findings, which were confirmed also by Raman spectroscopy
and absorption spectroscopy, can be useful in tailoring the desired
properties of optical devices on the MNCGs, i.e. the choice of the bulk
glass and the ion implantation conditions used.
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1. Introduction

ABSTRACT

Single crystals like lithium niobate are frequently doped with optically active rare-earth or transition-
metal ions for a variety of applications in optical devices such as solid-state lasers, amplifiers or sensors.
To exploit the potential of the Er:LiNbO3, one must ensure high intensity of the 1.5 pm luminescence as
an inevitable prerequisite. One of the important factors influencing the luminescence properties of a las-
ing ion is the crystal field of the surrounding, which is inevitably determined by the crystal structure of
the pertinent material. From that point it is clear that it cannot be easy to affect the resulting lumines-
cence properties — intensity or position of the luminescence band - without changing the structure of
the substrate. However, there is a possibility to utilise a potential of the ion implantation of the lasing
ions, optionally accompanied with a sensitising one, that can, besides the doping, also modify the struc-
ture of the treated area od the crystal. This effect can be eventually enhanced by a post-implantation
annealing that may help to recover the damaged structure and hence to improve the desired lumines-
cence.

In this paper we are going to report on our experiments with ion-implantation technique followed
with subsequent annealing could be a useful way to influence the crystal field of LN. Optically active
Er:LiNbOs layers were fabricated by medium energy implantation under various experimental condi-
tions. The Er" ions were implanted at energies of 330 and 500 keV with fluences ranging from
1.0 x 105 to 1.0 x 10'®ion cm 2 into LiNbO5 single-crystal cuts of both common and special orienta-
tions. The as-implanted samples were annealed in air and oxygen at two different temperatures (350
and 600 °C) for 5 h. The depth concentration profiles of the implanted erbium were measured by Ruth-
erford Backscattering Spectroscopy (RBS) using 2 MeV He* ions. The photoluminescence spectra of the
samples were measured to determine the emission of 1.5 um.

It has been shown that the projected range Rp of the implanted erbium depends on the beam ener-
gies of implantation. The concentration of the implanted erbium corresponds well with the fluence and
is similar in all of the cuts of lithium niobate used. What was different were the intensities of the
1.5 um luminescence bands not only before and after the annealing but also in various types of the
crystal cuts. The cut perpendicular to the cleavage plane (10-14) exhibited the best luminescence prop-
erties for all of the experimental conditions used. In order to study the damage introduced by the
implantation process, the influence of the annealing procedure on the recovery of the host lattice
was examined by RBS/channelling. The RBS/channelling method serves to determine the disorder den-
sity in the as-implanted surface layer.

© 2011 Elsevier B.V. All rights reserved.

modulating and simultaneously also amplifying optical radiation.
But actually single crystalline lithium niobate is in fact a congruent

Because of its unique properties, lithium niobate continues to be
used as an advanced material in the photonics field [1-3]. Its out-
standing properties of the single-crystalline lithium niobate allow

* Corresponding author.
E-mail address: pavla.nekvindova@vscht.cz (P. Nekvindova).

0925-3467/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.optmat.2011.09.011

crystal and the real ratio of lithium to niobium is not 1:1 as one
would expect, but about 6% of lithium is missing. This fact allows
for its easy doping with for instance magnesium but also in our case
with laser-active ions such as erbium [4,5]. Erbium ions are cur-
rently used in telecommunication systems, because electrons over-
leaping between energy levels 113, — *I;s;; (1450-1650 nm) are
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able to produce an emission just in the third telecommunication
window. The significant loss of optical gain at the wavelength
causes the green upconversion at energy levels ZHH,Z — 4115/2 (cca
520 nm), “S3;» — “Iys;2 (cca 550nm) and “*Fojz — “I152 (660 nm)
[6]. Generally in the crystalline materials, the above-mentioned
resulting luminescence properties could be strongly affected by
the crystal-field surroundings of the lasing atoms. Used technolo-
gies as well as eventual sensitizers can change the crystal field sur-
roundings of the lasing atoms [7-9] and thus increase the
luminescence by 1.5 pm luminescence as well as decrease the
undesirable upconversion in the UV-VIS.

Currently, it is possible to say that the research of erbium-
doped lithium niobate (Er:LN) progresses in several directions.
The development of functional optical thin-layer amplifiers is
now one of the main streams. Many technologies have been devel-
oped to dope lithium niobate with erbium. These methods can be
divided into bulk and thin-film doping. Erbium bulk doping occurs
directly during the crystal pulling. A rather small amount of er-
bium ions (about 0.5 mol. %) was usually doped into crystal, which
places relatively heavy demands on the well-quality-crystal fabri-
cation. The combination of bulk doping with the waveguide prep-
aration by titanium in-diffusion led to the fabrication of a
functional laser amplifier, and up until today several integrated
optical devices have been constructed [10,11].

It has been known that thin film layers or waveguides have
many advantages over their bulk-doped alternatives; the main
advantages are lower pump powers in the case of the waveguide
form. There are a number of technologies to prepare erbium-con-
taining thin layers, which could be divided into incorporation
(ion-implantation, thermal-diffusion) and deposition methods
(sol/gel method, PLD technique) [12-16].

Despite the fact that ion-implantation technique offers great ver-
satility in how to affect the luminescence spectra by many sensitiz-
ers, its potentialities have not been extensively studied yet. This is
mainly because of significant damage introduced into the crystal
structure during implantation and the necessity of subsequent
(post-implantation) annealing. It has been found that a suitable
annealing temperature for the structure recovery lies between
500 and 1000 °C [17,18]. It could be assumed that the knowledge
of consequences of annealing of different LN cuts will lead to better
understanding of the processes that results in changing of the inten-
sity of the luminescence and how they could be utilised to increase
the thought luminescence properties of erbium doped into LN.

Our group has recently addressed detailed studies of the possi-
bility of the diffusion of erbium ions from a melt of erbium-salt
into the LN substrate surface [19,20]. During the research, it be-
came clear that different crystallographic cuts of LN absorb differ-
ent amounts of erbium ions from the doping melt. We have paid
some attention to that problem and found that the largest amount
of erbium as well as the strongest 1.5 pm luminescence intensity
was found in the special LN cut (10-14) which we call the Y per-
pendicular and have marked as Y_L. It is the one that is perpendic-
ular to the cleavage plane of the LN crystal.

Here, we will focus on a systematic study of the ion implanta-
tion of erbium into various crystallographic cuts of LN. The main
problem is whether the importance of crystallographic orientation
of the crystal cuts is valid only when the diffusion technique is ap-
plied or if it has general validity.

2. Experiments

In this study, various LiNbO3 cuts have been used (synthesised
by the Czochralski method in Crytur Turnov, Czech Republic),
namely the commonly used X cuts (11-20), Z cuts (0001) and spe-
cially designed Y cuts, i.e. ‘parallel’ Y, (01-12) and ‘perpendicular’
Y1 (10-14) to the cleavage plane. Thoroughly pre-cleaned LiNbO3;

wafers were implanted with an energy of 330 keV and 500 keV Er
ions, 7° off-axis to avoid channelling. The ion fluence of 1.0 x 105,
2.5 x 10" and 1.0 x 10'%jon cm 2 was used. The implantations
were performed using a 500 kV implanter in the Helmholtz-Zen-
trum Dresden Rossendorf, Germany. The beam was scanned
through an aperture of usually 1 x 1 cm?, resulting in a beam cur-
rent density of typically 0.25 pA/cm? on the target. For the recov-
ery of the structure, the as-implanted samples were annealed for
5 h at 350 °C in air or for the same time in oxygen at 600 °C.

The concentration profiles of the incorporated erbium ions were
studied by Rutherford Backscattering Spectroscopy (RBS) in the
Nuclear Physics Institute in Rez, Czech Republic. The analysis was
performed on a Tandetron 4130 MC accelerator using a 2.0 MeV
He" ion beam. He" ions backscattered at a laboratory angle of
170° were detected.

The collected data were evaluated and transformed into con-
centration depth profiles using the GISA 3 computer code [21]. In
order to study the damages introduced by the implantation pro-
cess, the influence of the annealing procedure on the recovery of
the host lattice was examined by RBS/channelling measurements
using a 1.7 MeV He* beam from the Van de Graaff accelerator in
the Helmholtz-Zentrum Dresden Rossendorf, Germany.

The photoluminescence spectra of the implanted samples were
collected within the range of 1440-1600 nm at room temperature.
A pulse semiconductor laser POL 4300 emitting at 980 nm was
used for the excitation of the electrons. The luminescence radiation
was detected by a two-step-cooled Ge detector J16 (Teledyne Jud-
son Technologies). To scoop specific wavelengths, a double mono-
chromator SDL-1 (LOMO) was used. For the evaluation, all of the
luminescence spectra were transformed to the base level and after
abstraction of the baseline the normalisation was performed with
the help of reference samples.

3. Results

The ion implantation was performed under different conditions
mentioned above into all the LN cuts. The as-implanted samples
were annealed at two different temperatures, namely 350 °C and
600 °C. The possible migration of lithium through the structure
was assumed to occur already at the lower temperature, and re-
crystallisation of the damaged LN structure was expected to take
place at the higher temperature [22]. The subsurface layers in LN
enriched by Er were prepared in this way, with the Er concentra-
tion maximum being about 1 at.%, achieved in the case of the
implantation fluence of 1.0 x 10'® ion cm™2. The maximum of the
Er concentration was detected at the depth of 70-90 nm depend-
ing on the LN cut. The main attention was paid to the luminescence
spectra measured around 1530 nm. Between the particular fabrica-
tion steps, the concentration-depth profiles of erbium were
checked by the RBS method. All of the annealed samples were also
analysed by the RBS/channelling method to determine the changes
in the crystal structure.

3.1. Luminescence

The luminescence spectra were measured in the range of 1440
and 1600 nm in all of the prepared samples; the measurement was
performed between every fabrication step. In Fig. 1, the annealing ef-
fect on the luminescence intensity of the peak at 1530 nm is demon-
strated for the Z-cut sample, where the erbium ions were implanted
under the following conditions: 330 keV and 1.0 x 10'®ion cm2.In
Fig. 1a, no luminescence at 1530 nm was found in any of the as-im-
planted samples, and similar behaviour was found with all of the LN
cuts implanted at lower ion fluences, i.e. for 1.0 x 10'> jon cm 2 and
2.5 x 10" joncm™2 The positive effect of post-implantation
annealing at a luminescence intensity of the 1530 nm peak is shown
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Fig. 1. The influence of the annealing temperature on the 1.5 pm luminescence
spectra in the Z-cut of LN implanted with erbium (1.0 x 10'® cm~2 and 330 keV)
and annealed at 350 and 600 °C.

in Fig. 1b. It is obvious that a noticeable luminescence peak at
1530 nm was observed at an annealing temperature of 350 °C and
the differences between the various LN cuts became clearly visible
[23]. A significant increase of the luminescence intensity at
1530 nm occurred after annealing at 600 °C. Moreover, in Fig. 1b an-
other strong luminescence peak at 1485 nm appeared after anneal-
ing at 600 °C, and such peaks are visible in all of the collected spectra.
The intensities of those peaks follow a trend similar to the peak at
1530 nm according to the experimental conditions. Our results have
confirmed the well-known fact about the positive effect of annealing
at the luminescence intensity of 1530 nm of the ion-implanted lay-
ers [17].

Thanks to this significant increase of the luminescence inten-
sity, the results of the particular ion-implantation conditions could
be compared. In Fig. 2, the luminescence intensities of the an-
nealed Z-cuts samples are compared for different ion fluences
(see Fig. 2a) as well as for different ion-beam energies (see
Fig. 2b). If we compared the intensity of the luminescence around
1530 nm of the samples implanted with different fluences (the
beam energy is still the same, i.e. 330 keV) and annealed at
600 °C, the result is not surprising. As expected, with the higher
ion fluence used, the higher luminescence intensity appeared at
1530 nm (Fig. 2a).

If one compares the luminescence spectra of the annealed sam-
ples implanted at different energies, the results are far less predict-
able. Although the same fluences have been used (1.0 x
10'® jon cm~2), the luminescence intensity is higher when higher
energy was used for the implantation (Fig. 2b), despite the fact that
the integrated amount of erbium should be the same according to
the ion fluence.
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Fig. 2. The influence of the implantation conditions - energy and fluence - on the
1.5 pm luminescence spectra in the Z-cut of LN implanted with erbium and
annealed at 600 °C.

In Fig. 3 the effect of the LN crystallographic orientation facing
the ion beam on the consequent luminescence spectra is shown
for the optical layers fabricated under the same conditions. Princi-
pally, the results for two different ion fluences are presented:
330keV and 1.0 x 10" ioncm™2 (Fig. 3a) and 330keV and
1.0 x 10'® ion cm 2 (Fig. 3b). After comparing the intensities in par-
ticular cuts, it became apparent that luminescence intensity is al-
ways the highest in the YL cut, which is perpendicular to the LN
cleavage plane. Major differences between the cuts were observed
in the samples implanted using lower fluences (i.e.
1.0 x 10" ion cm~2 and 2.5 x 10"® ion cm~2).

Generally, it is possible to say that the luminescence intensity
around 1530 nm in the Er:LN layers fabricated by ion implantation
was significantly affected:

(i) by post-implantation annealing - clearly visible lumines-

cence peaks appeared after annealing at 600 °C,

(ii) by conditions of the ion implantation process, both fluence
and ion-beam energy, and

(iii) by the crystallographic orientation of the single-crystal fac-
ing to the ion beam. The best intensity of the luminescence
was found in the YL cut (10-14) of LN implanted with
higher energy (330keV) as well as with higher fluence
(1.0 x 10'% jon cm™), which was annealed at 600 °C.

3.2. Erbium depth concentration profiles

The erbium concentration depth profiles and its changes after
post-implantation annealing were measured by the RBS method
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Fig. 3. The comparison of the 1.5 um luminescence spectra in various cuts of LN
implanted with erbium at a fluence: (a) 1 x 10'%cm~2 and (b) 1 x 10'°cm~2, energy:
330 keV and annealed at 600 °C.

for all of the prepared samples, namely between every single fab-
rication step. The statistical distribution of the implanted ions in
the as-implanted samples could be described by a Gaussian func-
tion, and all of the depth profiles of the as-implanted samples were
smoothed in this way. Although the shapes of the erbium depth
concentration profiles changed after annealing, the Gaussian func-
tion could be applied at most of erbium depth concentration pro-
files despite the fact that the depth profiles of the annealed
samples changed. For some samples (bearing an ® in Table 1),
two concentration maximums appeared after the annealing, as a
consequence of which the Gaussian function cannot be applied.
The effect was mainly found in the layers implanted with a fluence
of 2.5 x 10" ion cm ™2,

For all of the Gaussian functions, the maximum concentration
depths, i.e. projected range (Rp) with range straggling (ARp), as
well as the value of the maximum concentration (H) and maximal
integrated amount (I), were evaluated. Table 1 shows the parame-
ter values mentioned above for the measured Er:LN layers depend-
ing on the experimental conditions.

3.2.1. As-implanted samples

For Er* implantation into LN at 330 keV, the concentration pro-
files calculated by SRIM 2008 simulation have the following
parameters: the Rp value is 70 nm and the ARp value is 22 nm
(see [23,24]). Table 1 shows that the results detected in our exper-
iments correspond well with the simulation: the average value of
Rp =77 nm. If we compare the observed Rp values in Table 1 for
the as-implanted (not-annealed) samples, it becomes clear that,
generally, the projected range Rp is larger for particles implanted

with lower fluences. Comparing the value of the projected range
for various cuts, very small differences have been found. The ARp
values in RBS measured profiles are slightly higher than the values
obtained by a SRIM 2008 simulation, and neither the fluence nor
the LN crystallographic cut used have affected the value. With
the increasing ion-implantation fluence, the damage of the subsur-
face layer increases and causes lower ion-penetration depth in the
crystalline material. This phenomenon has been observed in our
case, where the depth of the incorporated ions Rp is the decreasing
function of the implantation fluence. The SRIM 2008 simulation
[25] does not take into account the crystalline structure in the dif-
ferent implanted cuts and the growing number of disordered
atoms during the high fluence implantation, so a small deviation
of the concentration maximum depth in comparison to the simu-
lated projected range could be expected. The real energetic strag-
gling of ions penetrating matter is higher owing to the energy
deviations caused by the damage of crystalline structure, which
is developed simultaneously with the implantation as was ob-
served elsewhere [26].

From Table 1, it clearly arises that the maximal concentration
values (H) increase in proportion to the implanted erbium fluence
in the range from 0.25 at.% (for 1.0 x 10'®> ion cm™2) to 1.05 at.%
(for 1.0 x 10'®ion cm™2). A similar trend was found for the value
of the integrated erbium amount (I). The amount of the implanted
erbium increases according to the increased ion-implantation flu-
ence used so that the integral amount in proportion to the fluence
increased from 1.22 x 10> cm™2 (for 1.0 x 10"®ioncm™2) to
5.92 x 10" cm~2 (for 1.0 x 10'® ion cm~2). Determining the inte-
gral amount for the lowest fluence 1.0 x 10'> jon cm~2 should take
into account the higher uncertainty because of the implantation
fluences close to the detection limit of the RBS.

Neither the maximal concentration value H nor the integral
amount value I depends on the crystallographic orientation of LN.

3.2.2. As-annealed samples (350 °C)

The noticeable changes of erbium depth concentration profiles
occurring after post-implantation annealing at 350 °C are shown
in Table 1, which also demonstrates a significant shift of the Gauss-
ian maximum Rp deeper into the substrate. This shift is more evi-
dent when the lower fluence 1.0 x 10" ion cm™2 is used.

In this case, it is interesting to compare the values of the erbium
concentration maximum H before and after annealing at 350 °C (see
Table 1). As expected, the erbium concentration maximum H de-
creased while the concentration profile became broader only for
lower fluences (i.e. 1.0 x 10" ion cm~2 and 2.5 x 10'% ion cm™2).
On the contrary, for higher fluences 1.0 x 10'® jon cm 2, the erbium
concentration maximum increased and all of the curves character-
ising the concentration profiles shifted deeply into the substrate.
The behaviour of the erbium depth concentration profiles during
annealing is also shown for the Z cuts of LN in Fig. 4. From the com-
parison of three erbium concentration profiles diverging at the
annealing temperature used for fluences of 1.0 x 10'®ion cm—
(Fig. 4a) and 1.0 x 10" ion cm~2 (Fig. 4b), it is obvious that the
shapes of the profiles differed substantially with the fluence of
ion implantation. To this point, the changes of erbium concentra-
tion profiles are similar for all of the LN cuts.

However, the influence of the crystallographic orientation to
the structure recovery as well as to the erbium ions moving
through the crystal structure became more profound after anneal-
ing at 350 °C. As Table 1 shows, there are different changes of er-
bium depth concentration profiles shapes depending on the
pertinent crystallographic orientation of the LN cut. For the sam-
ples implanted with lower fluence (i.e. 1.0 x 10! ion cm2), it
seems that smaller changes of concentration profiles were found
with the Z cut while more significant ones were always associated
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The characteristic value (projected range Rp, range straggling ARp, maximum concentration H, integrated amount I) of the erbium depth concentration profile determined by the
RBS in various crystallographic orientations of LN as well as for different annealing temperatures.

LN cut Fluence 1.0 x 10'® jon cm—2 Fluence 2.5 x 10'° jon cm 2 Fluence 1.0 x 10 jon cm™2
Rp[nm] ARp[nm] H[at%] 1[10"”cm™2] Rp[nm] ARp[nm] H[at%] [[10"°cm™2] Rp[nm] ARp[nm] HJ[at%] 1[10"°cm2?]

X cut 84 42.0 0.25 1.53 74 30.0 0.31 2.63 76 25.5 0.98 5.3°
X cut 350 °C 88 46.3 0.20 1.66 80* 31.7 0.26 2.50 81 315 1.05 6.10
X cut 600 °C 63 275 0.11 1.46 69 211 0.08¢ 2.37 5.92
Zcut 81 275 027 140 75 28.0 031 236 74 285 099 50
Z cut 350 °C 95 41.1 0.18 1.59 76 30.2 0.23 2.29 79 24.7 1.12 5.68
Z cut 600 °C 61 36.9 0.14 1.37 74 28.1 0.28 2.74 69 25.6 0.92 6.23
Yy cut 80 28.0 0.26 1.22 72 25.5 0.22 1.58 73 27.0 0.96 5.40°
Y;; cut 350 °C 88 46.3 0.15 1.52 76 22.8 0.25 1.27 79 24.5 1.16 5.69
Yy cut 600 °C 66 35.2 0.17 1.55 72 24.0 0.26 2.00 69 25.2 0.69 6.69
Y1 cut 80 29.5 0.26 1.46 75 24.6 0.34 2.20 72 275 1.05 5.22P
YL cut350°C 90 58.0 0.17 1.63 74 18.7 0.33 1.13 79 29.2 1.04 5.49
YL cut 600°C 71 31.2 0.19 1.68 69 211 0.13¢ 2.38 - - - 7.04

¢ The profile has two peaks here, it is thus difficult to set the maximum concentration depth.

b Undervalued

integrals.

¢ Depth concentration profiles are likely to be diffused.
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Fig. 4. The erbium depth concentration profile changes caused by annealing at
different temperatures in the Z-cut of LN for various fluences of ion implantation (a)
1x10%cm2(b)1x 10" cm™2

with the YL cut. These findings have already been reported in
more detail in our paper [24].

3.2.3. As-annealed samples (600 °C)
After a very positive effect of annealing on the luminescence at
1530 nm had been proved, all of the implanted samples were

annealed at 600 °C. According [22], the re-crystallisation of the
damaged structure could be assumed at this temperature. The
changes of the erbium depth concentration profiles are shown at
the Table 1, and for Z cut also in Fig. 4. Significant changes were
above all registered at the Rp and H values. A decrease of concen-
tration maximum H and a shift of Rp value to the depth and exten-
sion of concentration profiles are evident for all of the cuts as well
as for all ion implantation conditions (see Table 1). As mentioned
above, the shift of Er maximum concentration H towards the sur-
face of the substrates after annealing was observed. The shift of
concentration is more pronounced for the lower implantation flu-
ences (i.e. 1.0 x 10'® jon cm~2) and less pronounced for the fluence
1.0 x 10"%ion cm~2 (see also Fig. 4). The Rp value obtained from
the concentration depth profiles of as-annealed samples at
600 °C implanted at the lower fluence was extracted with higher
uncertainty owing to the depth profiles, where the maximum con-
centration decreases with the increasing annealing temperature
close to the detection limit of the RBS analysis and becomes insig-
nificant in some cases.

If we focused on the substrate crystallographic orientation ef-
fect, small, though clearly visible, effects could be noticed. During
annealing, the more significant erbium depth concentration pro-
files shift to the surface was found in the X cut (about 21 nm),
while in the YL cut the difference in Rp values is only 9 nm.

The results mentioned above have described the changes of the
erbium concentration profile caused by post-implantation anneal-
ing in detail. It was proved that:

(i) erbium does not escape from structure of the LN single-crys-
tal during annealing, it moves in every direction inside the
substrate;

(ii) annealing at 350 °C does not cause any dramatic changes of
the erbium depth concentration profiles; more profound
changes did not occur until the annealing temperature was
increased to 600 °C;

(iii) migration of erbium through the structure during the
annealing is strongly influenced with both applied ion flu-
ence and annealing temperature; setting of those two
parameters determines the resultant state of the implanted
thin layer;

(iv) from Table 1, it is obvious that using low ion fluences
strongly shifts the projected range (Rp value) towards the
surface and the maximal concentrations of erbium (H value)
after the annealing are lower while higher fluences do not
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practically change the Rp values, but the H value decreased
and the concentration profile became broader only after
annealing at higher temperatures.

3.3. Structure recovery

The luminescence of erbium in the LN structure is affected not
only by its concentration, but, even more importantly, by its loca-
tions and surroundings. To estimate the extent of that effect, the
RBS/channelling spectra were measured with a special aim of
recording the changes occurring during the annealing in the struc-
ture of the crystal. The main attention was paid to the crystal struc-
ture reconstruction ability in various LN cuts.

The study of structure damage and its recovery during anneal-
ing at 350 °C has been described in our previous papers [23,24].
The RBS/channelling analysis shows that after the implantation
for all of the fluences a modified layer appeared. The thickness of
the modified layer corresponded to the Er implanted region and
slightly differed for the various cuts. The amount of the disordered
atoms in the modified layer is 100% and the implanted layer be-
came amorphous. With increasing fluence, we observed a slight
deepening of the modified layer, the difference between the sam-
ples implanted using 2.5 x 10'® ion cm~2 and 1.0 x 10" ion cm 2
was not so pronounced as compared with the samples implanted
using 1.0 x 10'% jon cm~2 fluence. Furthermore, in [23,24] it was
shown that annealing at 350 °C caused slight restoration of the
samples exhibited as a decrease of the modified layer thickness.
Even though the differences in the RBS/channelling spectra were
not so pronounced, we could observe that for all of the fluences
the recovery after the annealing procedure was mostly significant
in the Z cut, unlike in both Y cuts. We can see the shallower mod-
ified layer appearing after annealing at 350 °C, which can be con-
nected with the recovery at the interface of the implanted and
un-implanted layer. The amount of disordered atoms, which are
placed off their original position in the crystalline structure in
the implanted region, does not change.

However, very significant changes in the crystal structure were
found after annealing at 600 °C. The comparison of the RBS/chan-
nelling spectra for various annealing temperatures is shown for
the Z cut in Fig. 5. Similar trends were found in all of the studied
crystallographic cuts. Contrary to the annealing at 350 °C, the
amount of disordered atoms decreased after annealing at 600 °C
from 100% to 17% in Z cut, 76% in YL cut, 93% in Yj; cut and in
71% in X cut (see Fig. 6) for the samples implanted using
2.5 x 10" jon cm 2. Comparing the Er integral amount in the
aligned and random direction did not show any differences be-
tween the samples annealed at 350°C and the as-implanted
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Fig. 5. The RBS channelling spectra in Z-cut of LN implanted with erbium
(1.0 x 10" cm™2, 330 keV) and annealed at different temperatures.

samples. The number of Er atoms aligned along the z axis in the an-
nealed samples at 600 °C is lowered to 20%, while that along the x, y
parallel and y perpendicular is lowered to 54%, 88% and 58%, respec-
tively, as compared to the Er amount viewed in the random direc-
tion. This effect could be explained in terms of the movement of
Er atoms into substitution positions along the z axis.

The mentioned results allowed the team to assume that the
mechanism of the various LN cuts recovery is different; the same
is true for erbium migration through the crystal structure. The re-
sults could be summarised as follows:

(i) the crucial factor for recovering damaged crystal structure is
a choice of the temperature of the post-implantation
annealing;

(ii) the recovery of crystal structure preferably occurs along the
z axis, i.e. in the Z cut of LN. For all of the other investigated
cuts, a slower reconstruction of the crystal structure was
found.

4. Discussion

From our results, the question arises of what the key factor for
the erbium luminescence at 1530 nm is. Evidently, it is not the
amount of the implanted ions only. The ion implantation per-
formed with higher energy through the same fluence results in
the formation of a layer containing an equal number of erbium ions
but found in greater depths with a smaller variation of their distri-
bution (thinner layer); despite this, however, the luminescence is
stronger. In our case, those differences are not so distinguished, be-
cause of the vicinity of both implantation energies (330 and
500 keV). It seems that the surroundings of the erbium ions are
whatever matters, and then it stands that with the increasing en-
ergy of the doping the damage of the implanted layers is smaller
than that of the layer above it (i.e. of the one which the implanted
ions flies through). In the area of incidence of the slowed-down
ions, the extent of the damage is similar. This perception would
provide a good explanation of the luminescence intensity increas-
ing when using equal fluences but higher energies of ion
implantation.

Bearing in mind the above-mentioned facts and our previously
acquired findings, we may start to discuss the causation of the sig-
nificantly stronger luminescence always found in the substrate cut
perpendicular to the cleavage plane of the crystal. The most simple
explanation would be based on the fact that in the YL cut the con-
centration of erbium ions is at the higher end and therefore also
the intensity of the luminescence band would higher, according
to our findings reported in [19,22]. However, this is not the case
of the ion implantation where the amounts of the doping ions
are always the same, as can be confirmed by the RBS erbium depth
concentration profiles. The reason for the fact mentioned must be
then sought in something else, and the surrounding of the erbium
ions is probably whatever matters the most. The results of the
experiments when the erbium ions were implanted into crystallo-
graphically different cuts (commonly used as well as specially pre-
pared ones) using various fluences (i.e. the structure of the formed
layers exhibited various extents of damage) and the as-implanted
samples were then annealed at various temperatures, which would
offer the explanation as follows.

The origin of the different luminescence is the different mecha-
nism of the recovery of the damaged implanted structure in the LN
wafers. The migration of erbium in the course of annealing is af-
fected first of all by the degree of the damage of the structure
and then by the annealing temperature applied. Using the implan-
tation fluence 1.0 x 10'> jon cm 2, one can expect only point de-
fects, possibly the formation of a quasi-amorphous layer, which
makes the subsequent recovery more vulnerable to the influence
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Fig. 6. The RBS channelling spectra in various cuts of LN implanted with erbium (2.5 x 10'®> cm~2, 330 keV) and annealed at 600 °C (a) X-cut (b) Z-cut (c)Y; cut (d) YL cut.

of the diffusion of the defects [27]. This effect becomes more pro-
found at 350 °C, when the H value (i.e. the maximum concentration
of erbium) in the erbium depth concentration profiles lowers and
the shape of the profiles broadens. The most evident change of
the RBS concentration profile was found with the Y1 cut, which
can be explained (regarding our previous experience) on the basis
of the rapid diffusion of erbium through cleavage plane of the crys-
tal. Using a higher annealing temperature (600 °C) makes the over-
all re-crystallisation easier, and it applies especially for the z axis,
where the structure of the crystal - according to the channelling
RBS spectra - resembles the most the virgin one, which is why
the luminescence in this cut is after the annealing at 600 °C only
slightly weaker than in the YL cut. In the latter, the recovery at
600 °C is slower despite the luminescence being rather strong,
probably because the erbium ions have been already settled in
the Cs, sites.

After applying the fluence of 1.0 x 10'® jon cm~2, the structure
becomes totally damaged, evidence of which is the ostensible
depletion of lithium [23]; particularly in the YL cut, that effect
was the most pronounced. However, during the recovery, the
structure of the cuts evidently plays a much smaller role, as the
intensities of the luminescence of the particular cuts are similar.
The extent of the damage and the effect of the post-implantation
annealing very likely also influenced the possibility of the cluster-
ing of erbium ions as well as the structure of their neighbourhood.
The hypothesis is confirmed by the fact that the obtained RBS er-
bium depth concentration profiles are very similar for all of the
cuts. Moreover, after annealing at 350 °C, a slight increase of the
erbium concentration was noted. Subsequently, those differences
are reflected in the differing intensity of the luminescence of the
samples prepared in particular crystallographic cuts using the
same conditions.

5. Conclusions

In the paper, a rather complex study of the possibilities of affect-
ing the 1530 nm luminescence of the implanted erbium ions into
different crystallographic cuts of lithium niobate is summarised.
Erbium was implanted using various implantation conditions and
the samples varied by the regimen of the post-implantation anneal-
ing. The implanted layers contained at most 1 at.% of erbium, the
concentration depth profiles had a Gaussian shape with the maxi-
mal depth reaching around 140 nm. The as-implanted layers did
not reveal any luminescence properties at 1530 nm, but it dramat-
ically changed after annealing.

It was proved that erbium implantation into LN depends on the
specific crystallographic orientation of the sample surface. The best
luminescence was always observed in YL (10-14) cuts even when
various experimental conditions of preparation were applied.
Moreover, corresponding with our previously acquired findings,
the results generally demonstrate the important role of the LN
cleavage plane. This plane allows the easy movement of erbium
ions under all thermal treatments that is thermal diffusion or
post-implantation annealing. In such a case, also an easier dissolu-
tion of erbium clusters is predictable.
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Metal nano-clusters composite glasses synthesized by ion implantation have been shown as promising nonlinear
photonic material. In this paper, we report on the nonlinear absorption measurements of gold nano-particles
implanted in four structurally different types of silicate glasses. All targets containing gold nano-particles in a
layer 500 nm under the surface of the glass have been prepared by ion implantation with subsequent annealing.
The targets were characterized by UV-VIS absorption spectroscopy, transmission electron microscopy (TEM)
and by the Z-scan technique. The resulting nano-particles differed in size, range of particle size and shape as
well as depth distribution characteristic for glasses with different chemical compositions. With the Z-scan tech-
nique, it can be shown that the nano-particles produced in silicate glasses exhibit substantial two-photon
absorption (TPA). The TPA coefficient differed depending on size, shape, and depth distribution of the metal
nano-clusters and the structure and composition of the glass substrates. The highest TPA coefficient
(16.25 cm/GW) was found for the glass BK7 in which the largest non-spherical nano-particles have been ob-
served in the thinnest layer.
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1. Introduction

Glass substrates have recently attracted growing interest due to
the fact that they can serve as substrates for nano-structured systems
with remarkable optical nonlinear properties [1]. Glass substrates
possess overall advantages as compared to many crystals or poly-
mers. In particular, the composition of the glass can be well designed
and tuned according to the needs of the encompassed photonic com-
ponents and also their fabrication is usually feasible and inexpensive
[2]. Silicate glasses (i.e., glasses based on silica SiO,) are both chemi-
cally and thermally stable, and it is rather simple to fabricate wave-
guides compatible with currently used optical fibers.

The metal nano-cluster composite glasses synthesized by ion im-
plantation have been shown as particularly promising nonlinear pho-
tonic materials [1,3-6]. Nanometric metal particles can exhibit a
nonlinear optical response several orders of magnitude larger than
bulk metals due to a phenomenon referred to as surface plasmon res-
onance. When the particle size ranges from nanometer to a few tens
of nanometers, confinement results in the possibility of resonantly
exciting the electron gas collectively by coupling with an appropriate
oscillating electromagnetic field. As the local electric field in the par-
ticles is enhanced due to the oscillation of the electron gas, the metal

* Corresponding author.
E-mail address: ali_ajami80@yahoo.com (A. Ajami).

0030-4018/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.optcom.2012.01.044

nonlinear optical response can be amplified as compared to the bulk
solid one [7].

Recent experiments have shown that standard glass substrates con-
taining nano-particles of Au can be regarded as one of the most promis-
ing nonlinear optical materials [8-16]. The experiments have shown
that such materials exhibit very strong nonlinear third-order suscepti-
bility. ¥® contains a real and an imaginary part. The real part of the sus-
ceptibility is related to the refractive index while the imaginary part
determines the absorption coefficient. Therefore, a strong third-order
nonlinear optical response might manifest itself as a noticeable change
in the refractive index or in the absorption coefficient or in both.

The third-order nonlinear optical process is responsible for non-
linear behaviors such as the optical Kerr effect, two-photon absorp-
tion, third harmonic generation and many more. These phenomena
can be observed in almost all materials when they are irradiated
with high intense laser radiation such as ultrashort laser pulses. For
the Kerr effect and two-photon absorption, the nonlinear optical re-
sponse is observed as a linear intensity dependence in the refractive
index and in the absorption coefficient respectively.

n(l) =ng+yl (1.a)
a(l) =y + Bl (1.b)

where ng is the linear refractive index, vy is the nonlinear index of re-
fraction, oy is the linear absorption coefficient, 3 is the two-photon
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absorption coefficient and I denotes the irradiance of the laser beam
within the nonlinear medium.

The ratio of the imaginary to the real parts of the third-order non-
linear susceptibility is given by B/ky (where k is the wave number)
which determines the absorptive and refractive contributions to the
third-order nonlinear susceptibility. Depending on this ratio, metal
nano-cluster composite materials can be employed for different
applications. For instance, in the case 3> kv, the absorptive property
can be exploited for a variety of optical limiting applications (protec-
tive devices etc.) [17,18] whereas for B<kvy, the refractive properties
can be exploited for all-optical switching devices [14,19].

Third-order nonlinear optical properties of metal/dielectric nano-
composite materials depend significantly on many factors regarding
both the materials themselves (metal and host medium kinds, metal
particles concentration, size and shape) and the excitation laser
(wavelength, intensity, pulse width) [13,20-23].

Several different experimental methods can be employed to mea-
sure TPA coefficients such up-converted fluorescence emission [24],
transient absorption [25], four-wave mixing [26] and the Z-scan tech-
nique [27,28]. Among these methods the Z-scan technique, which
was first introduced by Sheik-Bahae et al. in 1989 [29], is a particular-
ly sensitive technique. It is especially suitable for non-fluorescence
materials such as metal nano-cluster composite materials for which
the up-converted fluorescence emission experiment is not an appro-
priate method for measuring TPA coefficient. In this technique the
nonlinear medium is translated along the laser beam propagation
direction through the focal point of a tightly focused laser beam.
The transmitted energy through the sample is entirely collected
using a convergent lens and detected by a diode. The measured signal
is a V-shape curve from which the nonlinear absorption coefficient
can be extracted.

We had previously found significant differences of the ion pene-
tration depth for various glass substrates when implanted with Au™
ions [30]. In this paper we focused on the measurement of nonlinear
absorption and the study of the relationship between the nonlinear
absorption and the size, depth distribution and shape of gold nano-
particles and also the structure of silicate glasses. Four types of silicate
glasses with different compositions (the variation was mainly due to
different concentrations of monovalent modifiers and, therefore, in
the extent of cross-linking of glass matrix) were chosen according
to our previous study [31]. The glasses were implanted with Au™
ions under identical conditions; the nucleation of metal nano-
particles was initiated during the subsequent annealing of the as-
implanted glasses. In the case of post-implantation annealing, the
conditions were also kept identical for all prepared samples. Forma-
tion and evolution of the metal nano-particles in the glass substrates
were studied by absorption spectroscopy and TEM. Nonlinear absorp-
tion was measured by the open aperture Z-scan technique.

We have also addressed the question, if and in how far it is possi-
ble to influence and control the nonlinear properties of the resulting
composite glass-metal material. The results were evaluated in terms
of finding and understanding the relations between the properties
of the composite glass-metal material and the properties of the im-
plantation particles, which may be of crucial importance in designing
e.g. nano-particles based components for special applications.

2. Experimental
2.1. Preparation of samples

We have used four types of optical silicate glasses, namely specially
designed GIL49 and Glass B (made at the Glass Institute Hradec
Kralove Ltd., Czech Republic) and commercially available silica glass
and BK7. The used glasses varied especially in the concentration of
monovalent modifiers (Na,0, K,0) as well as their network formers
(Si0y, B203). The compositions of the glasses can be found in Table 1.

The thoroughly pre-cleaned glass substrates were implanted with
Au™ ions at an energy of 1701 keV while the ion fluence was kept at
1x10'%jons cm ™2 The implantation was performed at the Tande-
tron 4130 MC accelerator at the Nuclear Physics Institute in Prague,
Czech Republic. The as-implanted glasses were annealed in air at
temperature of 600 °C for 5 h.

2.2. Characterization of sample properties

The depth distribution and diffusion profiles of the implanted Au
were investigated using Rutherford Backscattering Spectrometry
(RBS) with 2.0 MeV He™ ions at the Nuclear Physics Institute in
Prague, Czech Republic and have already been reported in Ref. [30].
UV-VIS absorption spectra were collected using a dual-beam spec-
trometer (CARY 50) in transmission modes ranging from 300 to
1000 nm at the Institute of Chemical Technology Prague, Czech
Republic.

Nano-particle microscopy characterization was done by a TEM
(JEOL 2000 FX) equipped with an energy dispersive X-ray analyzer
(Link AN 10000) at the Faculty of Mathematics and Physics, Charles
University Prague, Czech Republic. The samples were prepared with
a dimple grinder (Gatan Inc.) and by ion polishing procedure with a
precise ion polishing system (Gatan PIPS) for thin foil preparation
for TEM.

Nonlinear absorption was measured applying the open aperture
Z-scan technique for ultrashort laser radiation. A Ti:sapphire laser
(FEMTOPOWER Compact PRO) was used that delivers ultra short
laser pulses at a repetition rate of 1 kHz each pulse having a maxi-
mum energy of 1 m] with a spectrum centered at 790 nm. The dura-
tion of the shortest pulses for this system, estimated as the full
width at half maximum (FWHM) of a Gaussian temporal profile, is
25 fs. There is a possibility for pulses to be stretched up to a few hun-
dreds of femto-second using a Dazzler system (an acousto-optic pro-
grammable dispersive filter). An autocorrelator (model: ENV40CSG,
Femtolasers) was employed to measure the pulse duration. The
laser beam power was measured using a digital power meter in
front of the sample prior to each measurement. A 175 mm focal
length plano-convex lens was used to focus the 15 mm diameter
laser beam within the sample. The Rayleigh range and beam waist
radius were measured to be 0.28 mm and 11 um respectively consid-
ering this fact that the beam quality factor is 2 for our laser system.
The sample mounted on a translating stage was moved 6 mm from
3 mm before the focus to 3 mm after the focus in about 40 steps.
The schematic of the experimental setup is shown in Fig. 1 and has
been described in detail elsewhere [32].

3. Results
3.1. Linear absorption spectra and characteristics of nano-clusters

The measurements of the optical absorption spectra indicated dif-
ferent spectra for as-implanted and as-annealed samples as shown in
Fig. 2. It can be seen from Fig. 2 that no significant increase of the
linear absorption in UV-VIS region occurred for any prepared sample
after the ion implantation. After annealing, except for the silica glass,
the targets attained a pink-red color, which was proven by the
presence of an absorption peak in UV-VIS region. Although the

Table 1
The compositions of the silicate substrates (in wt.%).

Glass substrate  Si0O, Na,0 AlLbO3 CaO MgO K,O B,0O3 BaO

GIL49 632 244 1.1 5.6 53 0.5 - -
Glass B 88.0 8.7 33 - - - - -
BK7 683 8.8 - 0.1 - 8.1 12.1 2.5
Silica glass 100 - - - - - - -
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Fig. 1. Schematic of the Z-scan experimental setup.

experimental conditions were kept identical for the treatment of all
samples but their absorption spectra showed different peaks after
annealing. Two as-annealed samples GIL49 and BK7 each one showed
one absorption peak at 525 nm and 560 nm respectively but as-
annealed glass B showed two absorption peaks at 415 and 520 nm.

Glasses with absorption in the visible region after annealing were
characterized by TEM and details of the results will be published sep-
arately. TEM analysis confirmed the presence of metal nano-particles
in as-annealed glasses at a depth corresponding well to the depth of
the maximum Au concentration measured by RBS. The most relevant
results of the characterization of the nano-structures obtained by
TEM analysis for all samples are summarized in Table 2.

From Table 2, it is evident that the size and shape of the gold nano-
particles differ for the various types of glass although all the glasses
were treated under identical conditions. Nano-particles observed in
glass B were small (1-7 nm) and were present in a relatively broad
layer of 350 nm. In glass GIL49, nano-particles with different sizes
from 1 to 15 nm were found in a layer of 250 nm. Nano-particles in
BK7 glass were typically 6-25 nm and were concentrated in a narrow
layer of 100 nm.

3.2. Determinations of TPA coefficients

In the first step we have determined the laser parameter regime in
which TPA can be clearly attributed (from the measured Z-scans) to
the existence of gold nano-clusters. By varying the pulse duration
from 25 fs to 200 fs (possible range of our laser system) we observed
no dependence on the pulse duration. We decided to perform all the
measurements with the shortest pulses possible (25 fs). Furthermore,
it had to be verified that no nonlinear absorption is due to the glass
substrates themselves. For this purpose, we first determined the in-
tensity at which the standard glass (i.e. non implanted glass) starts
exhibiting nonlinear absorption. The pulse energy threshold for non-
linear absorption of the standard glasses was determined to be 50 nJ.
Therefore, all the Z-scan measurements for the as-implanted and as-
annealed samples were performed with pulse energies lower than
50 nJ. In this intensity regime the Z-scan results depend on the laser
pulse energy, i.e. the nonlinear absorption of the sample increases
with increasing pulse energy (see Fig. 4).
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Fig. 2. UV-VIS absorption spectra of four different types of silicate glass substrates
implanted and annealed under identical conditions. (a) BK7; (b) GIL49; (c) glass B;
(d) silica glass.
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Table 2
The TEM analysis of four different silicate glass substrates implanted and annealed
under identical conditions.

Glass Thickness of layer with Size of Shape of
substrate nano-particles nano-particles nano-particles
Silica glass Not measured Not measured Not measured
GIL49 250 nm 1-15nm Spherical
Glass B 350 nm 1-7 nm Spherical
BK7 100 nm 6-25 nm Non-spherical

In the next step, the as-implanted glasses were measured. It was
found that only as-implanted glass BK7 showed nonlinear absorption.
The TPA coefficient was determined by fitting Eq. (2) to the Z-scan
experimental data.

= (—90)"

T(z) = ;J (n+1)%2(1+ Xz)n (2)
where qq is BLIp, B is the TPA coefficient, L is the thickness of the sam-
ple (gold nano-particles layer), x = z/zq, z is the sample position, z is
the Rayleigh range and Iy is the maximum on-axis intensity at the
focal point of the laser beam within the sample. It should be noted
that Eq. (2) is used to extract the pure TPA coefficient under assump-
tion of negligible excited state absorption and three-photon or higher
order nonlinear absorption as described in Ref. [32]. The obtained
TPA coefficient for as-implanted BK7 is 11.08 cm/GW.

In the next step, the influence of annealing on the TPA of the
resulting nano-composite material has been studied. Fig. 3 shows Z-
scans of as-implanted and as-annealed BK7 performed with the
same pulse energy of 30 n]. It is evident from Fig. 3 that the TPA for
BK7 showed a 40% increase after annealing. Fig. 4 shows Z-scans of
as-annealed glass BK7 measured with different pulse energies. As
can be seen from Fig. 4, the normalized absorbance increases linearly
with laser pulse energy (laser intensity), which is an indication of TPA
due to the presence of gold nano-particles in BK7. The same measure-
ments were performed for all other as-annealed samples. The
obtained TPA coefficients for all samples are summarized in Table 3
and also are compared in Fig. 5.

The highest TPA coefficient of 16.25 cm/GW was obtained for as-
annealed BK7 that had developed the largest non-spherical nano-
particles in the thinnest layer of 100 nm whereas the smallest TPA
coefficient of 2.46 cm/GW was obtained for as-annealed silica glass
that showed no absorption in the UV-VIS region. It should also be
mentioned that the linear absorption at a wavelength of 790 nm
was negligible for all samples. Hence no saturation of absorption at
this wavelength for these samples can be expected.
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Fig. 3. Z-scans of the as-implanted and as-annealed glass BK7 measured with the same
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Fig. 4. Z-scans of as-annealed glass BK7 possessing a 100 nm thick layer of gold nano-
particles after annealing performed with different pulse energies.

4. Discussion

A different nucleation of gold nano-particles observed in our
glasses after the annealing process is probably related to the glass
composition, especially to a different extent of cross-linking of glass
structure. The ion implantation process caused the different range
of structure damage in glass (so called de-polymerization of the
glass [31]) according to the glass composition and structure. There-
fore, the subsequent annealing process results in different speed in
the recovery of the glass matrix. Consequently gold nano-particles
observed in glasses after the post-implantation annealing by TEM
exhibit different size, shape and distribution.

The metal nano-particles absorb part of the UV-VIS spectra, which
results in the coloration of the glass. The absorption of these glasses
in the UV-VIS region is given by a characteristic surface plasmon res-
onance frequency of the metal nano-particles. The characteristic
wavelength of the surface plasmon resonance of gold is centered
around 535 nm [6], i.e. at wavelength observed also in our glasses.
The results showed that the shape of the absorption band, its inten-
sity and position in the spectrum are affected by the size, shape and
distribution of nano-particles in the glass. The thinner layers (in
which metal nano-particles are distributed in the glass) and the larg-
er particle size both result in a better-defined absorption band.
Decreasing the size of the gold nano-particles in the glass and extend-
ing the layer in which nano-particles are present result in shifting the
absorption band toward shorter wavelengths.

The enhancement of the nonlinear response of the glass observed
after implantation (in the case of BK7) and after annealing is caused
due to the presence of gold nano-particles in glass. This is because
of the phenomenon referred to as surface plasmon resonance: The
electron gas in the nanoscale particles is forced to resonate by the
oscillating electromagnetic field of the laser radiation. This results in
an enhancement of the local electric field, and thus an increase in
the optical nonlinear response of the metal nano-particles implanted
in the glasses. This causes an increase of several orders of magnitude
in optical nonlinear response of metal nano-particles compared to
that of the bulk solid one.

From our data in Tables 2 and 3, it becomes evident that the size of
the nano-particles is the most relevant factor for the TPA coefficient.
Measurements of the linear absorption spectra also show that the
characteristic surface plasmon resonance feature is maximal for the
largest clusters [33-37].

Table 3
TPA coefficients of nano-composite glasses prepared by ion implantation in different
silicate glasses under identical conditions.

Glass substrate Silica glass Glass B GIL 49 BK 7

TPA coefficient (cm/GW) 2.46 5.21 7.75 16.25
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Fig. 5. TPA coefficients of nano-composite glasses prepared by ion implantation in dif-
ferent silicate glasses under identical conditions.

But also the shape and the layer thickness can have a substantial
influence. Our results indicate that non-spherical nano-particles in
glass BK7 show higher TPA coefficient than spherical ones in glass
GIL49 and glass B. If the surface of a metal nano-particle is rough,
the surface plasmons (SP) are strongly scattered leading to the accu-
mulation of the electromagnetic field density [27]. This causes an
enhancement of the local electric field and thus an increase in polar-
ization. This is an indication of a susceptibility enhancement and a
strong nonlinear response of the nano-composite material.

Moreover, our results showed that the composition and structure
of the used glass have significant impact on the resulting nonlinear
optical properties.

One should notice that the metal nonlinear response is indeed fur-
ther amplified by the SPR phenomenon, which depends significantly
on the difference of the dielectric constant of the nano-particles and
the host medium. Therefore, the metal alone cannot explain by itself
the highly nonlinear response of the nano-composite media. This in-
dicates that the substrate plays an important role in two aspects:
First, it affects the size, shape and distribution of the metal nano-
particles formed in the composite material (which are responsible
for the strength of nonlinear response of metal nano-particles) and
secondly, as mentioned above, the dielectric contrast between the
particles and the substrate is responsible for amplification of the
local electric field which thus determines the strength of the non-
linear optical response of the metal nano-particles. Why BK7 de-
velops the largest gold nano-particles and shows the highest TPA
coefficient is still unclear and will be the subject of further
investigation.

5. Conclusion

It was shown that the nucleation of gold nano-particles and their
parameters (such as size, shape and distribution in glass matrix)
depend on the glass composition and structure. It is due to the differ-
ent extent of de-polymerization of the glass during the implantation
and therefore the different conditions for the nucleation of the gold
nano-particles.

We could establish that the increase of the TPA coefficient is main-
ly caused by increasing the size of gold nano-particles presented in
the glass. The TPA coefficient ranges from 2.5 to 16.3 cm/GW depend-
ing on the glass composition and its structure, although we kept the
conditions of the preparation of the nano-composite glass identical.
The highest value of TPA coefficient was found for glass BK7 under
these conditions: Au™ implantation, beam energy of 1701 keV, ion
fluence of 1x10'®ion cm ™2, post-implantation annealing in air at
600 °C for 5 h.
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Abstract: Diamond thin films have remarkable properties comparable with
natural diamond. Because of these properties it is a very promising material
for many various applications (sensors, heat sink, optical mirrors, chemical
and radiation wear, cold cathodes, tissue engineering, etc.) In this paper we
report about design, deposition and measurement of properties of optical
planar waveguides fabricated from nanocrystalline diamond thin films. The
nanocrystalline diamond planar waveguide was deposited by microwave
plasma enhanced chemical vapor deposition and the structure of the
deposited film was studied by scanning electron microscopy and Raman
spectroscopy. The design of the presented planar waveguides was realized
on the bases of modified dispersion equation and was schemed for 632.8
nm, 964 nm, 1 310 nm and 1 550 nm wavelengths. Waveguiding properties
were examined by prism coupling technique and it was found that the
diamond based planar optical element guided one fundamental mode for all
measured wavelengths. Values of the refractive indices of our NCD thin
film measured at various wavelengths were almost the same as those of
natural diamond.
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OCIS codes: (230.7390) Waveguides, planar; (220.1920) Diamond machining; (120.5710)
Refraction; (220.0220) Optical design and fabrication.
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1. Introduction

Nanocrystalline diamond (NCD) thin films are of special interest in photonics and
micro/nanophotonics structures because of their unique properties as low absorption and
scattering in wide spectral range, high thermal conductivity, high density, large Young’s
modulus and high stability under extreme operating conditions [1-3]. The table value of the
diamond refractive index is approximately 2.3876 at A = 1 311 nm. Refractive index of
synthetically prepared NCD film usually has lower value but NCD deposited on silica on
silicon substrate has still high index contrast. The waveguides created this way are known as
high index contrast (HIC) waveguides and have much higher index contrast than common
photonic materials (polymers, optical glasses and crystals) [4]. Useful HIC waveguides can be
used for small bending radius structures or compact and ultra dense photonics integrated
circuits. Because of the combination of high chemical stability and thermal conductivity with
attractive optical properties diamond is beginning to find applications in optical components
(especially those for IR region) suitable for using in harsh environments [5]. Conventional IR
materials such as ZnS, ZnSe and Ge, suffer from the disadvantage of being brittle, easily
damaged and having low chemical resistance.

Deposition of thin single-crystalline diamond film has not been up to now fully
successful. Recently, fabrication processes of diamond films having NCD and/or
ultrananocrystalline (UNCD) structures were presented [6]. Such structures made by an
approach based on microwave plasma enhanced chemical vapor deposition (MW PECVD),
however only a few of the deposited diamond films had acceptable waveguiding properties.

Here we are going to present NCD planar waveguides, which we proved to support
fundamental TE/TM modes in the wavelength range from 473 nm to 1 552 nm. The design of
the presented planar waveguides was done on the base of modified dispersion equation and
then, an actual NCD film was deposited by microwave plasma enhanced chemical vapor
deposition (MW PECVD). This is going to be an approach, different of those already
published [7, 8], which will lead to deposition of such diamond layers that would be very
close to genuine diamond.

2. Experimental

Before the diamond deposition the surface of silicon substrate (10 x 10 mm?) was processed
by thermal oxidation and 1 420 nm thick silica film was formed. Prepared silica-silicon
arrangement was mechanically seeded in an ultrasonic bath in deionized water/UDD (Ultra
Dispersed Diamond) powder solution [9]. The NCD deposition was done from a gas mixture
of methane and hydrogen (hydrogen gas flow of 400 sccm, methane gas flow of 2 sccm) in a
MW PECVD reactor using an ellipsoidal cavity resonator [10]. The deposition was performed
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at the total gas pressure of 5 kPa, microwave power of 2 500 W, and the substrate temperature
was 990 °C.

The surface morphology and grain size of deposited diamond film were measured by
scanning electron microscopy (SEM, e LiNE writer, Raith GmbH) and the diamond character
of the films was studied by Raman spectrometer (Renishaw InVia Reflex) with the excitation
wavelength of 325 nm.

The TE polarized reflectance spectra were measured under variable angle of incidence in
the spectral range of 600-1 200 nm using a prototype spectrometer. The measurement setup
uses a halogen lamp as a light source, monochromator with grating blazed at 750 nm, NIR
polarizer in rotary mount, simple rotary sample stage with 1° precision and Si photodiode as a
detector.

Waveguiding properties of NCD film were examined by using Metricon 2010 prism-
coupler system. The apparatus works on a principle of dark mode spectroscopy [11] (see Fig.
1). The measured NCD sample is brought into contact with the base of a couple prisms by
means of a pneumatically-operated coupling head. A small air gap between the waveguide
film and the prism is formed. A laser beam strikes the base of the prism and is totally
reflected at the prism base onto a photodetector. At certain discrete values of the incident
angle O, called mode angles, photons can tunnel across the air gap into the waveguide film
and enter into a guided optical propagation mode, causing a sharp drop of the intensity of
light reaching the detector.

Coupled mode

Y

Laser beam
R
Couplingprism \
\ Screen
'S
Polarizer mm— /
Lens e

Waveguide —>»
Substrate -7

Pressure point

Fig. 1. Schematic view of the dark mode spectroscopy measurement.
3. Results and discussions
3.1 Modeling of the nanocrystalline diamond optical planar waveguides

The dimensions of the waveguides were calculated by using modification dispersion equation
[12, 13]. The cross-section view of the design waveguide structure is shown in Fig. 2. Before
the deposition, dimensions of the NCD waveguides were designed with help of the refractive
index values listed in the tables presented in Table 1.
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Fig. 2. Schematic view of the optical planar NCD waveguide structure.

Table 1. Tabular Refractive Indices of the Silicon (Si), Silica (SiO;) and Natural Diamond
(D) Used for Modeling [14, 15]

Wavelength Refractive index
(nm) Si[14] Si0, [15] D [15]
Nsi nsio2 np
473 4.4676 1.4639 2.4383
632.8 3.8816 1.4570 24122
850 3.6621 1.4525 2.3978
964 3.6089 1.4509 2.3939
1260 3.5128 1.4474 2.3882
1311 3.5073 1.4468 2.3876
1552 3.4762 1.4440 2.3855
1625 3.4693 1.4431 2.3851

For the waveguide structure described above, the mode calculations performed for
operating wavelengths of 632.8 nm, 964 nm, 1 310 nm and 1 550 nm for TE as well TM
polarization are shown in Fig. 3.

From the calculations it follows, e.g., that if we want the deposited film to guide one
single mode, the thickness of the diamond film (%ycp) should not exceed 200 nm at 632.8 nm
(see Fig. 3(a)) and for the 1 550 nm the diamond film (ycp) should not be thicker than
approx. 450 nm (see Fig. 3(d)). The thickness of the buffer SiO, film (%g;0,) Was set according
to the calculated one, which ensures that the out-coupled energy of the evanescent wave
would be less than 1% (This calculation procedure has been already described in [12, 13]).
Calculations made clear that to ensure the above-mentioned conditions the thickness of the
silica film should not be less than 900 nm for all considered wavelength. Therefore we used
silica-on-silicon substrate with thickness of the silica film to be around 1 420 nm, which is
fully sufficient.
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Fig. 3. Mode calculations of the diamond optical planar waveguides, (a) A = 632.8 nm, (b) A =
964 nm, (c) A=1310 nm and (d) A =1 550 nm.

3.2 Morphology, thickness and optical properties of NCD

Top view SEM image is shown in Fig. 4(a) and the appropriate Raman spectrum in Fig. 4(b).
Raman spectrum exhibits two sharp peaks, first one is centered at 521 cm™' and it is assigned
to the silicon substrate; the second one centered at 1 332 cm™ is well known as the so called
diamond peak and it is related to sp® bonds. The wide band located at 1 580 cm™" is known as
the G-band (“graphite-band”) and is related to the sp® phases (i.e. amorphous phases)
preferentially localized at grain boundaries [16].
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Fig. 4. (a) Top view SEM image and (b) Raman spectrum of the deposited NCD film.
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In Fig. 5 we compare the measured and calculated TE reflectance spectra of thin NCD
film deposited on silica/silicon substrate. The spectra were measured using TE polarized light
under different angles of the incidence. The interferences shift to lower wavelengths with the
increasing angle of incidence because of the increased optical path in thin films. Theoretical
spectra were calculated with the optical parameters interpolated from Table 1 using
commercial software (Film Wizard) for advanced modeling of the optical spectra of thin film
multilayers. For calculations the effective medium approximation (EMA) was applied [17], to
describe the index of refraction of the NCD film supposing that NCD film consists of
crystalline diamond with the index of refraction 7, given by Table 1 and the sp* phases with
the complex index of refraction n,,,p of the highly absorbing non-diamond phase at grain
boundaries. The unknown Cauchy parameters of the n,,,p were found by the fitting
procedure:

Pnep ={(1_&)%+§\}3 R onD }3 (D

Here £€(0,1) is a fraction of the sp” phase in the NCD film. The index of refraction gy
related to the surface film was modeled within the EMA with the index of refraction given by

the formula:
N = +3nye )3 /8 2)

The thickness of the SiO, (1 420 nm), NCD (380 nm) and the surface film (42 nm) as well
as the complex index refraction of non-diamond phase and its volume fraction & (2%) were
optimized during the fitting process. The reflectance spectra measured at angles 20° and 25°
were fitted simultaneously. The good agreement between the calculated and measured spectra
is shown in Fig. 5 for both angles and it proofs the validity of the estimated thickness and the
refraction index shown in Fig. 7. The calculated thickness of the surface film (42 nm)
suggests the surface rms roughness to be about 21 nm [18].

100_""I'"'I""I""I""IIIII

e 20deg

] 25 deg ]
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600 1000 1 100 1200
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Fig. 5. Measured (scattered points) and calculated (solid curves) TE reflectance spectra of
NCD film (calculated thickness 380 nm, surface rms roughness 21 nm) on Si substrate coated
by the SiO, film (calculated thickness of 1 420 nm) under the angle of incidence of 20 and 25
degrees.
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3.3 Waveguiding properties of the NCD film

Waveguiding properties of the NCD films were measured by prism-coupling system at five
wavelengths: 473 nm, 632.8 nm, 964 nm, 1 311 nm and 1 552 nm. The obtained data are
summarized in Table 2.

Waveguiding measurements of the mode spectra for both polarizations (TE and TM)
proved that values of the refractive indices for TE and TM modes are almost identical. Based
on this observation, further we present only TE modes. Figure 6 shows TE guided mode
spectra for four longer wavelengths.

Table 2. Waveguiding Properties of the Deposited NCD Film: Angle of Incidence of the

TE Modes
Wavelength (nm) 473 632.8 964 1311 1552
Angle of incidence (degree) —26°42"  —14°28" —14°31" -20°58" -25°16’
a0 (a) o (b)
T =
o . o 400
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Fig. 6. TE guided mode spectrum for the NCD film at (a) 632.8 nm, (b) 964 nm, (¢) 1 311 nm
and (d) 1 552 nm.

From results shown in Fig. 6 and summarized in Table 2 it is clearly evident that the NCD
films exhibit waveguiding properties. Refractive indices of the deposited films were
calculated using the angles given in the Fig. 6(a)-6(d), the wavelengths of the measurement
and, if needed, the thickness of the waveguiding films (380 nm). Figure 7 plots refractive
indices of the measured NCD film used in this study and data presented in the previously
mentioned works [7, 8] are added to compare them with those of the natural diamond [15].
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Fig. 7. Comparison of refractive indices of genuine diamond waveguide, our thin film and the
films reported in [7, 8, 15]. The indices of our thin film (full line) coincide with those of
genuine diamond (dash curve)

According the calculation mentioned above it was expected that the deposited NCD film
having a thickness of 380 nm will support 2 TE modes at the wavelengths of 964 nm and
shorter. At the longer wavelengths there would be noticeable one TE mode only. However,
the measurement showed that the deposited films actually supported always just one mode at
all applied wavelengths.

Optical properties of the NCD films examined by prism coupling technique have been
reported only by limited number of works [7, 8]. Sharda et al. [8] reported about refractive
index measurements at two wavelengths, 830 nm and 1 300 nm for the microcrystalline and
nanocrystalline diamond films, with thickness ranging from 883 to 4 100 nm that were
deposited on silicon substrate. They found the refractive indices of 2.34 and 2.33 at the
wavelenghts of 830 and 1 300 nm, respectively [8]. Djemia et al. [7] reported about refractive
index measurements at two wavelengths, 543.5 nm and 632.8 nm, for the polycrystalline and
smooth fine-grained diamond films deposited on a titanium alloy by a two step microwave
CVD with 2 pm and 5 pm thicknesses of the diamonds films. Their polycrystalline films had
the refractive indices of 2.437 and 2.388 at 543.5 and 632.8 nm, respectively. For the smooth
fine-grained diamond films they found the values of the refractive indices 2.301and 2.271 at
543.5 and 632.8 nm, respectively.

In comparison with presented works [7, 8] our thin film was grown on the Si-SiO,
substrate. This approach allows for using wider range of wavelengths for waveguiding, as
well as IR spectra measurement. This is of particular interest for sensoric applications.
Moreover, in both papers [7, 8] the NCD films were deposited on optically non-transparent
substrates, which are rather mirrors and from the text in [7] it is not clear if the conditions for
waveguiding properties are fulfilled. What concerns the NCD films deposited on Si [8] there
could be found a planar waveguide by the dark mode spectroscopy, however that waveguide
cannot be in principle of any practical use. Moreover, our NCD film much more resembles
the natural diamond refractive indices than the films reported in [7] and [8], what gives an
evidence of its high optical quality.

4. Conclusion

In this paper we presented a modified approach to deposit diamond thin layers. The
waveguiding structure of our deposited layers was calculated for various operating
wavelengths for TE as well as TM polarization by using modified dispersion equation and
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actual waveguiding properties of the deposited Si/SiO,/NCD planar optical element were
confirmed by prism-coupling technique. Even thought that our diamond film was thin (380
nm) and consisted of small grains, a high optical quality of diamond film was confirmed. This
was in a good agreement with Raman measurements which detected a sharp diamond
characteristic line centered at rounding values 1 332 cm™. Our Si/SiO,/NCD planar optical
element revealed only one fundamental mode for all the measured wavelengths (473 nm,
632.8 nm, 964 nm, 1 311 nm and 1 552 nm). The comparison with cited references [7, §]
shows the merit of our work, as refractive index of our diamond is very close to the genuine
one in spite of the reference above (see Fig. 7). Moreover, we also found that our NCD had a
surface conductivity, which makes it potentially interesting for application as new sensors
family based of functionalized diamond.
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This paper presents a new approach for LiINbO; doping with erbium from melt by means of an electric field-assisted process. The
doping was done at medium temperature (350 °C), using a two-component reaction melt containing 10 wt.% Er(NO3)s. The electric
field-assisted procedure substantially reduced the time needed for erbium incorporation into the LiNbOj3 surface. After the 25 min
procedure, the amount of the in-diffused erbium was as high as 1.4 at.%.
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Lithium niobate (LiNbO3) is one of the most
widely used materials in optoelectronics and photonics
because of its unique combination of special proper-
ties—in particular its electro-optic, acousto-optic and
ferroelectric effects—as well as its high Curie tempera-
ture (T,=1150°C). Lithium niobate is often doped
with rare-earth elements for use mainly as an optical
amplifier or waveguide laser in various telecommunica-
tion bands. Er’" ions are frequently utilized as dopants
due to their 1,3/, — Iy5, transitions, which exhibit emis-
sion at 1.5 um — this wavelength falls into the most
widely used C telecom band (window). Erbium-doped
lithium niobate (Er:LiNbO;3) has, therefore, received
much attention. In addition, this material makes it pos-
sible to simultaneously amplify and modulate an incom-
ing optical beam.

Erbium doping of lithium niobate straight from a
melt of erbium salt is an attractive way of preparing la-
ser-active thin layers. The advantage of this method lies
in its significant acceleration of the doping process, and
also in the easy and undemanding execution of the
experiments. For the preparation of thin layers doped
with erbium from melt, several kinds of erbium melts

* Corresponding author. Tel.: +420
pavla.nekvindova@vscht.cz

220444003; e-mail:

with different melting temperatures of mainly around
350 and 600 °C have so far been used [1-4]. The mech-
anism of erbium doping into LiNbO; from melt is as-
sumed to involve either ion exchange of three lithium
ions by one erbium ion [4,5] or diffusion of erbium ions
into the LiNbO; substrate [1-3]. Our group has re-
cently reported detailed studies on the possibility of
the doping of erbium ions from a melt of erbium salt
into the surface of the LiNbOj; substrate [3]. It was
demonstrated that the amount of the incorporated er-
bium and the mechanism — as well as the speed — of
the doping process are mostly dependent on the tem-
perature of doping. The in-doped erbium amount is
not only influenced by temperature, but is also strongly
affected by the concentration gradient of erbium in the
reaction melt during the doping process. To a large de-
gree, the concentration gradient can hence be con-
trolled an electric field.

The aim of this paper is to describe experiments
involving the erbium doping of LiNbOj; from melt with
the assistance of an electric field. The main focus-apart
from the performance of the experiments — is on lumi-
nescence measurements in the region near a wavelength
of 1.5 um. We measured the concentration-depth pro-
files of erbium and lithium using Rutherford backscat-
tering spectrometry (RBS) and neutron depth profiling
(NDP).

1359-6462/$ - see front matter © 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Figure 1. A scheme of the electric field-assisted erbium doping of
LiNbOj; from melt.

Electric field-assisted erbium doping of LiNbO; from
melt was carried out at a temperature of 350 °C for
about 20-25 min, with a maximum electric voltage of
2000 V and an electric current of about 0.5 mA. Since
LiNbO; is an electrical insulator, it was necessary to
use high voltages in these erbium doping experiments.
In the first experiments, the high voltages often caused
cracking and even breakage of the samples. However,
by optimizing the voltage ramp in the first minutes of
the experiments, it turned out that damage to the sam-
ples could mostly be avoided. In addition, single-crystal
LiNbO; is quite sensitive to temperature changes, so
that the samples had to be carefully preheated to the
doping temperature before they were submerged into
the melt.

In this study, Z cuts (0001) of LiNbO; were used.
These LiNbOj; single crystals were synthesized by the
Czochralski method in Crytur Turnov, Czech Republic.
Samples with dimensions of 25 mm x 25 mm x 0.7 mm
were cleaned with isopropyl alcohol in an ultrasonic
bath. The experiments were carried out in a vertical
muffle furnace (see Fig. 1), and the overall process was
as follows: (i) salt mixture I was put into an aluminium
vessel and salt mixture IT was put into a silica beaker.
Then the aluminium vessel and the silica beaker were in-
serted into a muffle furnace and the salt mixtures were
melted at a temperature of 350 °C. Salt mixture I (con-
sisting of KNO3) was used as the anode (—) melt and
the salt mixture II (consisting of KNO3 and Er(NOj3)s,
90:10 wt.%) was used as the cathode (+) melt. (ii) The
sample of LiNbO; was held in an aluminium tool and
the silica cylinder was stuck onto the sample with a sil-
icone paste. The inner diameter of the silica cylinder was
18 mm. (iii) Both electrodes were placed onto the alu-
minium tool. (iv) The aluminium tool with the sample
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was put into the muffle furnace and the sample was tem-
pered for about 20 min. (v) The tool with the sample was
lowered into the aluminium vessel and immersed in melt
I. From the silica beaker, melt 1T was drawn into a pip-
ette and then poured into the silica cylinder (which was
positioned on the upper side of the sample). This made it
possible to immerse both the lower and the upper sides
of the sample in melts I and II, respectively. (vi) By con-
trolling the main electric field, a slow voltage ramp in-
crease was started. The electric current was
automatically controlled by the system according to
the electric voltage and the electrical conductivity of
the system between the electrodes. (vii) When the electric
voltage reached the maximum possible value of the elec-
tric source, ~2000 V, the corresponding value of the
electric current was then maintained at a constant level
by manual adjustment of electric voltage for the given
time period, ~20-25 min. Throughout the experiment,
values of the electric field and current were recorded at
1 min intervals. (viii) After a given time, the electric field
was switched off. Melt II in the silica cylinder was re-
moved as quickly as possible by a pipette, and the alu-
minium tool, with the sample, was taken out of the
aluminium vessel (which contained melt I) and out of
the furnace. Subsequently, the sample was removed
from the aluminium tool and remained tempering while
positioned on the silica cylinder. (ix) Finally, the sample
was separated from the silica cylinder and the remaining
silicone paste was cleaned off with isopropyl alcohol.

Silica-glass samples were utilized to setup the param-
eters for the electric-field system. The experiments then
made use of single-crystal LiNbO; wafers. This study
presents data from three selected experiments that we
carried out with LiNbOj3 samples. The maximum main-
tained electric current values, as well as the maximum
electric voltage values achieved and the total durations
of the experiments with the electrical conductivity val-
ues, are summarized in Table 1. The voltage and current
behaviors were similar throughout all three experiments.
The example of the electric voltage and current behav-
iors of the third experiment (with the electrical conduc-
tivity behavior) are shown in Figure 2. In the first 6 min,
the electric voltage and current increased to the maxi-
mum value, then the electric current remained constant
while the electric voltage slowly decreased — thus the
electrical conductivity of the sample increased too. The
values of the electrical conductivity were calculated from
the electric voltage and current values, and from the
diameter of the silica cylinder and the thickness of
samples.

According to the literature and our research [5,8,9],
post-diffusion annealing of the samples has a positive
influence on the luminescence intensity, as well as on

Table 1. The durations, the maximum electric current and voltage values, and the minimum and maximum electrical conductivity values for all three

experiments.

Experiment No. Duration of the Maximum maintained

Maximum electric

Minimum electric Maximum electric

experiment [min] electric current [mA] voltage [V] conductivity [mS m™'] conductivity [mS m~']
1 19 0.52 1850 3.06 x 107 230 x 1073
2 20 0.18 2000 1.96 x 107* 9.17 x 107*
3 25 0.61 1600 3.13 x 107 1.16 x 1072
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Figure 2. Electric voltage and current behaviors (with the electrical
conductivity behavior) of the third experiment.

other luminescence characteristics. Therefore, all three
samples were annealed. The temperature of annealing
was set to 1000 °C. The annealing process lasted for
5 h and was carried out in an atmosphere of dry oxygen.
The photoluminescence spectra of the prepared sam-
ples were collected within the range of 1440-1600 nm at
room temperature. A pulse semiconductor laser, POL
4300, emitting at 980 nm, was used for electron
excitation. Luminescence radiation was detected by a
two-step-cooled Ge detector J16 (Teledyne Judson
Technologies). A double monochromator (SDL-1,
LOMO) was used to select specific wavelengths. For the
evaluation, all luminescence spectra were transformed
to the base level, and after baseline abstraction normali-
zation was performed by means of reference samples.
The concentration-depth profiles of the incorporated
erbium were studied by RBS in the Tandetron labora-
tory, Nuclear Physics Institute of ASCR, Czech Repub-
lic. The analysis was performed on a Tandetron 4130
MC accelerator, using a 2.0 MeV He' ion beam. Het
ions, backscattered at a laboratory angle of 170°, were
detected. The collected data were evaluated and trans-
formed into concentration-depth profiles using the
GISA 3 computer code [6] using cross-section data from
IBANDL [7]. The erbium detection limit of this method
is between 0.1 and 0.2 at.% — below this limit, erbium
cannot be detected with the requisite accuracy due to
the statistical noise in the recorded RBS spectrum.
Lithium concentration-depth profiles in the prepared
samples were measured by NDP. This techmque is based
on the reaction of thermal neutrons with °Li:°Li (n,a)
H. The fabricated samples were irradiated with a ther-
mal neutron beam from a 6 m long neutron %ulde (with
a neutron intensity of 10’ neutrons cm™ ) and the
charged reaction products were recorded by means of
a Si (Au) surface barrier detector. The nominal accuracy
of the NDP method is 5% of the concentration value of
Li, c(Li), the depth resolution is 10 nm. The natural
abundance of the “NDP active” °Li 1sotope is about
7.5%, but in the actual samples the °Li/’Li ratio may sig-
nlﬁcantly vary (e.g. due to an artificial depletion of the
SLi 1sot0pe from the original natural materials). There-
fore, in order to avoid the uncertainty induced by this
variation, for some considerations we rely on the relative
changes of c(Li) rather than on their absolute values.
The luminescence spectra of the prepared samples
were measured in the region around a wavelength of
1.5 um. After doping, all the samples had zero lumines-
cence intensity with no clear luminescence bands
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Figure 3. Luminescence spectra of samples from all three experiments
annealed at 1000 °C for 5 h in dry oxygen.

(peaks), and there were also no differences between the
three samples. For the recovery of the LiNbOj structure,
all the in-diffused samples were annealed for 5h at
1000 °C in dry oxygen. The luminescence spectra of
the annealed samples are depicted in Figure 3. As can
be seen from the spectra, the luminescence intensity is
relatively high, and substantially increased as compared
to the non-annealed samples; moreover, there are sev-
eral distinctive luminescence bands (peaks) present.
The most intense luminescence band is around
1532 nm, while the other luminescence bands are around
1486 and 1510 nm. The sample with the highest lumines-
cence intensity is from the third experiment.

Erbium concentration-depth profiles of the doped
samples showed a curve progression similar to samples
prepared by common diffusion techniques, i.e. the high-
est erbium concentration was located at the surface of
the samples and slowly decreased with depth according
to a Gaussian-type behaviour. The highest erbium con-
centration of 1.3 at.% was found in the sample provided
by the third experiment, which had the highest main-
tained electric current (0.61 mA) and lasted the longest
(25 min) of all three experiments. The depth at which
the highest portion of erbium was found was in the first
40 nm of the surface layer. All three samples exhibited
an inhomogeneous distribution of erbium, which was
apparent from the “coloured maps” on the surface of
the doped samples. Due to this inhomogeneity, the
RBS method was inconvenient to measure the erbium
concentration in the samples. From successful RBS
measurements, it is clear that after doping the maximum
depth was about 80 nm and the maximum erbium con-
centration was as high as 1.4 at.%. All the samples were
then annealed at 1000 °C in dry oxygen; the erbium con-
centration-depth profiles of the annealed samples are
shown in the Figure 4. Annealing of the samples caused
a lowering of the erbium concentration-depth profiles in
the surface layer and the in-diffusion of erbium deep into
the sample. In addition, the “coloured maps” on the sur-
face of the samples almost vanished with the annealing.

Lithium concentration-depth profiles were measured
by the NDP method in all three samples, both non-
annealed and annealed, at 1000 °C. The NDP measure-
ments showed that neither the non-annealed nor the
annealed samples exhibited significant lithium depletion
in the surface area.
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Figure 4. Erbium concentration-depth profiles of samples from all
three experiments annealed at 1000 °C in dry oxygen.

Since single-crystal LiNbOj is a dielectric material
with high electrical resistivity, it was interesting to study
whether it is possible to use electric-field assistance for
erbium doping of LiNbO; samples from melts and
how large the amounts of in-doped erbium would be.
By applying the electric field, it is possible to consider-
ably shorten the time needed for erbium doping from
melt: in less than 25 min, as much as 1.4 at.% erbium
was found in the surface layer, whereas by using the
classic non-electric field-assisted doping from melt which
we previously reported [3] (which lasts for
168 h = 7 days) a maximum of 7 at.% erbium was ob-
tained in the surface layer.

The values of electrical conduct1v1t5y for the as-grown
LiNbOj; range between 107" and 10" mS m™ " [5]. Mea-
sured values of electrical conduct1v1ty in the begmning
of our experlments were higher, i.e. of order the order
of 10~*mS m~!. Moreover, it can be seen from the elec-
tric current and voltage spectra that as the time pro-
gresses, the electric voltage lowers, i.e. the electric
conductivity of the material rises. The increase in the
electric conductivity could be attributed to the influence
of the incorporation of erbium ions in the structure of
LiNbOj;. The incorporation of erbium therefore makes
it more likely for charge transfers to occur between ions
in the crystal structure.

The lack of luminescence intensity within the as-
doped samples was probably caused by a large modifica-
tion of the surface structure or by the creation of erbium
clusters, which induced luminescence quenching [10].
The lack of significant lithium depletion in the doped
(and annealed) samples excludes the process of the er-
bium ion exchange for lithium, thus indicating erbium
diffusion into the LiNbOj structure.

In future experiments, it should be possible to achieve
higher amounts of erbium through the use of higher
temperatures (>350 °C). Longer durations of the doping
experiments with substantially higher electric voltages
(the critical effective field or dielectric strength of con-
gruent LiNbO5 is ~5.8 MV m ™' [11]) could also be ap-
plied to increase the erbium content in the doped
samples; the maximum theoretical value of the critical
field for 0.7 mm thick, congruently grown LiNbO3; sam-
ples would be ~4000 V. Finally, the electrical conductiv-
ity is non-negligibly affected by the thickness of the

samples: the thicker the samples, the higher the electric
currents through the samples, and thus the higher the
amount of erbium detected.

The prospect of electric field-assisted erbium doping
of LiNbOj; from melt led us to design a new doping
method based on our previous laboratory experience
with electric field-assisted ion doping of glasses. We were
able to successfully establish the optimum conditions for
electric field-assisted erbium doping of LiNbO; from
melt based on our experimental findings. The best re-
sults were obtained using an electric current of
~0.5 mA and an electric voltage of ~1800 V. The results
obtained showed that it is possible to enrich the surface
of the LiNbO; material with erbium by using this elec-
tric field-assisted doping from melt method. It was
proved that the higher the electric current used during
the experiments, the higher the amounts of erbium that
were detected on the surface, and thus the higher the
luminescence intensity that was measured. The intensity
of luminescence around a wavelength of 1.5 pm of the
erbium-doped samples was substantially increased by
the post-doping annealing, which was done at 1000 °C
for Sh in an atmosphere of dry oxygen. After the
annealing, three distinct luminescence peaks, with a nar-
row peak width of ~9 nm developed, which points to a
favourable arrangement of the crystal structure sur-
rounding the erbium ions.
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Abstract

Doped LiNbOs3 films were prepared from Er- and Er,Yb-doped monocrystalline targets using
laser ablation. Si0,/Si was used as a substrate. Polycrystalline films were synthesized at
substrate temperatures of 650—-800 °C. The influence of the deposition conditions on the film
crystallinity, surface morphology, dopant concentration, optical properties (using the m-line
technique and spectroscopic ellipsometry), and luminescence was studied. The films were

luminescent at 1530 nm and were waveguiding.

(Some figures may appear in colour only in the online journal)

1. Introduction

LiNbO3 (LNO) is a material that has unique piezoelectric,
optical, and photoelastic properties, and exhibits mechanical
and chemical stabilityy LNO can be used in many
applications as a laser frequency doubler, as an optical
parametric oscillator (OPO) and a quasi-phase-matched
doubler, in information and image storage, for coherent
optical amplification, as a waveguide substrate, for SAWs, and
so on. By doping LiNbOj3 the field of applications becomes
much larger. Doped LNO can be used for photorefractive
recording (Fe and Mn dopants), for high harmonic generation
(Er), for holographic storage (Fe:Cu, Fe, Ce:Cu, Fe:Mn,
Ru, Tm, Tb, Ce:Mn, Er), for resistance to powerful
light radiation (MgQO), in ferroelectric materials (Co), for
upconversion (triply doped Tm, Yb, and Nd), for increased
photoconductivity (Sc), for increased upconversion (Ho), as a
1.5 pm laser (MgO + Er), for increased photoconductivity
(Zn 4 Nd), for its photorefractive properties (Mn), for
second harmonic generation (Zn, Er, and Eu), for two color
holograms (Tb), in an OPO (Mg), for holography (Zn:Fe,

1054-660X/13/105819+05$33.00

Cr:Cu, Tb, Fe, Mn, and Ce), for non-volatile holograms (Ru),
for holographic gratings (Fe:Mn, Ce:Mn, Ce:Cu, and Fe:Cu),
for emission at 1.5 mm (Er), for cw generation at 929 nm
(Zn), for cw generation at 1.3 mm (Nd), in lasers in the
blue—green spectral domain (Nd 4 Zn), for surface acoustic
waves—SAWs (MgO), in a cw laser (Zn + Nd), and so on.

For this contribution, we studied laser-prepared thin films
of Er- and Er,Yb-doped LNO. LNO:Er** is a key material
for devices operating in the third telecommunication window.
Yb3* co-doping improves the pumping efficiency [1]. There
are not enough experimental data in the field, and systematic
characterization is needed [2].

2. Experimental details

Deposition. Our doped LNO films were prepared by KrF
excimer pulsed laser deposition (PLD). Two monocrystalline,
bulk-doped LiNbOj3 targets were used—one was cut from
LNO:Er crystal (light violet color, 10000 ppm of Er), and
the second was cut from LNO:Er:Yb (light violet color,
9000 ppm of Yb, 1000 ppm of Er). The layers were fabricated

© 2013 Astro Ltd Printed in the UK & the USA
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Table 1. Deposition conditions and optical constants of doped LiNbO3—measured by m-line and by spectroscopic ellipsometry
(Ts—substrate temperature, thickness*—measured by profilometer, Ra—film roughness, n-refractive index, thickness**—calculated).

Target LiNbO3: Er—Er

10000 ppm, layers LNE—1, 2, 3, 4; target LiNbO3:Er: Yb-Er

1000 ppm and Yb = 9000 ppm, layers

LNE—S5, 6,7, 8.
Ellipsometry
Deposition of doped LiNbO3 m-line measurement
Ts Thickness* Ra Wavelength Mode Thickness™* Thickness**
Sample (°C) (nm) (nm) (nm) no. n (nm) n k (nm)
LNE-1 650 1170 2.1 473 — — — — — —
LNE-2 700 1060 1.8 633 — — — — — —
LNE-3 750 980 2.9 964 2 2.234 1025 2.158 0.008 960
1552 1 2212 983 1.891 0.004
LNE-4 800 1000 35 964 3 2.234 1226 2.155 0.008 1065
1311 2 2215 1222 1.982  0.003
1552 2 2205 1239 — —
LNE-5 650 1040 3.9 — — — — — — —
LNE-6 700 1050 1.4 — — — — — — —
LNE-7 750 1030 3.1 1311 2 2200 1137 — — 1100
1552 2 2.188 1161 1.968  0.006
LNE-8 800 860 2.9 964 3 2.231 1248 2211 0.010 910
1311 2 2213 1240 2015 —
1552 2 2203 1251 — —

at substrate temperatures, Ts, between 650 and 800 °C on
Si0,/Si(100) substrates—see table 1. The substrate was
heated to Ts and cooled down at a rate of 100 °C per 15 min.
A laser fluence of 2 J cm™2, an oxygen pressure of 30 Pa and
a target—substrate distance of 40 mm were used. Because the
refractive index of Si (n = 3.42) is higher than that of LNO
(np = 2.29, n, = 2.2), an appropriate buffer layer is needed
for the LNO waveguide structure. An amorphous SiO; layer
(n = 1.46) was found to offer several advantages for this
purpose [3]. The thickness of our SiO; buffer layer was 3 um.

Analysis. The film thickness and roughness were
determined with an Alpha-step profilometer (Talystep Tencor
500) by scanning a diamond tip (radius 5 mm, 60°) over
the 0.5 mm surface layer. For crystallinity measurement, a
parallel beam geometry and detector scan with a stationary
sample and grazing angle of incidence (GAOI) were used. The
topology and dopand concentration were studied using a SEM
(scanning electron microscope) (EDAX Jeol Superprobe 733)
and a microprobe with a wavelength dispersive spectrometer
(WDS). The optical properties, i.e. the refractive index and
the thickness of the waveguide films, were measured with the
prism coupling method (Metricon model 2010, USA) at five
wavelengths (473, 632, 964, 1311, 1552 nm) for both TE and
TM polarizations. For waveguides, the Metricon Model 2010
provides a WKB calculation based on Chiang’s method [4]
of the effective index versus the depth. The accuracy of #n,
measurement is 0.0001 at a wavelength of 632 nm. Variable
angle spectroscopic ellipsometry (VASE) measurements were
carried out to investigate the optical properties (n and k) of the
LNO thin films. The VASE (J.A. Woollam, Inc.) spectrometer
was operated in rotating analyzer (RAE) mode in the spectral
range 1-6 eV, at incidence angles 65°, 70°, and 75° at
room temperature. The luminescence of erbium in the targets
and in the layers was determined by an SDL1 spectrometer
between 1450 and 1650 nm. The spectra were excited by a
semiconductor laser with an emission wavelength of 980 nm.

3. Results and discussion

Surface morphology. Our films were very smooth (at
400x magnification) with very few small droplets on the
surface—see figure 1. At higher magnifications (4000x), the
surface resembled strewn sand. At Ts of 800 °C, we observed
shallow cracks in the film. The surfaces of films created from
an Er-doped target and from an Er,Yb-doped target were very
similar. The film roughness Ra was between 2 and 4 nm—see
table 1.

XRD. All the prepared samples were polycrystalline.
We found a layered two-phase system consisting of LNO
and LiNb3Og (L8) peaks. As Ts increased, the LNO peaks
increased (for both types of targets), relative to the LiNb3Og
peaks. The best crystallization was found for Er:Yb:LNO
layers at the highest T (800 °C)—see figure 2. The SiO;
buffer layer was found to be amorphous. In our previous
LNO study, for the same deposition conditions, we found only
LNO peaks in the XRD spectra [5]. We can deduce that the
development of only the LNO phase of the doped layers is
influenced by the dopands.

Composition. Transport in the undoped LNO target
material and contamination of the LNO layers have
been studied recently [5, 6]. Here, we focused on the
transport of dopants. The erbium concentration in one
monocrystalline bulk target was 10000 ppm, i.e. 1 at.%.
The concentration of Er and Yb in the other monocrystalline
target was 1000 ppm Er and 9000 ppm Yb. Compared
with the dopant concentrations in the targets, in the
Er:LNO films, we found approximately six-fold lower
concentration of Er (0.13-0.16 at.%), and in the Er:Yb:LNO
layers, approximately five-fold lower concentration of Yb
(0.17-0.19 at.%), The detection limit of the WDS method was
0.02 at.% (0.15 wt%) for Er and 0.005 at.% (0.03 wt%) for
Yb. We did not observe any systematic changes in the dopant
concentrations with substrate temperature. The concentration
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Figure 1. Topology of Er:LiNbO3 film on SiO,/Si for Ts = 700 °C (a)—400x, (b)—4000x magnification).
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Figure 2. XRD spectrum of Er:Yb:LNO film
(Ts = 800°C, L8 = LiNb30s).

of Li was stoichiometric and remained unchanged for both
targets and both temperatures. We did not observe a decrease
in Li in the presence of heavier elements, as was claimed
in [7]. The reason could be a higher deposition pressure and a
relatively short target—substrate distance.

M-line. Samples created at higher T5 (750 and 800 °C)
were waveguiding, for both types of targets (Er- and Er,Yb). It
was possible to find one, two, or three waveguide modes, but
only at longer wavelengths (964, 1311, and 1552 nm)—see
table 1 and figure 3. No waveguiding was found in the
visible region. The exciting laser beam was TE polarized.
No modes were found for the TM polarization. From this
measurement, it follows that the change of refractive index
ny, with Ts, or with target (Er- and Er,Yb) is small. For
the doped LNO, the wavelength dependence of n and the
measured values are similar to the dependence for the
undoped LNO. (This similarity is also confirmed by Metricon
measurements of Er:LNO (0.5 at.% of Er) and undoped LNO
bulk materials)—see table 2. We can see that the concentration
of dopants is too small to have a substantial impact on the
refractive index, but it can be deduced that the value of n
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Figure 3. Optical constants (#, k) of Er:LiNbO3 and Er: Yb:LiNbO3
layers measured by spectroscopic ellipsometry and by the m-line
technique (compared to virgin LiNbO3 [5]).

could strongly depend on the arrangement of grains in the
polycrystalline layer. When we can identify three guiding
modes in the layer, the accuracy of measurement is £0.0001 at
a wavelength of 632 nm, and we can then calculate the depth
profile of the refractive index—see figure 4 and table 1. We
see that n is decreases from n = 2.231 at the top layer to the
value of ~2 (last mode, close to the substrate). The largest
change in n is mainly in the first stage of film growth.
Ellipsometry. Our evaluation of the ellipsometric spectra
of the waveguiding layers was performed using a five-phase
structural optical model consisting of ambient (air), a surface
roughness layer, the LNO layer, the SiO, buffer layer and
the Si substrate. The roughness layer was taken into account,
and on the basis of the effective medium approximation, the
roughness layer consisted of 50% of LNO and 50% of void.
The ellipsometric data were analyzed with the software
package WVASE32. The obtained effective surface roughness
value, ~50 nm, was mainly caused by near surface
inhomogeneity of the film. The calculated LNO thickness
~750 nm correlates well with the expected value. The
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Table 2. Wavelength dependence of the refractive index of both virgin LNO and Er:LNO (Er concentration of 0.5 at.%) bulk crystals for
various crystal cuts and beam polarizations measured by the m-line technique (Metricon Prism Coupler).

n of Xcut n of Xcut n of Zcut n of Zcut n of Xcut + Er:LNO n of
Wavelength LNO LNO LNO LNO TE Xcut + Er:LNO
(nm) TE ™ TE ™ TE ™
473 2.2645 X X X X
632 2.2024 X X 2.2032 2.2024 1.9348
964 2.1614 1.9377 X 2.0163 2.1604 1.9327
1311 2.1455 1.9277 x 2.0025 2.1449 1.9263
1552 2.1370 1.9221 2.2108 1.9958 2.1370 1.9211
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Figure 4. Depth profile of the refractive index (layer LNE-8, Wavelength [nm]
Ts = 800°C). 1.00 4
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3
- D LNO 8, T =800 °C
dielectric functions of the LNO film were fitted by the 2 0.75-
Cauchy dispersion relation with Urbach tail absorption. %
The optical model applied to the evaluation of the SE =
data was additionally improved considering the ~20 nm T 0.50+
intermix region between the SiO; and LNO layers. The 3
calculated refractive index and extinction coefficient values % 025
are summarized in figure 3 and table 1. £
It is observed that ellipsometry gives lower values S
of the refractive index compared to the m-line technique, 0.00 === : . .
but the ellipsometry spectral dependence obviously shows 1450 1500 1550 1600 1650
similar behavior. (Figure 3 presents the spectral dependence Wavelength [nm]
of the refractive index for the bulk [8] from m-line and 1.00 =
. . .. . — C = LNO 1, T_=600°C
from ellipsometry.) A possible reason for the origin of this 3 ) o .
discrepancy can be found in the lower sensitivity of the prism % """" LNO4, T, =800 °C
coupling technique than in the spectroscopic ellipsometry [9] = 0.751
to sample inhomogeneities and imperfections such as haze, 5
surface roughness, flatness, and thickness variations. In the E 0.50 - £
ellipsometry model, this non-uniformity in depth was partially o :
taken into account with two additional interlayers, while ‘§
the m-line experiments are modeled for a single waveguide ‘@ 0.251 A
core and for the substrate materials. Moreover, the waist g
of the beam used in our ellipsometric measurements was =z 0.00 demeems y Lopersters e,
approximately 2 mm, while in the m-line setup, it was 1450 1500 1550 1600 1650

approximately 0.1-0.2 mm.

Luminescence. The luminescence related to the
4113/2—4115/2 transition of Ert3 ions was observed on all
prepared samples. The luminescence spectra of the prepared
layers were compared to target ones—see figure 5(a). The
luminescence peaks of the layers are broader than the target
ones in contrast to spectra published in [10]. This is probably
caused by inhomogeneous broadening in polycrystalline

Wavelength [nm]

Figure 5. (a) Comparison of the normalized spectra for the
crystalline target and LNO four layer; (b) comparison of normalized
spectra samples LNO 4 and LNO 8 prepared from different targets
at Ts = 800 °C; (c) comparison of normalized spectra samples
LNO 1 and LNO 4 prepared from the same target Er:LNO at
different temperatures, 600 °C and 800 °C, respectively.
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layers due to different crystal field in the vicinity of Ert> ions.
The shape of the luminescence spectra of layers prepared at
the same temperature was practically independent of the used
target—see figure 5(b). The shape of the luminescence spectra
only slightly depends on preparation temperature 7s—see
figure 5(c). There is a small broadening of the peaks due to
the poorer crystalline quality of low temperature layers.

4. Conclusions

Polycrystalline and waveguiding layers of Er:LNO and
Er:Yb:LNO were prepared using the pulsed laser deposition
method. The LiNbO3 phase, admixed with LiNb3zOg (LS8),
was observed by x-ray diffraction measurement. The intensity
of doped LNO peaks increased with Ts, while the intensity
of the L8 peaks decreased. The films were waveguiding. We
observed loss of Er (~6x) and Yb (~5x) during transport
of material from the targets to the substrate. Two or three
waveguide modes at 964, 1311, and 1552 nm were observed
by the m-line technique at layers created at higher substrate
temperatures (750, 800 °C). The spectroscopic ellipsometry
measurements essentially confirmed the results obtained by
the m-line tests. The concentrations of dopants are very low,
i.e. the extinction coefficient k, measured by ellipsometry, is
also very low, and it is close to the value for undoped LNO.
We observed luminescence from Er near 1530 nm from all
the films. The shape of the signal was similar to that of the

targets. The signal can be improved by better optimization of
the thickness of the SiO; layer [3].
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When preparing LiNbO5 thin layer by PLD, the maximal density of polycrystalline target is important. In
this work, we prepared the precursor powders by sol-gel method and used them at PLD target synthesis.
The gels were synthesized by Pechini polyesterification, using citric acid and ethylene glycol as an organic
matrix constituents, and then decomposed using various temperatures (800, 600 and 400 °C) and atmo-
spheres (air, nitrogen and oxygen in sequence). Out of several combinations tested, the decomposition at
800 °C in nitrogen followed by the oxidation at 400 °C in oxygen was found to be the best way to achieve

f_(ietjl/:fr:ld;:iobate the minimal particle size of powder precursor resulting in denser targets. The prepared targets were char-
PLD acterized by XRD and SEM.

Sol-gel The optimized process was subsequently used for preparation of LiNbO3 target. Thin layers prepared
Pechini polyesterification by PLD from this target resulted smoother than the layers prepared from commercial monocrystalline
Transmittance target.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lithium niobate, due to its optical properties and the possibility
of their tuning by doping, is one of the well-known and widely
studied materials for possible photonic applications nowadays
[1]. It can be used either as a bulk material or in the form of thin
layer in electrical, optical and acoustic applications. Thin films of
LiNbO; have been successfully prepared by various deposition
techniques such as chemical vapor deposition [2], liquid phase epi-
taxy [3], epitaxial growth from melt [4] and sol-gel [5]. Pulsed La-
ser Deposition (PLD) is considered to be a suitable method, too,
since it is able to deposit layers of complex oxide systems and
the deposition conditions can be tuned to meet the requests on
the resulting layer. So far, the LiNbOs targets used for PLD were
either polycrystalline, prepared by solid state reaction, or mono-
crystalline, prepared by Czochralski method. As the substrate,
either sapphire or Si with the buffer layer of SiO, are used [6-9].
Up to our knowledge, targets prepared by sol-gel process have
not been used in the PLD.

For preparation of mixed oxides there are several wet synthe-
sis routes, in general called sol-gel methods [10]. Among them,
one of the most used in bulk material preparation is so called
“modified Pechini method” [11]. The key step in this route is
the polyesterification reaction between an o-hydroxycarboxylic
acid (e.g. citric acid) and a polyalcohol (e.g. ethylene glycol) in

* Corresponding author. Tel.: +420 220 443 765.
E-mail address: vit.jakes@vscht.cz (V. Jakes).

0925-3467/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.o0ptmat.2013.07.019

a water solution containing metal ions. Citric acid is used mainly
due to its ability to form stable complexes with the majority of
metal cations [12]. If the cation is available only in the form of
insoluble or hard-to-handle compounds (as is the case of Nb,Os
and NbCls, respectively, the most common compounds of NbY),
the citrate complex must be prepared separately before the poly-
esterification reaction itself takes place. In our work, niobium
citrate is prepared via the fluorocomplexes of niobium (V) and
so called niobic acid (Nb,Os-xH,0) [13].

With a view to the pulsed laser deposition (PLD) of niobate thin
layers, the bulk density/porosity of the target could be one of the
crucial parameters that influence the quality of prepared film. To
achieve the minimal porosity of a target, precursor grain size
should be minimal to enhance solid state reaction and densifica-
tion at the sintering of the final target.

From this point of view, sol-gel methods are well applicable in
powder precursor preparation. The precursors not only have the
advantage of high chemical homogeneity, but they are also of
smaller grain size and highly reactive, in comparison to the precur-
sors prepared by solid state reaction. In addition to it, the particle
size of the precursor can be further decreased by the decomposi-
tion of a gel in appropriate atmosphere [14]. And last but not least,
sol-gel method is a low-temperature and cost-effective process.

In this work, the improvement of the Pechini method is
suggested as a new approach to LiNbOs targets fabrication by
sol-gel technique. The main attention is paid to the influence
of decomposition/oxidation atmosphere and temperature on the
grain size of precursor powder. Our optimized procedure was then
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used at LiNbOs3 target preparation, which, as far as we know, is the
first time PLD target was prepared by sol-gel method. This target
was used to deposit thin layers of LiNbO3 by PLD. The quality of
prepared thin films was compared with those prepared using
monocrystalline target.

2. Experimental
2.1. Target preparation

LiNbO; precursor powders were prepared by the Pechini
polyesterification. The solution of niobium (V) was prepared in
the following way: Nb,Os was first dissolved in concentrated
hydrofluoric acid at 80 °C and then precipitated in the form of Nb,_
0s5-xH,0 by the addition of concentrated ammonia. Afterwards, the
precipitate was filtered and washed, first by diluted ammonia
(5% w/w solution) to remove fluoride anions (in the form of ammo-
nium fluoride), and then thoroughly washed by water (to remove
the residual ammonia). After filtration and washing, Nb,0s5-xH,0
was immediately dissolved in the water solution of citric acid (mo-
lar ratio Nb:citric acid = 1:4) at 90 °C. After complete dissolution,
Li,CO3 and ethylene glycol were added (molar ratio citric acid:eth-
ylene glycol = 1:4) and the solution was heated first at 80 °C to re-
move solvent water. Then the temperature was raised up to 130 °C
to promote a polyesterification reaction. Conditions of a subse-
quent thermal/atmosphere processing are summarized in Table 1
together with samples marking. Next to these samples, a reference
sample LN-Air was prepared with decomposition of the precursor
powder in air for 2 h at 500 and 800 °C. Due to lithium loss during
the PLD process, all samples contained additional 10% (w/w) of
lithium. The last step in the samples preparation was the sintering
of pressed pellets at 1100 °C in air for 12 h.

2.2. Deposition

The final target for PLD was prepared using selected gel decom-
position process as described in the Results part (3 h at 800 °C in
nitrogen, followed by 1h at 400 °C in oxygen). The target was
doped with 10% (w/w) excess of Li*. From the prepared target, thin
layers were prepared using KrF excimer PLD and their roughness
and thickness were compared with layers prepared from commer-
cial monocrystalline target. The layers were deposited on SiO,/Si or
sapphire (0001) substrates at the temperatures of 650, 700 and
750 °C. Laser frequency used was 10Hz and its fluency was
2] cm~2. The distance target-substrate was 40 mm and the deposi-
tion took place in oxygen atmosphere with the gas pressure of
30 Pa.

2.3. Samples characterization

The phase composition of sol-gel prepared samples was deter-
mined by XRD. The device used was X'pert Pro 6-0 powder diffrac-

Table 1
Heat treatment of the samples.
Air N2 02 Sample
240 °C 800 °C 400 °C LN 8/4
2h 3h 1h
600 °C LN 8/6
1h
600 °C 400 °C LN 6/4
3h 1h
600 °C LN 6/6
1h

tometer with parafocusing Bragg-Brentano geometry using Cu Ko
radiation (1= 1.5418 A, U=40kV, I = 20 mA). Data evaluation was
performed in the software package HighScore Plus. Scanning elec-
tron microscopy was carried out using TESCAN Vega3 equipped
with an EDS analyzer (Oxford Instruments INCA 350). All presented
pictures were taken in secondary electrons regime.

Deposited film thickness and roughness were measured by
Alpha-step profilometer (Talystep Tencor 500) with diamond
tip (radius 2 pum, 60°). Optical transmission was measured
by Shimadzu spectrometer UV 1601 in the wavelength range
200-1100 nm.

3. Results

Precursor gels were prepared by sol-gel process and after
drying in the air at 240 °C, they were decomposed in various
atmospheres and temperature regimes according to Table 1.
From these precursor powders, final samples were sintered and
their phase composition was determined by XRD. Since all the
obtained patterns were very similar, only the pattern of sample
LN 6/6 is shown in Fig. 1. All prepared samples were almost
monophase, they contained pure LiNbO3; phase with the traces
of LisNbO,4. This is caused by the necessary excess of lithium
needed at PLD deposition and corresponds with the phase dia-
gram Li;0-Nb,Os [15].

The sintered samples were cross cut and after polishing ob-
served by SEM (selected photos shown in Figs. 2 and 3). Using
the Image] software, porosity of the samples was calculated, the re-
sults are shown in Table 2. As can be seen, the sample prepared in
800 °C (N,)/400 °C (0,) regime is the least porous, with less than
30% pore area, compared to the other samples that had a larger
pore area. This can be attributed to the fact that, in nitrogen atmo-
sphere, the organic matrix decomposes but the amorphous carbon
remains within the sample, creating barrier that impedes the sin-
tering of precursor grains at high temperature. Later, when treating
the sample in oxygen atmosphere, considerably lower temperature
is sufficient to oxidize the carbon, but it is not high enough to sin-
ter the grains.

Supposedly, the smaller the grains the better is their packing
and as a consequence, the smaller pores are formed and conse-
quently the higher density is achieved. When treating the precur-
sor at 600 °C in nitrogen, the organic matrix is not decomposed
sufficiently and the following treatment in oxygen results in

Counts
LN 6/6
20000
10000 | JUL,J
0 A
LisNbO4
10000 - }\
N N
LiNbO;
10000 -
L\_AJ_J\_A_}\_J\A_
0 T T T T T
10 20 30 40 50 60

Position [°2Theta]

Fig. 1. XRD pattern of selected sample (LN 6/6) and reference patterns of LiNbO3
and LisNbOy.
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Fig. 2. SEM photograph of the polished sample LN 8/4 (500x magnification).

Fig. 4. SEM photograph of the precursor powder LN-Air (10kx magnification).

Fig. 3. SEM photograph of the polished sample LN 6/4 (500x magnification).

Table 2
Porosity of the prepared samples.

Sample Porosity (%)
LN-Air 33
LN 6/4 53
LN 6/6 43
LN 8/4 29
LN 8/6 40

exothermic process within the sample. The elevated temperature
then leads to further sintering of the grains. This fact is illustrated
in Figs. 4 and 5, where the difference in grain size of the precursor
powders is evident.

Fig. 5. SEM photograph of the precursor powder LN 8/6 (10kx magnification).

Using the most efficient regime of gel decomposition (800 °C in
N>/400 °C in O,), target for PLD was prepared and used for deposi-
tion of thin films on SiO,/Si and sapphire (0001) substrate at
various substrate temperatures (650, 700 and 750 °C). Table 3
shows the marking of the samples. The same table summarizes
the roughness and thickness of the prepared thin layers. All layers
deposited from our polycrystalline target were thicker than the
layers from monocrystalline target. The roughness of the layers
deposited on SiO,/Si substrate was lesser compared to correspond-
ing layers deposited from the monocrystal.

Visually, all layers were shiny, but layers prepared from poly-
crystalline target appeared darker compared to layers from the
monocrystal. The transmission spectra of the films deposited on
sapphire substrate were collected. These measured spectra are
shown in Fig. 6. All samples started to be transparent in the wave-
length range from 280 to 300 nm.
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Table 3
Summary of deposition conditions, roughness and thickness of the samples.

Target LiNbO; monocrystal LiNbO; (polycrystalline, sol-gel)

Substrate Si0,/Si Sapphire (0001) Si0,/Si Sapphire (0001)

Sample No. 1 2 3 4 6 7 8 9 10 11 12

Substrate temperature (°C) 650 700 750 650 700 750 650 700 750 650 700 750

Film thickness (nm) 500 700 600 500 600 600 1050 1000 1000 750 1000 1000

Film roughness (nm) 4 2 3 2 2 2 1 1 2 4 3
deposition of thin layers to SiO,/Si and sapphire (0001) substrate.

100 - The transmission, roughness and thickness of thin layers deposited

from this target were compared with layers deposited under the
same conditions from commercially available monocrystalline LiN-
bOs target. The layers prepared using our polycrystalline target

= were smoother and thicker than those deposited from LiNbO;

= monocrystal under similar conditions.
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In this paper the doping of erbium from thin layers deposited on the LiNbO3 surface with an emphasis on
the relations between changes in the LiNbOs5 structure and the luminescence properties of Er:LiNbO3
have been studied. The erbium-containing layers were primarily characterised in terms of the lumines-
cence at 1.5 um. The obtained results showed a high level of structural ordering in the samples after
indiffusion of Er at high-temperature. This was apparent from the luminescence results, where more than
6 quite narrow luminescence bands were found, and also from the RBS/channeling analysis which
showed, that the doped structure has similar degree of ordering as the bulk crystal LiNbOs. In terms of
luminescence intensity at 1.5 pm a better source for the erbium doping seems to be the erbium oxide
layer. The highest luminescence intensity values were among the cuts achieved in the Z cut.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lithium niobate (LiNbOs3, LN) is a well-known material in the
field of photonics because of its ability to combine active and pas-
sive optical beam control [1]. In order to create an optically active
material that could be used as an optical amplifier or waveguide la-
ser, the LN is doped with laser-active ions such as erbium to form
erbium-doped lithium niobate (Er:LiNbOs or Er:LN) [2-5].

Currently, there are several methods used for erbium doping
[6-8]. The doping from a thin erbium metal film, deposited on
the substrate surface, is the first and thus far the most common ap-
proach for introducing erbium into the lithium niobate. Another
suitable source of doping has been found in erbium oxide [7]. Thin
layers prepared in this way were investigated in detail; it was
found that the concentration of erbium reached approximately
0.1-0.2 at.% at a depth of several microns (i.e., up to 6 um) and
such erbium-rich layers displayed high-intensity luminescence at
1.5 um [8]. A study of the structure of the doped layers revealed
that erbium atoms preferentially occupied the lithium sites [9].
The implantation of erbium ions into the lithium niobate [10,11]
and the diffusion of erbium ions from a melt of erbium containing
salts [12,13] are also known.

For several years, we have utilised an alternative method of
Er:LN-layer fabrication with emphasis on the relations between

* Corresponding author. Tel.: +420 220 444 003; fax: +420 224 311 010.
E-mail address: pavla.nekvindova@vscht.cz (P. Nekvindova).

0925-3467/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.optmat.2013.09.027

the changes in the LN structure and the luminescence properties
of Er:LN. We have also considered possible ways to influence the
luminescence properties by modifying the crystal field surround-
ing the erbium ions. We have already reported the doping from
the melt [14,15] and the techniques of ion implantation [16-18]
into various LN cuts. In order to make the subject of our interest
more complete, we have performed some experiments using the
techniques of doping from a thin Er metal film deposited on vari-
ous LN cuts.

In this paper, we present the results of our experiments carried
out on the doping of erbium from the thin layers deposited on the
LN surface, the layers being either Er metal or Er,0s3. The layers
used as the doping source had a thickness of 10 and 20 nm. The er-
bium-containing layers were primarily characterised in terms of
their luminescence at 1.5 pm. The concentration depth profiles of
erbium and lithium in the doped samples and the changes of their
structure were also investigated. An entirely new idea was to com-
pare the results of such doping into commonly used and specially
designed lithium niobate substrate cuts to see the possible differ-
ences arising from the migration of the incorporated erbium ions
through a differently oriented crystalline matrix.

2. Experiments
For the experiments, we used wafers of LN with various crystal-

lographic orientations (pulled by the Czochralski method) supplied
by Crytur Turnov (Czech Republic). The wafers were oriented and
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labelled as follows: standard X cut (11-20) and Z cut (0001), and
specially executed Y cuts with respect to the cleavage plane of the
LN crystal, namely a parallel Y;; cut (10—12) and perpendicular Y,
cut (10-—14). All wafers were polished on both sides, with one side
polished to optical quality. The dimensions of the wafers were
12 x 7 mm with a thickness of 0.7 mm.

The experimental conditions of the erbium doping from thin er-
bium metal and oxide films deposited on the crystal surface were
chosen according to an already published experiment [7]. The
thicknesses of the deposition source layers were 10 nm and
20 nm for both Er metal layers and Er,O3 layers (custom-made
by Crytur Turnov - Czech Republic by magnetron sputtering on
the crystal surface). For these experiments, only Z cuts were used.
The diffusion of erbium from both kinds of layers was carried out at
1060 °C for 100 h in a tube furnace in a dry O, atmosphere. These
experiments were repeated in order to verify the results. Based on
previous results, further studies were conducted only with samples
doped from 20-nm thick layers. Using these samples, we focused
on the behaviour of the different cuts. The experiments were per-
formed with the X, Z, Yy, Y, cuts of LiNbOs.

The concentration depth profiles of the incorporated erbium
atoms were studied by Rutherford Backscattering Spectroscopy
(RBS) at the Nuclear Physics Institute in ReZ, Czech Republic. The
analysis was performed by the Tandetron 4130 MC accelerator
using a 2.0 MeV He" ion beam. He" ions incoming at normal inci-
dence were backscattered and detected at a laboratory angle of
170°. The RBS spectra were evaluated using the GISA 3.99 [19] code
utilising cross-section data from IBANDL [20]. The RBS depth reso-
lution is better than 10 nm and the detection limit of Er concentra-
tion in this case is about 0.1 at.%. The detection limit mentioned
above can be achieved for the region of backscattered He" ions,
where the Er signal is not overlapped by the Nb signal from the
LN substrate. Consequently, this detection limit for Er is imple-
mentable up to an analytical depth of about 150 nm. In order to
study the changes in the lithium niobate structure caused by the
erbium in-diffusion, the RBS/channelling measurements, using a
1.7 MeV He" beam from the Van de Graaff accelerator in the Helm-
holtz-Zentrum Dresden Rossendorf, Germany, were performed.
The value of the minimal yield ymin was determined by the inte-
gration of the regions of interest in random and aligned spectra
using the usual procedure reported, e.g., in [21].

The lithium concentration depth profiles in the prepared sam-
ples were measured by Neutron Depth Profiling (NDP). The method
is based on a reaction of a thermal neutron with °Li:®Li(n,a) 3H. The
fabricated samples were irradiated with a thermal neutron beam
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Fig. 1. The luminescence spectra of the erbium-doped LN samples prepared by
doping from the erbium metal and erbium oxide layers deposited on the Z cut of LN.
(Experimental conditions: 1060 °C; 100 h; atm. O,.)

Table 1

The comparison of luminescence intensity at 1529 nm of the erbium-doped samples
prepared from the 20-nm thick layers of Er metal or Er,05 deposited on the surface of
various LN cuts. (Experimental conditions: 1060 °C; 100 h; atm. 0,.)

Er sources Z cut X cut Y, cut Yy cut
Luminescence intensity (rel.%)

Metallic Er 100 16 81 43
Er,03 100 10 60 40

from a 6-m long neutron guide (the neutron intensity was 107
nthcm2s') and the charged reaction products were recorded
by a Hamamatsu PIN diode detector. The nominal accuracy of the
NDP method is ~5% of the concentration value of Li, c;;; the nom-
inal depth resolution is ~10 nm.

The photoluminescence spectra of the prepared samples were
collected within the range of 1440-1600 nm at room temperature.
A pulse semiconductor laser POL 4300 emitting at 980 nm was
used for the excitation of the electrons. The luminescence radiation
was detected by a two-step-cooled Ge detector J16 (Teledyne Jud-
son Technologies). To scoop specific wavelengths, a double mono-
chromator SDL-1 (LOMO) was used. For the evaluation, all of the
luminescence spectra were transformed to the base level and the
baseline was abstracted.

3. Results
3.1. Luminescence properties

Fig. 1 shows a comparison of the luminescence spectra in the re-
gion around 1.5 pum for samples prepared by erbium diffusion from
an Er metal layer and an Er,05 layer of various thicknesses. It is obvi-
ous that all samples revealed the highest intensity at a wavelength
of 1529 nm. Moreover, there are evident 6 emission bands with a
narrow spectral width at wavelengths of 1483 nm, 1507 nm,
1516 nm, 1529 nm, 1543 nm and 1559 nm. The measured spectra
are similar to the spectra obtained from a bulk-doped Er:LN crystal
[14,22]. As expected, the luminescence intensity corresponded well
with the thicknesses of the deposited source layers, i.e., the intensity
was always higher for the 20-nm thick source layers. The compari-
son of both erbium sources is not so ambiguous. The luminescence
intensity at 1529 nm was higher for the 10-nm thick Er,03 depos-
ited layers than for the 10-nm thick metal deposited ones. No differ-
ences between the luminescence intensity of the two erbium
sources were observed for the 20-nm thick source layers. To verify
the results, we repeated the experiments with the second set of
the LN wafers, which proved the results described above.

The behaviour of variously oriented LN cuts was studied using
the samples that were doped from 20-nm thick films of both er-
bium metal and erbium oxide; the doping conditions were other-
wise identical. The resulting luminescence spectra showed
similar shapes of the luminescence spectra with the 6 above-de-
scribed narrow luminescence bands for all the samples. The spec-
tra of the various cuts differed especially in the intensity of the
1529 nm band, which was the highest in the Z cuts for both types
of the doping sources. Values of the intensity of luminescence at
1529 nm are stated in Table 1. Data are compared to the Z cut
which luminescence intensity was considered to be 100%.

3.2. Erbium concentration in the prepared layers

In Fig. 2, the RBS spectrum of the Er metal layer deposited
before the actual diffusion was compared with that of the
erbium-containing layer after the diffusion. The random RBS spec-
trum of the sample with the deposited erbium layer clearly
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Fig. 2. The RBS spectrum - a comparison of the results coming from the erbium
metal deposited on the crystal surface with that obtained after the diffusion in the Z
cut. (Experimental conditions: 1060 °C; 100 h; atm. O5.)

showed the presence of erbium on the surface of the lithium nio-
bate substrate, and its integral amount was evaluated as
5.8 x 10'® at. cm~2 (see Fig. 2 - the green' curve). After the in-dif-
fusion at elevated temperature, the signal of erbium was signifi-
cantly lower, and the integral amount of erbium detected in the
sub-surface layer of LN decreased to 0.2 x 10'®at. cm~2 simulta-
neously with the shift of niobium reaching the edge towards higher
energies (see Fig. 2 - the black curve). This effect is connected to the
fact that the in-diffusion of the whole amount of the deposited er-
bium into the lithium niobate sample has proceeded deeper into
the substrate, and thus Er is detected only on the surface of the sam-
ple. The red curve in Fig. 2 represents the measured aligned spec-
trum which was used for the calculation of disordered atoms. The
RBS spectrum detected for Er,Os deposited layers is conformable
to the described spectrum of the Er metal layer and is shown in
Fig. 4b.

The erbium depth concentration profiles obtained for various
LN cuts are shown in Fig. 3, which provides a comparison of the er-
bium depth concentration profiles for thin erbium films prepared
by diffusion from the metal deposited on the surface (Fig. 3a)
and those arising from diffusion from an erbium oxide layer
(Fig. 3b). From these figures, it is obvious that the erbium concen-
tration in surface and sub-surface layers was about 1.0-2.3 at.% for
the in-diffusion from the oxide layers, and 0.2-1.0 at.% from the er-
bium metal layers. Nevertheless, it is necessary to keep in mind
that the depth resolution of RBS is about 10 nm, so the accurate po-
sition of the erbium profile in the frame of a 10-nm thick sub-sur-
face layer is burdened by high uncertainty. In the Z cuts of LN the
results were verified by repeating the experiments with samples
having a 10-nm thick diffusion source (not shown). The shapes of
the depth concentration profiles were very similar for both thin-
film sources. The surface concentration of erbium is rather low,
approximately 0.2 at.%, and the layer possibly reaches deeper than
80 nm. Unfortunately, the erbium concentration at a greater depth
is below the detection limit of the RBS measurement in the used
combination of host element and matrix. Except for the mentioned
uncertainty, a higher erbium surface concentration was again obvi-
ous in the layers performed from the Er,05 as well as in the sample
prepared from the layer having a thickness of 20 nm.

Concerning erbium concentration profiles in various cuts, we
were not able to determine for certain in which cut the diffusion
process took place preferably. For the diffusion from the deposited

1 For interpretation of colour in Fig. 2, the reader is referred to the web version of
this article.
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Fig. 3. The depth concentration profiles of the erbium-doped LN samples prepared
from the 20-nm thick layers of erbium metal (A) or erbium oxide (B) deposited
layers on the surface of various LN cuts. (Experimental conditions: 1060 °C; 100 h;
atm. O,.)

metal layers, the Y, cut behaved quite differently, because it had a
higher erbium concentration in the surface layer after the diffu-
sion. The diffusion from the Er,O5 layers into the X and Z cuts, as
well as into both Y cuts, exhibited a striking similarity. The depth
concentration profiles, with a higher concentration in the surface
layer, was found with the first LN cuts, achieving values up to
2.3 at.%.

3.3. Lithium concentration in the prepared layers

From the RBS extracted erbium concentration values in the fab-
ricated layers only a small depletion of lithium ions could be as-
sumed. Therefore, in all the samples, prepared by diffusion from
the deposited Er metal layers, lithium concentration depth profiles
were measured by the high-statistics NDP method. The NDP mea-
surements however showed that within the 5% accuracy of the
method no significant lithium depletion in the surface area of
any cut was observed.

3.4. Structural changes - RBS/channeling

Since the luminescence properties of the prepared thin films
were good and the RBS measurement showed about 2 at.% of the
erbium concentration in the surface, the changes in the LN
structure caused by the diffusion process were interesting to inves-
tigate. The RBS/channeling technique was used for the investiga-
tion. The yield of backscattered ions, in the aligned spectrum
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along the chosen crystallographic axes, is very sensitive to the
number of disordered atoms of the host matrix.

The RBS/channeling spectra of the samples, where the in-diffu-
sion of erbium from the oxide layers was applied, are presented in
Fig. 4 (the spectra for erbium metal layer were shown only for the Z
cut, see Fig. 2). The minimal yields for both erbium sources used
are summarised in Table 2. From Fig. 4, it is obvious that in the
aligned spectra the erbium signal was significantly lowered, which
can be explained by a higher erbium amount in the substitution
position viewing along the x and z axes (about 80% and 92%,
respectively). It means that erbium is localised in some preferential
Csy sites in the crystalline matrix. Table 2 clearly shows that the
minimal yield in the aligned spectrum is comparable for all cuts
and has a value of about 4-7% for erbium in-diffused from the me-
tal layers. Moreover, the values of the minimal yields are compara-
ble to the minimal yields of the virgin (untreated) LN crystal, thus
indicating negligible damage of the original structure.

In the case of erbium in-diffusion from the oxide layers, the val-
ues of the minimal yields are slightly higher in all the investigated
cuts, i.e., about 6-10%, which may be connected to the increased
disorder introduced into the sub-surface layer after erbium in-dif-
fusion. Erbium atoms in the surface layer (more than 70%) sites are
mostly located in interstitial positions. RBS/channeling analysis
proved that the induced disorder of the density of the atoms, de-
duced from the spectra after the erbium in-diffusion from the er-
bium metal layer, is comparable to the crystalline structure of
the virgin (untreated) sample. The erbium concentration in the
LN surface layer is very low and in the accessible analytical depth
seems to be homogeneous in the case of the erbium in-diffusion
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Table 2

The minimum yield ym, of backscattered ions in the aligned spectrum relative to the
random spectrum in the various LN crystallographic cuts also shown for various
erbium sources of the deposited layers.

Er sources X cut Z cut Y, cut Yy cut
min Of LN in various crystallographic LN cuts (%)

Metallic Er - 10 nm - 4 - -
Metallic Er - 20 nm 4 5 8 4
Er,O3 - 10 nm - 4 - _
Er,03 - 20 nm 8 10 8 6

from the metal layer. Nevertheless, the thin film structure was or-
dered in the extent of more than 90% in all the samples. This fact
could be a likely reason for the high intensity of 1529 nm lumines-
cence observed in the presented samples.

4. Discussion

This section discusses the usage of various sources of erbium
ions in the form of thin layers evaporated on the surfaces of the
samples. The study focused on the suitability of particular diffusion
sources for use in photonics, i.e., mainly in terms of the best perfor-
mance in the luminescence properties. In principle, it is possible to
calculate how many atoms each type of layer (with a certain thick-
ness) contains: the erbium metal layer with a thickness of 20 nm
contains about 6.5 x 10'® Er atoms per cm?, the 20-nm layer of
Er,05 would contain only about 5.4 x 10'® Er atoms per cm?. These
values corresponded well with the integral amounts of erbium
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g:ls;l;culated values of estimated depth 1 containing diffused erbium ions in Z cut of LN.
Er Er,05
C(at%") Crmeasured (at. cm™2) Cealculated (at. cm™?) I (um) C(at.%") Cieasured (at cm ™) Calculated (at. cm™2) ! (um)
10 nm 0.2 - 3.2 x 106 8.6 0.2 - 2.7 x 106 7.2
20 nm 1.0 5.8 x 10'® 6.5 x 106 34 0.5 3.7 x 10" 5.4 x 10'® 5.7

3 1at%=~1.893 x 102 at.cm—.

found by the RBS analysis of the actual deposited metal or oxide er-
bium layers (see Fig. 3 - 5.8 x 10'® at. cm2). If we presume that
the erbium concentration value of the “constant (steady) part” of
the erbium concentration depth profiles (found by the RBS) is the
same both in the surface region and in the whole doped depth re-
gion (also constant) - i.e., for deposited 10-nm erbium metal or
Er,03 Z-cut samples, the constant erbium concentration is about
0.2 at.% - we can then calculate the estimated depth of the in-dif-
fused erbium. That means to calculate how deep the erbium ions
diffuse into the sample after the high temperature diffusion pro-
cess from the defined depth of evaporated erbium or oxide layer.
The estimated thicknesses of the diffused erbium layers, prepared
from metallic erbium, as well as from the Er,03 evaporated layers
mentioned above, were calculated from the following equations
(relationships):

1 V(evap.1.) p(Er,metal) M(LiNbOs)

HEr layer) =100 o5 Vi emd)  p(LiNDOs) ~ M(Er)

(1)

1 V(evap.1) p(Er,05) M(LINDO3)
(at%) V(1cm?) p(LINDOs) I-M(Er,0s)

(2)

In the above equations are the following variables: I [m] is the esti-
mated thickness of diffused Er layer, C [at.%; at./cm®] is the erbium
concentration (value estimated from the constant “steady” part of
the erbium concentration profile), Ny [mol~'] is the Avogadro con-
stant, M [kg/mol] is a molar mass, p [kg/m?] is a density, V (evap.)
[m3] is the volume of the evaporated layer, V (1 cm?®) [m?] is the vol-
ume of 1cm? - ie. 1075 m3.

The calculated values of estimated diffusion depth containing
erbium ions are summarised in Table 3.

It is evident that the calculated values correspond well with the
depth obtained by SIMS for the doping from the metal erbium layer
[7]. Nevertheless in our case, measuring the real doped samples,
the concentrations on the surface and the total concentrations
measured towards the depth of 80 nm were much lower, thus indi-
cating that the erbium reached beyond depth detection limits of
the RBS method.

With a simple presumption that the intensity of luminescence
is proportional to the amount of erbium (without considering the
depletion of erbium), we may expect that a higher content of er-
bium in the samples doped from the erbium metal layer will also
result in higher luminescence. However, our findings are not fully
unambiguous with that presumption. The samples doped from 10-
nm thick Er,O3 layers had higher luminescence intensities than
those doped from the Er metal layers having the same thickness.
The differences diminished with the samples that were prepared
from 20-nm thick layers, although we have never found that sam-
ples doped from the Er,05 layers would have lower luminescence
intensities than those doped from the Er metal layers. Nonetheless,
the luminescence intensity is substantially affected by other fac-
tors, such as concentration quenching and the ordering of the
structure around the erbium ion in the doped layer. Concentration
quenching is not very likely to occur in the case of the doping from

I(Er,05 layer) =100- c

the Er metal layer, since the maximum concentration of erbium
was found to be very low even in the shallow sub-surface layer.
For the concentrations found in the samples doped from the
Er,03 layers (2.3 at.%), we would have expected luminescence
quenching, but then the luminescence intensities would have been
higher in those samples.

The luminescence intensities, and above all the shapes of the
luminescence bands, are highly affected by the surroundings of
the erbium ions. The rather high ordering of the structure - as fol-
lows from the RBS/channeling spectra (see Fig. 4) — indicated a re-
crystallisation of the structure, which occurs at 600 °C and above.
Consequently, Er-ion surroundings are well ordered and the major-
ity of erbium ions occupy the substitution positions of the most
likely lithium or niobium ions. Thanks to this fact, the lumines-
cence intensity is rather high for both types of layers — Er metal
and Er,0s. If erbium occurs in higher concentrations, as in the sam-
ples made by the diffusion from erbium oxide, then it is localised at
interstitial sites, which makes the structure much less ordered and
lowers the intensity of the luminescence. The only explanation of
the higher intensity of the luminescence in the samples doped
from erbium oxide (as compared to the samples doped from er-
bium metal) is the more feasible way of how erbium ions incorpo-
rate into the lithium niobate structure, or the presence of oxygen
atoms from erbium oxide in the doped layers. However, such a
hypothesis is still a matter of further investigation.

As to the comparison of the suitability of particular crystallo-
graphic cuts of lithium niobate for the mentioned applications, it
is clear that the crystallographic cut orientation is a very important
factor influencing the luminescence properties of the doped sam-
ples. Within all the used samples, it was always the Z cut that
exhibited the highest intensity of luminescence. Since we com-
pared the samples that were annealed significantly above the tem-
perature of re-crystallisation (i.e., about 600 °C), we can assume
that the rate of the re-crystallisation process is the highest along
the z-axis of LN and the crystal structure along this direction would
have the highest degree of ordering. However, this hypothesis can-
not be fully confirmed, as the differences that were found between
various cuts are rather small and almost 100% ordering was mea-
sured in all our samples.

5. Conclusions

The luminescence spectra of the samples that were doped with
erbium from two different thin film sources evaporated onto sin-
gle-crystal LiNbO3; samples - erbium metal and Er,03 — were stud-
ied in detail. In the luminescence spectra of the doped samples,
there appeared 6 narrow bands around a wavelength of
1529 nm, which indicated a good structural ordering of the er-
bium-ion crystal field. Such a low disordering is similar to that of
virgin (undoped) LN. In terms of the luminescence properties
around a wavelength of 1.5 pm, the erbium oxide layer seems to
be a better source for the doping than the erbium metal layer.
The highest intensity of the luminescence was always found in
the Z cut. The results confirmed that this type of erbium doping
of lithium niobate is the best alternative for utilisation in photonic
structures, e.g., optical amplifiers.
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This paper reports on the structural as well as compositional changes of LiNbOs, Al,03 and ZnO crystals,
implanted with Er* ions at 190 keV a with fluence of 1.0 x 10'® cm™2 into the <0001> crystallographic
cuts. Post-implantation annealing at 1000 °C in oxygen atmosphere was also done. The chemical compo-
sitions and erbium concentration-depth profiles of implanted layers were studied by Rutherford
Backscattering Spectrometry (RBS) and compared to SRIM simulations. The same value of the maximum
erbium concentration (up to 2 at.%) was observed at a depth of about 40 nm for all crystals. The structural

gf’:;vrfrlisl lantation properties of the prepared layers were characterised by RBS/channelling. The relative numbers of disor-
Crystals P dered atoms in the prepared implanted layers were compared with each other and discussed for various

Depth profiles crystals. It has been found that erbium is located in LiNbO3 and in Al,Os preferably in interstitial posi-
RBS tions, unlike ZnO, where the largest amount of erbium (about 83%) is placed in substitutional positions
RBS/channelling after the implantation. The erbium position in the host matrix was substantially influenced by the
Photoluminescence annealing procedure. In ZnO, after the annealing, the erbium amount in substitutional positions signifi-
cantly decreased; in LiNbOs; and Al,O5 the increase of erbium in substitutional positions was observed
simultaneously with the improvement of the quality of the reconstructed host matrix. Since we are
interested in the relationship between structural changes and optical properties, the erbium lumines-
cence properties were measured in the region of wavelength 1440-1650 nm for all crystals. After ion
implantation LiNbO3; samples had zero luminescence intensity, while ZnO and Al,05; samples had one
significant luminescence band at 1537 and 1530 nm, respectively. The annealing improved the

luminescent properties significantly in all investigated crystalline materials.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction energy of 60 meV that has attracted much attention nowadays.

The recently reported ability to obtain p-type ZnO has opened

Due to their unique properties, lithium niobate (LiNbOs,) and
sapphire (Al,03) continue to be used as advanced materials in
the field of photonics [1,2]. Since single crystalline lithium niobate
is grown as congruent crystal, it allows an easy doping with laser
active ions, such as erbium [3,4]. Particularly, the incorporation
of erbium in structure of sapphire is interesting for optical
waveguide applications [5]. The zinc oxide (ZnO) is a wide band-
gap natural n-type semiconductor with a large exciton-binding
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E-mail address: malinsky@ujf.cas.cz (P. Malinsky).
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new possibilities for photoelectronic light-emitting devices includ-
ing lasers operating in the near ultraviolet (UV) and blue spectral
range [6-8]. The wide and direct band-gap in ZnO makes it
suitable as a host for optically active Er ions, since it allows for
emission at wavelength 1.5 um as well as in the entire visible
region. In addition the advantage is that the effect of the
thermal quenching of the photoemission is expected to be low
[9]. The efficient incorporation of the erbium into the host
matrix, the particular erbium position in the structure and
therefore the effect of the erbium crystal-field surroundings on
the luminescence properties of the erbium ions are very important
to study.
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The structure of the three mentioned crystals (LiINbO3 - R3c,
Al,03 - R3c, ZnO - P63mc) have similar basic oxygen hexagonal
lattice differing mainly in the occupation of the octahedral and
tetrahedral vacant sites of the appropriate ions. The ion-implanta-
tion technique is a way to form active optical layers in these
crystals (see [4] and the references therein). In this paper the thin
layers containing erbium have been prepared by ion implantation
in three optical crystals, i.e. LiNbOs, Al;03 and ZnO. Experimental
conditions of the ion implantation and post-implantation anneal-
ing were deliberately chosen identical. The main attention is
focused on the structural and compositional changes comparison
and also on the influence of various crystals fields on the 1.5 pm
luminescence of erbium ions.

2. Experimental

In this study, the Z cuts <0001> of congruent lithium niobate
(supplied by Crytur Turnov, Czech Republic), sapphire (supplied
by AVTEX Turnov, Czech Republic) and ZnO (supplied by Gemma
Korea Corporation, South Korea) were used. Thoroughly pre-
cleaned wafers were implanted with 190 keV Er" ions, 7° off-axis
to avoid channelling. An ion fluence of 1.0 x 10'® cm™2 was
applied. The implantations were performed using a 200 kV implan-
ter at the Helmholtz-Zentrum, Dresden-Rossendorf, Germany. The
beam was scanned through an aperture of typically 1 x 1.cm?,
resulting in a beam current density of typically 0.25 uA/cm? on
the target. For the recovery of the structure, the as-implanted
samples were annealed at a temperature of 1000 °C for 5 h in dry
oxygen atmosphere [9].

The concentration profiles of the implated erbium ions were
studied by Rutherford Backscattering Spectrometry (RBS). The
analysis was performed at a Tandetron 4130 MC accelerator of
the Academy of Sciences of the Czech Republic using a 2.0 MeV
He® ion beam. He" ions backscattered at a laboratory angle
of 170° were detected. In order to study the damages introduced
by the implantation process, the influence of the annealing

Table 1

183

procedure on the recovery of the host lattice was examined
by RBS/channelling measurements using a 1.7 MeV He® beam
from a van-de-Graaff accelerator at the lon Beam Center of the
Helmholtz-Zentrum, Dresden-Rossendorf.

The photoluminescence spectra of the implanted samples were
collected within the range of 1440-1650 nm at room temperature.
A semiconductor laser POL 4300 emitting at 980 nm was used for
the electron excitation. The luminescence radiation was detected
by a two-step-cooled Ge detector J16 (Teledyne Judson Technolo-
gies). To scoop specific wavelengths, a double monochromator
SDL-1 (LOMO) was used. Synchronous detection technique was
implemented by chopping the laser beam at a modulation
frequency of about 35 Hz, and by employing a lock-in amplifier
(EG&G 5205). For the evaluation, all of the luminescence spectra
were transformed to the base level.

3. Results
3.1. Er depth profiles

RBS was used for erbium depth profile determination in all pre-
pared structures. The range Rp, defined as the depth of the maxi-
mum erbium concentration, and ARp characterising the profile
standard deviation are summarised in Table 1. The results show
that the measured Rp agree with those from the SRIM simulation
within the uncertainties of the RBS measurement for as-implanted
samples.

The measured values of ARp exceed those from the SRIM [10]
simulation by a factor of 1.6-2. The difference is obviously caused
by the energy straggling of the ions implanted, which is supposed
to be higher in a crystalline material due to the possible channel-
ling of implanted ions and the modified structure of the implanted
layer.

Post-implantation annealing alters the depth profiles of
implanted erbium. For each crystal, different changes of the
erbium concentration-depth profiles were obvious. The erbium

A summary of the erbium profile parameters (Rp and ARp) in as-implanted and as-annealed samples of LINbO3, Al,05 and ZnO implanted with Er* ions (190 keV) into the <0001>

crystallographic cuts.

Er-implanted LiNbO; 1.0 x 10'®cm 2

Er-implanted Al,03 1.0 x 10'5cm 2

Er-implanted ZnO 1.0 x 10'5cm—2

Rp (nm) ARp (nm) Rp (nm) ARp (nm) Rp (nm) ARp (nm)
SRIM simulation 43 15 42 10 38 10
<0001> cut as-implanted 54 22 40 19 39 19
<0001> cut as-annealed 54 14 49 22

" Rp and ARp parameters were not determined for the annealed erbium depth profiles as they have a non-Gaussian character.
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Fig. 1. Er concentration-depth profiles in as-implanted and as-annealed <0001> cuts of ZnO (1a) and Al,03; (1b) compared to the SRIM simulation. The samples were
implanted by 190 keV Er* ions with an ion fluence of 1.0 x 10'® cm~2. The annealing procedure was done for 5 h at 1000 °C in O, atmosphere.
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depth-concentration profiles for LiNbO5; exhibited a shift of the
concentration maximum to the surface, a decrease of the
maximum concentration and a broadening of the erbium profile
[not shown - the results have been published in 11]. Erbium
concentration-depth profiles compared for as-implanted and
as-annealed ZnO are presented in Fig. 1a. It is clear that the
depth-concentration profile in this crystal showed a decrease
of the erbium concentration maximum as well as the profile
broadening but the concentration maximum was shifted deeper.
For the Al,03 crystal, the erbium concentration-depth profile was
narrower after the annealing and the maximum concentration was
slightly shifted to the depth. For Al,Os, these changes are presented
in Fig. 1b. Moreover, all erbium depth-concentration profiles are
also compared to the corresponding SRIM-simulated ones.

3.2. Structural changes

The structure of as-implanted and as-annealed samples was
examined using the RBS/channelling method. Fig. 2 presents the
random and aligned spectra of both as-implanted (2a) and as-an-
nealed (2b) samples of Al,0s. The same spectra determined in

(a)
800
+—Al,0, random <0001> as -implanted
700 - Al,0, aligned <0001> as -implanted
600 ~ﬁ&q
5004

Yield of back-scattered He" ions

R

. :
200 400 600 800
Channel

the LiNbO3 have been published in [11]. For the ZnO, these types
of spectra are shown in Fig. 3. The relative concentration of the dis-
placed atoms Np/N was calculated from the area of the deeper-ly-
ing disordered peak using a common procedure [12]; the
minimum yield ymni, was determined as well (see [12] for details).
For various crystals, these values are summarised in Table 2. It is
evident from the results that a considerable amount of damage is
created in the near-surface region corresponding to the depth of
the implanted layer in the all investigated crystalline samples.
Using the identical implantation conditions, the highest relative
disorder Np/N (71%) was introduced by implantation in Al,O3 while
the lowest (44%) in ZnO.

The annealing procedure had a significant influence on crystal
recovery in LiNbO3 and ZnO where the relative disorder introduced
in the buried layer decreased from 64% to 12% and 44% to 5%,
respectively (see Table 2). The implanted structure was completely
reconstructed by annealing in the ZnO case, because the minimum
yield after annealing (5%) was close to the minimum yield of the
virgin ZnO crystals. In Al,O5, the disordered host matrix was recov-
ered only partially; mere 30% (see Fig. 2b) of the defects introduced
by implantation was reconstructed by the annealing procedure.

(b)
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Fig. 2. The RBS/channelling spectra for <0001> Al,03 determined in as-implanted (a) and as-annealed (b) samples. The samples were implanted by 190 keV Er* ions with an
ion fluence of 1.0 x 10'® cm~2. The annealing procedure was done for 5 h at 1000 °C in O, atmosphere.
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Fig. 3. The RBS/channelling spectra for <0001> ZnO determined in as-implanted (a) and as-annealed (b) samples. The samples were implanted by 190 keV Er* ions with an ion
fluence of 1.0 x 10'® m~2. The annealing procedure was done for 5 h at 1000 °C in O, atmosphere.
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Table 2

A summary of the minimum yields and the relative number of the disordered atoms for LiNbOs, Al,05 and ZnO implanted by 190 kV Er* ions with a fluence of 1 x 10'® cm

subsequently annealed for 5 h at 1000 °C in O, atmosphere.

2 and

Er-implanted LiNbO; 1.0 x 10'®cm~2

Er-implanted Al,03 1.0 x 10'5cm 2

Er-implanted ZnO 1.0 x 10'®cm 2

Np/N (%) Fmin (%) Np/N (%) KA min (%) Np/N (%) KLmin (%)
<0001> cut as-implanted 64 65 71 72 44 46
<0001> cut as-annealed 12 14 49 51 5 8

We have compared the relative number of erbium atoms in sub-
stitutional positions in as-implanted samples and annealed sam-
ples along the main crystallographic axis <0001>, where the
erbium displacement from the substitutional position in the host
matrix has the greatest influence on the back-scattered ion yield
in channelling direction. The fraction of the implanted erbium
atoms entering substitutional positions after implantation and
post-annealing was determined from the change in the area of
the erbium signal (for details, see [12]). Using the above-mentioned
implantation conditions, no significant erbium preferential substi-
tutional position was observed after the implantation in LiNbO;
and Al,Os. This means that more than 90% of erbium atoms were
found at interstitial positions. Fig. 4a shows a fine angle scan
determined in an as-implanted ZnO. When we are following the
shape of back-scattering yield appropriate to the Zn and Er signal
in RBS spectrum depending on the ion incident angle, we can see
in Fig. 4a, that the Er yield is very close to the one of Zn. It can
be concluded, that 83% of the erbium is located at substitutional
positions, which are ordered along the axis of <0001> crystallo-
graphic axis in agreement with the results presented in [13,14].

The substitutional fraction of erbium atoms was analysed also
after the annealing, when the crystalline matrix was partly or fully
reconstructed in ZnO, LiNbO3 and Al,Os. It was published in [11]
that in LiNbOs; the erbium fraction in substitutional positions is
about 56% after the annealing. In the case of Al,03, the erbium rel-
ative amount at substitutional positions after annealing was in-
creased only slightly, to 20%. The behaviour during the annealing
of the ZnO crystal was different. In ZnO, a decrease of erbium
amount in substitutional positions to 15% was observed see Fig. 4b.

3.3. Luminescence properties

The luminescence properties were measured from 1440 to
1650 nm with erbium as-implanted samples of all the mentioned
crystals. After implantation, LiNbO3 samples had zero lumines-
cence intensity with no clear luminescence bands [11]. Fig. 5
shows the Iluminescence spectra of erbium implanted and
annealed (a) Al,05; and (b) ZnO samples. The main luminescence
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band with the highest intensity was measured in Al,O3 around
1530 nm and in ZnO around 1537 nm. The luminescence spectra
of erbium implanted Al,O; had another diffused peak around
1543 nm. The luminescence spectra of both crystal samples are
similar but have some important differences: (i) the spectrum of
erbium implanted ZnO is shifted by 7 nm towards higher wave-
lengths as compared with the erbium implanted Al,O5 spectrum;
(ii) the luminescence band around 1543 nm is half the height of
the main luminescence band in Er* implanted Al,O3, whereas in er-
bium implanted ZnO this luminescence band is less than quarter
the height. After post-implantation annealing of both samples
(Al;053 and ZnO) revealed the highest intensity of luminescence
at a wavelength of 1526 nm. The value of highest measured inten-
sity was slightly lower in ZnO. In addition there are evident 6
significant emission bands in the both luminescence spectra (see
Fig. 5). More detailed information on the fine erbium structure
and hence the representation of the individual structural of bind-
ing states of erbium in the crystal matrix could be provided by
luminescence at low temperatures. This measurement as well a
detailed study of luminescence will follow in our future work.

4. Discussion

When the structural changes of LiNbOs, Al,03 and ZnO as well
as the positioning of Er in these crystals are compared with the
previous studies [14-16], it may be assumed that LiNbO3 has more
free substitutional sites where Er could be placed than Al,05 and
ZnO. It was suggested in [15] that low Er ion implantation fluence
leads to a preferential occupation of free octahedral sites in Al,O3
and that the occupational preferences of dopants are connected
to the ionic radii [15,16]. If the Er amount exceeds the limit of
the Er amount incorporated in Al,O3 at implantation fluence of
the order of 1x 10'®cm™2, then some Er is segregated and
annealing supports Er precipitation in a heavily damaged crystal
structure. After the annealing, a high amount of Er still remains
in interstitial positions [15], which is in agreement with our
observations.
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Fig. 4. A fine angle scan determined from a RBS/channelling analysis for the <0001> cut (a) as-implanted and (b) as-annealed ZnO samples. The samples were implanted by
190 keV Er* ions with an ion fluence of 1.0 x 10'® cm 2. The annealing procedure was done for 5 h at 1000 °C in O, atmosphere.
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Fig. 5. The luminescence spectrum of the crystals: (a) Al,O5; and (b) ZnO. The samples were implanted by 190 keV Er* ions with an ion fluence of 1.0 x 10'® cm~2. The

annealing procedure was done for 5 h at 1000 °C in O, atmosphere.

In case of LiNbOs; we suppose Er occupies vacant Li sites as was
observed earlier in Er enriched LiNbOj3 thin layers prepared by Er
diffusion [17]. Despite their high atomic number, erbium ions are
known to have, due to the lanthanide contraction, relatively small
radii. It may thus be assumed, and it has been proven, that it can
occupy free octahedral sites in the Al,03 structure see [15]. In
ZnO erbium ions occupied the Zn sites after ion implantation and
post-implantation annealing caused the Zn comeback to the
original sites, while the erbium ions migrate to interstitial
positions. In the case a certain role could be played by charge insta-
bility, which is not supposed to be in sapphire because of trivalent
aluminium. In LiNbOs, it may be balanced by the congruent crystal
structure behaviour.

5. Conclusions

From the RBS and RBS/channelling measurements it follows
that erbium ions were positioned in LiNbOs and in Al,O3 preferably
in the interstitial sites, unlike ZnO, where the largest amount of er-
bium (83%) was placed in substitutional positions, after the
implantation. The erbium position in the host crystal structures
was substantially influenced by the annealing procedure: in ZnO
after the annealing, the amount of Er in substitutional positions
significantly decreased, whereas in the case of LiNbO3 and Al,0s,
the amount of erbium in substitutional positions increased simul-
taneously with the improved quality of the reconstructed host ma-
trix. All the as-implanted samples, except for LiNbOs3, exhibited
after ion implantation noticeable luminescence. The luminescence
spectrum of erbium implanted ZnO had lower intensity of the
luminescence band around 1543 nm than compared to erbium
implanted Al,03. This behaviour corresponds to the different
probability of emission transitions between sublevels of I;3;; and
I15/2 electronic levels in erbium ions. The annealing improved the
luminescent properties significantly in all investigated crystalline
materials.

Acknowledgements

The research has been supported by project P108/12/G108 and
realised at the CANAM (Center of Accelerators and Nuclear

Analytical Methods) LM 2011019. It has been supported by the
European Community as an Integrating Activity SPIRIT under EC
contract No. 227012.

References

[1] AJ. Kenyon, Recent developments in rare-earth doped materials for
optoelectronics, Prog. Quant. Electron. 26 (2002) 225.

[2] T. Volk, M. Wohlecke, Lithium Niobate - Defects, Photorefraction and
Ferroelectric Switching, Springer, Berlin, 2009. ISBN: 978-3-540-70765-3.

[3] A. Polman, Erbium implanted thin film photonic materials, J. Appl. Phys. 82
(1997) 1.

[4] L. Tsonev, Luminescent activation of planar optical waveguides in LINbO3; with
rare earth ions Ln®" - a review, Opt. Mater. 30 (2008) 892.

[5] E. Alves, M.F. da Silva, G.N. van den Hoven, A. Polman, A.A. Melo, J.C. Soares,
Incorporation and stability of erbium in sapphire by ion implantation, Nucl.
Instr. Meth. B 106 (1995) 429.

[6] D.C. Reynolds, D.C. Look, B. Jogai, C.W. Litton, T.C. Collins, W. Harsch, G.
Cantwell, Neutral-donor-bound-exciton complexes in ZnO crystals, Phys. Rev.
B 7 (1998) 12151.

[7] W.M. Jadwisienczak, H.J. Lozykowski, A. Xu, B. Patel, Visible emission from ZnO
doped with rare-earth ions, J. Electron. Mater. 31 (2002) 776.

[8] U. Ozgiir, Y.I. Alivov, C. Liu, A. Teke, M.A. Reshchikov, S. Dogan, V. Avrutin, S.J.
Cho, H. Morkog, A comprehensive review of ZnO materials and devices, J. Appl.
Phys. 98 (2005) 041301.

[9] C. Buchal, S.P. Withrow, C.W. White, D.B. Poker, lon implantation of optical
materials, Annu. Rev. Mater. Sci. 24 (1994) 125.

[10] www.srim.org, website, access date 2013-11-13.

[11] A. Mackova, P. Malinsky, H. Pupikova, P. Nekvindova, J. Cajzl, Z. Sofer, R.A.
Wilhelm, A. Kolitsch, J. Oswald, The structural changes and optical properties
of LiNbO; after Er implantation using high ion fluencies, 21st international
conference on ion beam analysis (IBA), Nucl. Instr. Meth. B 21 (2013) 21-24.

[12] J.R. Tesmer, M.A. Nastasi, Handbook of Modern Ion Beam Analysis, Materials
Research Society, Michigan, 1995. ISBN: 155-8-992545.

[13] S.M.C. Miranda, M. Peres, T. Monteiro, E. Alves, H.D. Sun, T. Geruschke, R.
Vianden, K. Lorenz, Rapid thermal annealing of rare earth implanted ZnO
epitaxial layers, Opt. Mater. 33 (2011) 1139.

[14] A. Mackova, P. Malinsky, Z. Sofer, P. Simek, D. Sedmidubsky, M. Mikulics, R.A.
Wilhelm, A study of the structural and magnetic properties of ZnO implanted
by Gd ions, 21st international conference on ion beam analysis (IBA), Nucl.
Instr. Meth. B (2013).

[15] E. Alves, R.C. da Silva, M.F. da Silva, J.C. Soares, Solubility and damage
annealing of Er implanted single crystalline o-Al,05, Nucl. Instr. Meth. B 139
(1998) 313.

[16] E. Alves, E. Rita, U. Wahl, ].G. Correia, T. Monteiro, J. Soares, C. Boemare, Lattice
site location and optical activity of Er implanted ZnO, Nucl. Instr. Meth. B 206
(2003) 1047.

[17] I. Baumann, S. Bosso, R. Brinkmann, R. Corsini, M. Dinand, A. Greiner, K.
Schafer, J. Sochtig, W. Sohler, H. Suche, R. Wessel, Er-doped integrated optical
devices in LiNbOs, IEEE ]. Sel. Top. Quant. 2 (1996) 355.


http://refhub.elsevier.com/S0168-583X(14)00190-6/h0005
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0005
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0090
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0090
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0090
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0015
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0015
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0020
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0020
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0020
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0020
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0025
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0025
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0025
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0030
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0030
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0030
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0035
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0035
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0040
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0040
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0040
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0045
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0045
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0095
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0095
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0095
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0095
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0095
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0100
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0100
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0100
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0065
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0065
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0065
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0105
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0105
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0105
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0105
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0075
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0075
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0075
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0075
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0075
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0080
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0080
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0080
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0085
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0085
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0085
http://refhub.elsevier.com/S0168-583X(14)00190-6/h0085

Nuclear Instruments and Methods in Physics Research B 332 (2014) 74-79

Contents lists available at ScienceDirect K;m
. ) i
Nuclear Instruments and Methods in Physics Research B |A@5os

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

The structural changes and optical properties of LiNbO5 after
Er implantation using high ion fluencies

@ CrossMark

A. Mackova *>*, P. Malinsky *°, H. Pupikova *°, P. Nekvindova ¢, J. Cajzl ¢, Z. Sofer ¢, R.A. Wilhelm ¢,
A. Kolitsch 9, J. Oswald ©

2 Nuclear Physics Institute, Academy of Sciences of the Czech Republic, v.v.i., 250 68 Rez, Czech Republic

b Department of Physics, Faculty of Science, J.E. Purkinje University, 400 96 Usti nad Labem, Czech Republic
“Department of Inorganic Chemistry, Institute of Chemical Technology, 166 28 Prague, Czech Republic
dnstitute of lon Beam Physics and Materials Research, Helmholtz Zentrum, 01314 Dresden, Germany

¢ Institute of Physics, Academy of Sciences of the Czech Republic, v.v.i,, 162 53 Prague, Czech Republic
fTechnische Universitit Dresden, 01062 Dresden, Germany

ARTICLE INFO ABSTRACT

Article history:
Available online 15 March 2014

The structural and compositional changes of LiNbO; implanted with 190 keV Er* ions into various
crystallographic cuts with fluencies of 1 x 10'® and 5 x 10'® cm™2 were studied. The effect of post-
implantation annealing at 1000 °C in oxygen atmosphere was also examined. Concentration depth pro-
files of implanted erbium, determined by Rutherford Backscattering Spectrometry (RBS), are broader than
those from the SRIM simulation. The maximum erbium concentration (of up to 8 at.%) is observed at the
depth of about 50 nm, for all crystal cuts. The structure of the implanted layers were characterised by
RBS-channelling method. The lower relative number of disordered atoms in the crystalline matrix was
observed in the lithium niobate (LN) implanted at a fluence of 1 x 10'® cm~2, where also the preferential
position of the erbium in substitutional sites was observed when compared to the randomly distributed
erbium in interstitial positions at a fluence of 5 x 10'® cm~2 after the annealing. Surface-morphology
changes at the highest implantation fluencies were studied using Atomic Force Microscopy (AFM). Since
we were interested in the relation between the structural changes and optical properties, erbium
luminescence properties were measured in the region of 1440-1650 nm. The positive effect of post-
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implantation annealing on the luminescence properties caused by structural recovery was proved.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Due to its unique properties, lithium niobate (LiNbOs, LN) is
widely used in photonics [1-3]. Nowadays the development of
optical thin-layer amplifiers is one of the main research directions.
Crystalline lithium niobate is a good candidate for modulation and
amplification of the optical radiation. In this connection various
technologies for doping of lithium niobate with optically active er-
bium ions are of interest [4,5] and the ion-implantation is one of
the promising techniques to form active optical layers in LN [3],
which enables to form colloids or nanoparticles in LN and has
already been used by several groups [6-9]. The structural changes
in LN caused by ion implantation and by post-implantation anneal-
ing have not been well clarified yet. The position of implanted
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Czech Republic, v.v.i., 250 68 Rez, Czech Republic.
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http://dx.doi.org/10.1016/j.nimb.2014.02.033
0168-583X/© 2014 Elsevier B.V. All rights reserved.

erbium atoms in the LN crystal structure and effects of internal
electrostatic fields on the optical (e.g. luminescent) properties are
important topics to study.

Erbium implantation in LN structure and the effect of post-
implantation annealing was studied in [4] and the structural
changes in LN matrix caused by ion implantation in [5]. It was
shown that ion implantation leads to extensive amorphization of
the as-implanted thin surface layer. Post-implantation annealing
performed at higher temperatures (around 1000 °C) resulted in full
recovery (i.e. recrystallisation) of the LN structure. Implanted
erbium atoms were found to locally deform LN crystal structure,
which means that the LN structure had to adapt to incorporated
erbium atoms. In our former works [10,11] it was shown that
incorporation of erbium into the LN depends on the choice of crys-
tallographic orientation of the sample surface.

This work is focused on further study of erbium implantation
using high ion fluencies into various crystallographic cuts of LN.
The position of implanted erbium atoms in the LN structure after
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the ion implantation - and also after subsequent annealing - is
studied in detail. Also the effect of ion implantation into different
crystallographic cut orientations of LN on the luminescence prop-
erties is studied.

2. Experimental

LiNbOs was synthesised by the Czochralski method (Crytur Tur-
nov, Czech Republic). The experiments were accomplished on X
cuts (11-20), Z cuts (0001) and specially designed Y cuts, i.e. ‘par-
allel’ Y (01-12) and ‘perpendicular’ Y, (10-14) to the cleavage
plane. Thoroughly pre-cleaned LiNbOs; wafers were implanted with
190 keV energy Er* ions (7° off-axis to avoid channelling) with flu-
encies of 1.0 x 10'® cm™2 and 5.0 x 10'® cm™2. The implantation
was performed thanks to the 200 kV implanter in the Helmholtz-
Zentrum, Dresden-Rossendorf, Germany. The beam was scanned
through an aperture of typically 1 x 1 cm?, resulting in a beam cur-
rent density of typically 0.25 pA/cm? on the target. As-implanted
samples were annealed at a temperature of 1000 °C for 5 h in dry
oxygen atmosphere (for details see [4]).

The concentration profiles of the incorporated erbium ions were
studied by Rutherford Backscattering Spectroscopy (RBS). The
analysis was performed thanks to a Tandetron 4130 MC accelerator
using a 2.0 MeV He" ion beam. He" ions backscattered at a labora-
tory angle of 170° were detected. RBS spectra were evaluated using
the GISA 3.99 [12] code and SIMNRA 6.06 [13] codes, utilising
cross-section data from IBANDL [14]. Structural and compositional
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changes induced by the ion implantation and post-implantation
annealing were examined by RBS/channelling measurements using
a 1.7 MeV He" beam at VdG accelerator in the Helmholtz-Zentrum,
Dresden-Rossendorf.

The surface morphology and roughness were examined by
Atomic Force Microscopy (AFM). The AFM Ntegra Spectra from
NT-MDT was used in a tapping mode. The arithmetic average
height parameter (R,) was defined as the average absolute devia-
tion of the roughness irregularities from the mean line over one
sampling length. Root-mean-square roughness (RMS) is the stan-
dard deviation of the distribution of surface heights [15].

The photoluminescence spectra of the implanted samples were
collected within the range of 1440-1650 nm at room temperature.
A pulsed semiconductor laser POL 4300 emitting at 980 nm was
used for the excitation of electrons. Luminescence radiation was
detected by a two step-cooled Ge detector J16 (Teledyne Judson
Technologies). To scoop specific wavelengths, a double monochro-
mator SDL-1 (LOMO) was used. For the evaluation, all the lumines-
cence spectra were transformed to the base level; after the
substraction of the baseline, the normalisation was done using a
reference sample.

3. Results

The erbium depth profiles from LN samples with the different
crystallographic orientations implanted to the fluencies of
1x 10" and 5x10'®cm™2 are presented in Fig. 1a and b
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Fig. 1. Erbium depth profiles determined from RBS for various crystallographic orientations of LN: (a) implanted to 1 x 10'® cm™2, (b) implanted to 5 x 10'® cm™2, (c)
implanted to 1 x 10'® cm™2, annealed at 1000 °C, (d) implanted to 5 x 10'® cm 2, annealed at 1000 °C.
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respectively. The depth profiles are compared with those simu-
lated by SRIM code [16]. The range Rp, defined as the depth of
the maximum erbium concentration, and ARp characterising the
profile width are shown in Fig. 1. The measured Rp agree with those
from the SRIM simulation within the uncertainties of the RBS mea-
surement for as-implanted samples. The measured values of ARp
exceed by a factor of 1.6-2 those from SRIM simulation. The differ-
ence is obviously caused by the energy straggling of the ions im-
planted, which is supposed to be higher in a crystalline material
due to the possible channelling of implanted ions and structure
of the implanted layer. By post-implantation annealing the depth
profiles of implanted erbium are significantly altered. The erbium
depth profiles for both fluencies used in our experiment are shown
in Fig. 1c (1 x 10" cm~2) and d (5 x 10'® cm~2). Shift of the con-
centration maximum to the surface, decrease of the maximum
concentration and a broadening of the erbium profile are observed
on the annealed samples. More significant changes are observed on
the LN samples implanted to lower fluence. Most pronounced
changes of the depth profile is seen on Y cut perpendicular to the
cleavage plane (Y.), where erbium diffusion into the LN interior
appeared. Rp and ARp parameters were not determined for the an-
nealed erbium depth profiles as they have a non-Gaussian charac-
ter. The erbium concentration depth profiles after annealing have a
diffusion non-symmetric shape (see Fig. 1c and d).

The changes in the surface morphology caused by ion implanta-
tion were studied using the AFM technique. It was found that all
the implanted samples had a very smooth surface with a
RMS = 0.50-2.00 nm (for a 10 x 10 pm scan) without obvious signs
of damage. After the implantation, the Y, and Z cuts had an almost
smooth surface, the X cut had slight changes of surface roughness,
and the surface of the Yy cut had significantly changed surface
morphology. Fig. 2 depicts the AFM images of the Yy cut sample
doped with fluencies of (a) 1 x 10'® cm™2 for illustration scan 20
X 20 microns is used in the Figure 2a and (b) 5 x 10'® cm™2. On
the sample implanted to higher fluence more surface ‘bumps’ are
seen. The maximal height of the ‘bumps’ was about 20 nm. The
RMS of the surface roughness was 0.66 nm (R, = 0.44 nm, for scan
size of 10 x 10 um?) for the fluence of 1 x 10'® cm~2 and 0.98 nm
(Ry=0.65, for scan size of 10 x 10 um?) for the fluence of
5 x 10'® cm~2. The standard bulk doped Y;; cut of Er:LiNbO3 exhib-
ited a smooth surface with no such bumps on the surface and the
RMS of the surface roughness was 0.72 nm (R, = 0.46 nm, for scan
size of 10 x 10 pm?). On the basis of this observation, it may be
concluded that the occurrence of the surface defects is related to
the crystallographic orientation of the substrate and the relaxation
of surface energy induced by ion implantation.

The structure of as-implanted and post-annealed samples was
examined using the RBS-channelling method; the typical aligned
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Fig. 2. Surface changes caused in Y; cut of LiNbO5 by ion implantation (a) 1 x 10'® cm~2 and (b) 5 x 10'® cm—2.
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Table 1
Minimum yields and the relative number of disordered atoms for implantation
fluences of 1 x10'cm™2 and 5 x 10'®cm™2 in as-implanted and as-annealed

samples.
LN cut Fluence 1 x 10'6 cm™2 Fluence 5 x 10'® cm—2
ND/N [%] Xmin [%] ND/N [%] Xmin [%]
X-cut 61 63 79 80
X-cut 1000 °C 12 14 18 22
Z-cut 64 65 75 76
Z-cut 1000 °C 12 14 32 33
Yy-cut 67 68 74 75
Yy-cut 1000 °C 9 11 19 21
Y, cut 69 70 70 71
Y, -cut 1000 °C 24 26 22 24

and random spectra are shown in Fig. 3. Fig. 3a and b presents the
random and aligned spectra for as-implanted and as-annealed
samples and ion fluencies of 1 x 10'®cm™2 and 5 x 10'® cm—2
respectively. The relative concentration of the displaced atoms
Np/N was calculated from the area of a deeper-lying disordered
peak using a common procedure [ 18] with the minimum yield ymin
determined by usual procedure too [18] (see Table 1). The disorder
induced by ion implantation increases slightly with increasing ion-
fluence, but even for the lower fluence of 1 x 10!® cm~2 it is above
60% (see Table 1). For the fluence of 5 x 10'® cm 2, the depletion of
Nb in the very surface layer is also observed (see the random spec-
trum in Fig. 3b).

After annealing at 1000 °C, a significant recovery of crystalline
structure in the implanted layer is observed, the relative disorder
is reduced from more than 60% to less than 20% of disordered
atoms for an implantation fluence 1 x 10'® cm~2 (see Table 1). In
the case of the fluence 5 x 10'® cm2, the crystal quality was also
improved, the relative disorder density was decreased from more
than 70% to about 19% (see Fig. 3b). As expected, the crystal recov-
ery was slightly lower after the annealing procedure for the higher
implantation fluence. However, the annealing temperature is suit-
able to recover a highly disordered structure created at both
implantation fluencies.

The fraction of the implanted erbium atoms entering substitu-
tional positions after implantation and post-annealing was deter-
mined from the change in the area of the depth profile, see [18].
At the implantation fluencies used, no significant preferential sub-
stitutional position was observed after the implantation. Substitu-
tional fraction of erbium atoms was analysed after the annealing,
when the crystalline matrix was partly reconstructed. After the
annealing at 1000 °C of the samples implanted to the fluence
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1 x 10'® cm~2, the erbium fraction in substitutional positions (Li,
Nb) of about 56% was observed. In the samples implanted at the
fluence of 5 x 10'® cm~2 no difference in between integral amount
of erbium observed in the random and aligned spectra is observed
even after the annealing. The normalised yield of backscattered
He" ions as a function of the incoming ion-beam angle is presented
in Fig. 4a for Z cut implanted at the fluence 1 x 10'® cm~2 In the
case of the fluence 5 x 10'® cm~2 no significant changes of the
integral amount of erbium is observed see Fig. 4b, erbium is hence
positioned randomly in the host LN matrix.

The luminescence spectra of the prepared samples were
measured in the wavelength region of 1440-1650 nm. After
implantation, all the samples had zero luminescence intensity.
The luminescence spectra of the annealed samples doped with
implantation fluences of 1 x 10 cm™ and 5 x 10'® cm™2 are de-
picted in Fig. 5. It is seen that in this case the luminescence bands
are intensive and narrow and the main peak around 1530 nm ap-
pears. There are significant differences between the spectra from
the samples implanted to different fluencies. The samples im-
planted at the fluence of 5 x 10'® cm ™2 have a more distinctive
luminescence peak around 1483 nm and hardly visible lumines-
cence peaks in the region around 1510 nm. The samples implanted
with a higher fluence have lower luminescence intensity. For both
fluencies, the highest luminescence intensity occurs in the Z and
Y, cuts.

4. Discussion

From the results it follows that immediately after the implanta-
tion erbium ions are packed in a thin layer and the surrounding of
the erbium ions is strongly damaged, which results in a signifi-
cantly deteriorated (almost zero) luminescence intensity. The RBS
spectra also revealed relative depletion of niobium, which - as to
the AFM measurement — was not caused by a strongly damaged
surface of the sample. Following annealing (1000 °C - which is
above the temperature of recrystallization of lithium niobate)
[17] caused dispersion of erbium ions both towards the surface
and deeper into the substrate. This effect was even more pro-
nounced when the implantation was done with lower fluence
(1 x 10'® cm™2). The annealing caused healing (recovery) of the
LN structure, while it appeared that this effect is not primarily
dependent on the used implantation fluence, because after 5 h of
annealing at 1000 °C, as much as 80% of the structure was compa-
rable to the original untreated lithium niobate structure. However,
the luminescence properties were not the same for the samples

(b) 1500

—e— LN:Er, z cut, 1000°C, 5x10'°cm™- random spectrum
—o— LN:Er, z cut, 1000°C, 5x10'"°cm™- aligned spectrum
—— LN:Er, z cut, 5x10"°cm™ aligned spectrum

-
o
o
o
1

500

Yield of back-scattered He‘ions

200

Channels

Fig. 3. The RBS-channelling spectra changes caused by annealing at 1000 °C in the Z cuts of LN for various fluencies of ion implantation (a) 1 x 10'® cm~2,(b) 5 x 10'® cm 2.
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Fig. 5. The luminescence spectra of the annealed samples doped with implantation fluences of (a) 1 x 10'® cm™2 and (b) 5 x 10'® cm~2. The energy of implantation was

190 keV. Annealing: 1000 °C, 5 h, atm. O,.

doped with different implantation fluencies which could be ex-
plained with the help of detailed scans of the RBS measurement.
Low fluencies of the ion implantation introduced such amount of
erbium ions that was just sufficient for their optimal distribution.
This appeared to be similar to the erbium bulk-doped lithium nio-
bate crystals where the erbium ions occupy the substitutional sites
of lithium atoms [19]. The higher implantation fluencies intro-
duced bigger amounts of erbium ions, which due to their tendency
to form clusters, flocked together and were forced to occupy inter-
stitial positions as well. The effect of clustering of erbium ions has
been already well described (e.g. [20]), and leads to substantial
lowering of the luminescence intensity around 1535 nm due to
concentration quenching (pair interactions). This cluster-induced
luminescence quenching behaviour we also expect in our samples
having relatively high content of incorporated erbium (implanta-
tion dose 5 x 10'® cm™2, which is 5-times higher than former
experiments). In this case, it would be reasonable to prolong the
annealing procedure to obtain information on the suggested
erbium-cluster decay, which is planned in our future work.

5. Conclusion

Various cuts of LN crystalline samples were implanted by
190 keV Er* ions with the fluencies of 1x 10®cm™2 and

5 x 10'® cm™2. The RBS analysis shows that erbium concentration
depth profiles are significantly influenced by the annealing at
1000 °C where the erbium concentration profile change is more
pronounced for the lower implantation fluence. The erbium con-
centration depth profiles became asymmetric after the annealing,
due to the recrystallization of the LN structure. In agreement with
our previous studies, the Y, crystallographic orientation is the ori-
entations most affected by the implantation procedure. The in-
crease of surface “bumps” measured by AFM was observed only
for the Yy, cut, all other cuts have almost smooth surface. This effect
is probably associated with the higher surface energy of this crys-
tallographic cut and could also be a consequence of easy spreading
of the tension along the crystal-cleavage plane. The RBS-channel-
ling analysis provided information on a significant reconstruction
of the LN crystalline structure after the annealing which is caused
mainly by a decrease of the relative number of disordered atoms.
The lower relative number of disordered atoms in the crystalline
structure was observed in the LN samples implanted using
1 x 10'® cm 2, where the preferential position of the erbium in
substitutional sites was observed when compared to the randomly
distributed erbium in interstitial positions at a fluence of
5 x 10'® cm~2 after the annealing. The luminescence properties
showed that the implantation introduced a different defect density
and location, e.g. created a different ordering around erbium



A. Mackovd et al./Nuclear Instruments and Methods in Physics Research B 332 (2014) 74-79 79

atoms, which implies differences in luminescence spectra. It was
also found that the higher implantation 5 x 10'® cm~2 had lower
luminescence intensity compared with the sample implanted
1 x 10'® cm~2, which is probably caused by the formation of er-
bium clusters in the LN structure, which is worsening the desired
luminescence properties.

Acknowledgements

The research has been realised at the CANAM (Center of
Accelerators and Nuclear Analytical Methods) infrastructure and
has been supported by project No. P108/12/G108.

References

[1] AJ. Kenyon, Prog. Quantum Electron. 26 (2002) 225.
[2] A. Polman, J. Appl. Phys. 82 (1997) 1.

[3] L. Tsonev, Opt. Mater. 30 (2008) 892.

[4] C. Buchal, Annu. Rev. Mater. Sci. 24 (1994) 125.

[5] C. Mignotte, Appl. Surf. Sci. 185 (2001) 11.

[6] MLP.F. Graca, J. Phy. Condens. Matter 19 (2007) 016213.

[7] K.K. Wong, Properties of Lithium Niobate, INSPEC, London, 2002.

[8] L. Arizmendi, Phys. Status Solidi A 201 (2004) 253.

[9] M. Rahmani, L.H. Abu-Hassan, P.D. Townsend, I.H. Wilson, G.L. Destefanis,
Nucl. Instr. Meth. Phys. Res. B 32 (1988) 56.

[10] P. Nekvindova, J. Spirkova, J. Schréfel, V. Perina, J. Mater. Res. 16 (2) (2001) 333.

[11] B. Svecova, P. Nekvindova, A. Mackova, J. Oswald, ]. Vacik, R. Grotzschel, ].
Spirkova, Nucl. Instr. Meth. Phys. Res. B 267 (2009) 1332.

[12] J. Saarilahti, E. Rauhala, Nucl. Instr. Meth. Phys. Res. B 64 (1992) 734.

[13] M. Mayer, SIMNRA version 6.06, Max-Planck-Institut fur Plasmaphysik,
Garching, Germany, 2011. Available at: http://home.rzg.mpg.de/~mam/
Download.html

[14] IBANDL, http://www-nds.iaea.org/ibandl/

[15] E.S. Gadelmawla, M.M. Koura, T.M.A. Maksoud, .M. Elewa, H.H. Soliman, ].
Mater. Process. Technol. 123 (2002) 133-145.

[16] <www.srim.org>

[17] A. Meldrum, L.A. Boatner, W.J. Weber, R.C. Ewing, ]J. Nucl. Mater. 300 (2-3)
(2002) 242-254.

[18] J.R. Tesmer, M.A. Nastasi, Handbook of Ion Beam Spectroscopy, Materials
Research Society, 1995.

[19] P.M. Mattarelli, S. Sebastiani, J. Spirkova, S. Berneschi, M. Brenci, R. Calzolai, A.
Chiasera, M. Ferrari, M. Montagna, G. Nunzi Conti, S. Pelli, G.C. Righini, Opt.
Mater. 28 (2006) 1292-1295.

[20] D. Boivin, T. Fohn, E. Burov, et al., Proc. SPIE (2010) 75802B-1-9.


http://refhub.elsevier.com/S0168-583X(14)00290-0/h0005
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0010
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0015
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0020
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0025
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0030
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0105
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0105
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0040
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0045
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0045
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0050
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0055
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0055
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0060
http://www.home.rzg.mpg.de/~mam/Download.html
http://www.home.rzg.mpg.de/~mam/Download.html
http://www-nds.iaea.org/ibandl/
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0075
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0075
http://www.srim.org
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0085
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0085
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0110
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0110
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0110
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0095
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0095
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0095
http://refhub.elsevier.com/S0168-583X(14)00290-0/h0100

Journal of Luminescence 164 (2015) 90-93

Contents lists available at ScienceDirect X e
=
Ll
: =
Journal of Luminescence 0
=
=
journal homepage: www.elsevier.com/locate/jlumin e p—

Influence of gallium on infrared luminescence in Er** doped

@ CrossMark

YbsAls _,Ga, 04, films grown by the liquid phase epitaxy

T. Hlasek **, K. RubeSova?, V. Jakes?, P. Nekvindova?, J. Oswald ®, M. Kucera ¢, M. Hanus ¢

2 Department of Inorganic Chemistry, University of Chemistry and Technology Prague, Technickd 5, Prague 6 166 28, Czech Republic
b Institute of Physics v.v.i., Academy of Sciences of the Czech Republic, Cukrovarnickd 10, Prague 6 162 00, Czech Republic
€ Charles University, Faculty of Mathematics and Physics, Ke Karlovu 5, Prague 2 121 16, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 12 December 2014
Received in revised form

21 March 2015

Accepted 24 March 2015
Available online 1 April 2015

Keywords:

Liquid phase epitaxy

Optical materials
Luminescence

Ytterbium aluminium garnet
Er>*-doping

Ga doping

Erbium (Er**) doped ytterbium garnet YbsAls_,Ga,01> (y=0, 0.55 and 1.1, YbAGG) thick films were
grown by the isothermal liquid phase epitaxy method (LPE) on LuAG or YAG substrates. The influence of
gallium on the photoluminescent properties of Er** is presented in this paper. Room temperature
transmission and emission spectra were measured for the 0.5 at% Er>*:YbAGG films with a different
doping level of Ga. Also Er’*:YbsAl;9Ga;;1012 (y=1.1) films with a different doping level of erbium
(0.5, 1 and 2 at%) were tested. The presence of gallium significantly affects the fine splitting and total
intensity of erbium emission in an infrared region (the transition 4113/2~>4l15/2). Even at the highest
doping level of erbium (2 at%), no up-conversion luminescence was observed, resulting in a maximum
efficiency of the infrared emission. The lifetime of luminescence at 1530 nm was studied for all samples.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Garnets with general formula A3BsO;,, where A is yttrium or
rare-earth metal and B is trivalent d- or p-block metal (e.g. Al, Ga,
Fe or their combination), are promising host materials for many
optical applications. The main benefits of these materials are a
wide transparency range, good thermal conductivity, isotropic
optical properties, high thermal and chemical stability and the
ability to modify both refractive index and lattice parameter with a
composition change [1]. Thanks to these characteristics, the gar-
nets have been used as a host material for many optical activators
such as Cr** [2], Nd>* [3], Ce* [4], Yb>* [5] or Er** [6].

Among the rare-earth ions, Er>* has been one of the most stu-
died activators in recent years. Due to its energy level structure, Er®*
can emit violet, green, red and infrared light. With minor changes of
composition (co-doping, the concentration of erbium), the material
with a single color emission can be prepared [7-9]. Material which
exhibits up-conversion emission in the visible spectral range could
be applied in color displays, optoelectronics, sensor technology, solid
state lasers or bio-imaging [10,11]. Additionally, the IR emission of
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erbium is used for the optical amplification of signal in the third
telecommunication window [12].

The infrared emission of erbium (the transition *l;3/5— *I;52) has
a sharp maximum at 1530 nm with spectral width of around 10 nm
and, due to its parity-forbidden nature, the emission has a long
lifetime (~ms). However, the low absorption cross-section of Er*+
decreases the efficiency of luminescence by NIR excitation (approx.
980 nm). To overcome this phenomenon, Yb®>* has been success-
fully used as a sensitizer in many host materials such as LiNbO3
[13,14], KY(WOy4), [15], NaYF4 [16] or YAG [17,18]. The energy
transfer from ytterbium (°Fs;2) to erbium (*l4152) is highly effective
when ytterbium is used as a part of the host material and not just as
a co-dopant (e.g. in YbsAls0¢3) [19].

For the preparation of waveguide structures with good ampli-
fying effect, a precise control of the lattice parameter and refrac-
tive index is very important for both an optical active film and
substrate. The substitution of gallium for aluminum is one possible
way to increase the refractive index and adjust the lattice para-
meter [20,21]. But, to our best knowledge, there is no work dedi-
cated to the influence of gallium substitution on the IR emission of
Er** in YbAG.

In this work, we studied the effect of gallium substitution on
the IR emission of erbium ions in planar waveguide films prepared
by liquid phase epitaxy (LPE). Two different sets of samples were
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prepared to investigate the effect of gallium and erbium con-
centration on luminescent properties of (Yb,Er)s;(Al,Ga)sOq2. Our
aim was to prepare waveguide structures with pure IR emission.

2. Experimental

The single crystalline epitaxial garnet films Er:YbsAls_,Ga,01>
(where y=0, 0.55 and 1.1) were prepared from PbO-B,05 flux by the
standard isothermal dipping technique; the details were published
elsewhere [22,23]. The films were grown from a supercooled
melt solution at constant supercooling onto the Y3Als01, (YAG) or
LusAls01, (LUAG) substrates of (11 1) crystallographic orientation
and 20 mm in diameter. The growth temperature was in the range of
967-996 °C with the supercooling of 14-18 °C.

The phase composition and film orientation were determined by
X-ray diffraction (XRD). The device used was the Expert Pro 6-0
powder diffractometer with parafocusing Bragg-Brentano geometry
using the CuK, radiation (1=1.5418 A, U=40kV, =20 mA). Data
evaluation was performed in the software package HighScore Plus.

The photoluminescence spectra of the prepared films were col-
lected within the range of 1440-1650 nm at room temperature.
Semiconductor laser POL 4300 emitting at 980 nm was used for the
excitation. The luminescence radiation was detected by a two-step-
cooled Ge detector ]J16 (Teledyne Judson Technologies). To scoop
specific wavelengths, a double monochromator SDL-1 (LOMO) was
used. A synchronous detection technique was implemented by
chopping the laser beam at a modulation frequency of about 35 Hz,
and by employing a lock-in amplifier (EG&G 5205). For evaluation,
all luminescence spectra were transposed to the base level. For the
decay measurement, the Er>* luminescence was excited by a laser
pulse (980 nm). The photoluminescence (PL) intensity was captured
by a fast detector with rising and falling edge of 60 ps. The progress
of PL was recorded on the memory oscilloscope. A tungsten lamp
and a single grating spectrometer MDR 23 were used as a source of
monochromatic light for transmission measurement. A pyroelectric
detector was used for detection of transmitted light and also for a
relative calibration of the incident light intensity. A synchronous
detection technique was used to suppress a noise. All measurements
were performed at room temperature.

Waveguiding properties were measured with m-line mode
spectroscopy on the Metricon Prism Coupler device. For the
samples that guided three and more optical modes, it was possible
to evaluate the refractive index depth profiles [24]. The refractive
index profiles of the waveguides were reconstructed from the
measured effective index spectra by means of inverse WKB pro-
cedure (Wentzel-Kramers-Brillouin approximation - a method for
finding approximate solution to linear partial differential equa-
tions with spatially varying coefficients). Our measurement was
done using the prism with the effective range of refractive index
value from 1.2 to 2.02 (for 633 nm) at the operating wavelength
1552 nm in the TE polarization. The determined properties were:
the number of guided optical modes, the overall change of
waveguides refractive index, and the layer thickness. The accuracy
of n. measurement is + 0.0001 for the 1552 nm wavelength.

3. Results and discussion

Precise control of the lattice parameter and refractive index is
very important for the preparation of waveguide structures. The
substitution of gallium for aluminum is one possible way to increase
the refractive index and adjust the lattice parameter [20,21]. In this
work, we studied the effect of gallium substitution on the IR lumi-
nescence of erbium.

The essential technology demands on high quality planar
waveguide are good lattice match of the film and substrate, sui-
table ratio of waveguide/substrate refractive indices, and good
surface morphology. All these requirements can be achieved by
choice of a suitable substrate and/or by Ga substitution for Al ions
in the YbAG garnet lattice. Measured lattice parameters of LuAG
and YAG single crystal substrates were 12.918 and 12.008 A,
respectively, and that of YbAG film was 11.942 A. In order to obtain
high quality films with good surface morphology, the film-sub-
strate lattice mismatch must be minimized. The composition and
lattice constants of studied samples are summarized in Table 1.
The lattice mismatch of optimized samples Yb-3-Yb-5 with Ga
content y=1.1 (grown on YAG substrate) does not exceed 0.01 A.
The films have high quality optical surface with optical transmis-
sion close to the theoretical limit and also good waveguide prop-
erties. The film Yb-2 grown at higher lattice mismatch (Ga content
y=0.55) had rough surface which partly scattered light, rendering
is not suitable for waveguide applications. The film Yb-1 (YbAG:Er
without Ga doping), which was grown onto LuAG substrate for
better lattice mismatch, had good optical properties, but no
waveguide effect was observed since its refractive index was close
to that of the substrate. In spite of higher lattice mismatch of
samples Yb-1 and Yb-2, both films are single crystalline with good
emission properties and serve here as reference systems.

The epitaxial growth of the films was checked by X-ray diffrac-
tion - a typical diffractogram is shown in Fig. 1. In the range of
20-70° 20, the only visible diffraction peak is (4 44). This fact
confirms the epitaxial growth of all prepared films. The detailed
structure of the (4 4 4) reflection is displayed in the inset of Fig. 1.

The influence of gallium substitution on the room temperature
emission spectra (the erbium transition 4[13/24)“]]5/2 excited at
980 nm) in the samples of composition Erggi5Yb2ggsAls_,Ga,O12
(where y=0, 0.55 and 1.1) is shown in Fig. 2. As can be seen in our
set of samples, the total intensity of the emission could be enhanced
even by a small amount of gallium. Besides the overall intensity,

Table 1
Summary of the composition and lattice constants of Ybs_,Er,Als_,Ga,01, epi-
taxial films.

Sample Ga content Er [at%] Substrate a[A]
Yb-1 y=0 0.5% (x=0.015) LuAG 11.942
Yb-2 y=0.55 0.5% (x=0.015) YAG 11.958
Yb-3 y=11 0.5% (x=0.015) YAG 11.997
Yb-4 y=11 1% (x=0.03) YAG 11.997
Yb-5 y=11 2% (x=0.06) YAG 11.997
(444)
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Fig. 1. X-ray diffraction pattern of the Yb-4 film (F—film, S—substrate).
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Fig. 2. Room temperature emission spectra of Er-doped films with different con-
tent of gallium, Aex=980 nm, Er** concentration is 0.5 at%.
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Fig. 3. Room temperature Er’* emission spectra of Ery:Ybs_,AlsGa;;0;> films
with different content of erbium, .x=980 nm.

gallium affects also the relative intensity of almost all emission
bands. On the other hand, the position of emission bands is affected
only slightly by the presence of gallium. This phenomenon is prob-
ably caused by the change of the crystal field symmetry around Er>*
ions and it is well noticeable in the range of 1440-1500 nm.
Regardless of the gallium concentration, the essential emission
remains at 1530 nm. The emission spectrum of the sample without
gallium is in good agreement with emission spectrum measured
from bulk ceramics of the same composition [19]. Fig. 3 shows the
room temperature emission spectra of the films with composition
Ery:Ybs_xAl39Ga; ;01> (Where x=0.015, 0.03 or 0.06; the content of
gallium is constant). The intensity of the IR emission increases with
increasing content of erbium up to 2 at%. If the excitation wavelength
of 980 nm is used, the visible up-converted emission from level *I;,
will be expected for Er:YbGaAG system. The up-converted emissions
would be visible at the wavelengths of about 550 nm (453/244115/2)
and 650 nm (4F9,2a4115/2). The room temperature emission in this
region was measured in all samples. Even at such a high doping level
of erbium, no up-conversion emission was observed, which docu-
ments the maximal efficiency of the IR emission.

The decay curves of the IR luminescence at 1530 nm are shown
in Fig. 4 and the lifetimes of the same emission for all samples are
listed in the Table 2. The measured data were fitted by one-
exponential function for all samples. The fit was more accurate for
the samples containing gallium. This could be caused by some
non-radiative transitions in pure YbAG. On the other hand, the
lifetime of the IR emission at 1530 nm is only slightly affected by
the concentration of both erbium and gallium (in the studied
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Fig. 4. Measured Er’* decay curves and one-exponential fit (solid lines) of the IR
emission (dem= 1530 nm) in films doped with with 0.5% of Er and different gallium
content (), lex=980 nm, PL intensity is in logarithmic scale.

Table 2
Lifetime of the Er** luminescence at 1530 nm.
Yb-1 Yb-2 Yb-3 Yb-4 Yb-5
Lifetime, 7 [ms] 5.8 54 52 53 5.1

The accuracy of lifetime determination is smaller than + 0.05 ms.

range of concentration). These lifetimes are comparable with the
ones in the YAG and YbAG single crystals [25,26].

Fig. 5 shows the room temperature spectra of absorption coef-
ficients for the films with different content of gallium. The spectra
were calculated from transmission measurement, the sample Yb-2
was corrected for scattered light as mentioned above. The position of
absorption bands is not influenced by changes in crystal field of
Yb®+ ions. However, the relative intensity of absorption bands is
slightly affected by the presence of gallium. The 4f-4f absorption



T. Hldsek et al. / Journal of Luminescence 164 (2015) 90-93 93

100 + .
——Yb-1(y=0)

----- Yb-2 (y = 0.55)
.......... Yb-3 (y=1.1)

o))
o

Absorption coefficient [cm'1]

900 1000 1100
Wavelength [nm]

Fig. 5. Room temperature absorption spectra of the Er-doped YbAG films with

Er content of 0.5% and different content of gallium.

Table 3
Thickness, refractive index and number of propagation modes in samples.

Sample Thickness Am (pm) Refractive index at Number of guided

m-line 4=1552 nm modes (A1=1552 nm)
Yb-1 213 - - 0
Yb-2 174 - - 0
Yb-3 19.0 17.6 1.8445 7
Yb-4 13.7 13.1 1.8460 5
Yb-5 135 13.5 1.8457 5
YbAG - - 1.8217 [27] -

The accuracy of refractive index value measurement is + 0.0001 for the 1552 nm
wavelength, the accuracy of film thickness value is + 0.5 pm.

lines in Er’* were not observed in the transmission spectra due to
low Er** concentration, low thickness of films, and optical inter-
ference in films Yb-3 though Yb-5. With respect to pumping
mechanism, the most important region of the absorption spectrum
is the sharp band of Yb** transition 2F;;, —2Fs; at approx. 970 nm.
In this region the absorption is enhanced by 20% by the presence of
gallium. This phenomenon could contribute to the enhanced IR
emission of Er’* in samples containing gallium. Changes in the
concentration of Er’* jons (in the range of 0.5-2 mol%) have no
significant effect on both position and relative intensity of all Yb®*
absorption bands.

Waveguiding properties at 1552 nm were also studied and the
results are summarized in the Table 3. It is obvious from the table
that all films with the highest content of gallium were multi-mode
waveguides at the wavelength of 1552 nm. The prepared films
guided 5-7 optical modes. The number of optical modes increased
with the thickness of the film. The total refractive index change
was 0.02 compared to the pure YbAG for all the samples with the
highest content of gallium. The film thickness 13-17 pm was cal-
culated by the WKB calculation. For these samples, the thickness
determined by the m-line spectroscopy was in good agreement
with the one calculated from the mass change after deposition of
the films (see Table 3).

The samples Yb-1 and Yb-2 do not exhibit waveguiding effect.
In the case of the sample Yb-1, the reason is an inappropriate ratio
of refractive indices of the film and the LuAG substrate. In the
second case (the sample Yb-2), the high value of optical loss comes
from high lattice mismatch (as discussed above).

4. Conclusions

The single-crystalline thick films with the composition
(Er,Yb)s(Al,Ga)sOq, were successfully prepared by the liquid phase

epitaxy on LUAG or YAG substrates. The aim was to optimize the
lattice mismatch and the refractive index by gallium substitution
and simultaneously to preserve excellent luminescent properties
of Er** ijons. The presence of gallium in our set of samples
enhanced the infrared emission of Er** at 1530 nm (transition
143 2 —>4I15,2). There was no visible up-conversion emission even at
the highest erbium doping level of 2% (x=0.06). All films exhibit
one-exponential decay of the IR Er’* emission with lifetimes
between 5.1 and 5.8 ms indicating that there is no energy transfer
from the Er®* activators and the reduction of the lifetime due to
gallium substitution is negligible. Due to the higher refractive
index of the gallium containing films, the samples with y=1.1 of
gallium were multi-mode planar waveguides at 1552 nm. More
detailed structural and opto-geometrical study needs to be done in
this system; however, the prepared films with the composition
Ery:Ybs_4Al39Ga;;0¢, seem to be very promising for the con-
struction of a waveguide laser structure with IR emission in the
third telecommunication window at 1.55 pm.
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Abstract

We report on the comparison of three techniques used for the fabrication of optical waveguides in
erbium doped lithium niobate crystal substrates (Er:LiNbOs). The techniques include ion in-diffusion
from a titanium metal layer, annealed proton exchange (APE), and He" ion implantation. The main
focus of the work was placed on the investigation of the influence of the used optical waveguides
fabrication techniques on the structural and luminescence properties of Er:LiNbO; substrates. The
results have shown that none of the used optical-waveguide-fabrication techniques significantly affect
the position of erbium in the host crystal structure. It turned out, however, that the fabrication process
affected luminescence intensities of the characteristic luminescence bands of erbium ions — the most
significant decrease in the luminescence intensity was observed with the Ti-indiffused waveguides.

1. Introduction

Solid-state planar waveguide devices — doped with optically active ions — such as lasers, optical
amplifiers and various optical modulators and switches are gaining growing attention nowadays along
with the all-optics approach. Erbium-doped lithium niobate (Er:LiNbOs;, Er:LN) is one of the most
widely studied erbium-doped crystal material in photonics and optoelectronics. This is thanks to its
ability to amplify and especially modulate the optical signal transmitted. The modulation of an optical
signal is enabled by the lithium niobate’s unique combination of special effects: electrooptic,
acoustooptic, piezoelectric, ferroelectric, optical nonlinearity, etc. [1].

In order to transmit a defined optical beam through the Er:LiNbO; structure, it is necessary to
create an optical waveguide in this structure. Erbium-doped LiNbO; is mainly used as a bulk-doped or
localized-doped material. None of these methods of erbium doping cause a sufficient refractive index
change in the material to create optical waveguides. The most common techniques for the fabrication
of the planar optical waveguides in LiNbO; substrates are high-temperature doping from the
evaporated metal layer (Ti, Zn, ...), ion implantation (H', He", Si*, ...) and APE (Annealed Proton
Exchange) with adipic or benzoic acid [2-5]. Other technologies include various deposition techniques



(epitaxial growth, sol-gel, CVD = Chemical Vapour Deposition, etc.), dry and wet etching, and
recently also direct optical UV writing [6-8]. It follows from a comparison of these methods in terms
of waveguiding properties that the optical waveguides prepared by Ti in-diffusion and APE have the
highest total refractive index change [2]. The thickness of the fabricated optical waveguides can be
adjusted by the setting of the experimental conditions — i.e. the duration of the annealing process in the
case of Ti in-diffusion and APE, and the energy and the fluence of ion implantation in the case of He"
ion implantation. In the literature are works covering each of these waveguides-fabrication technigques
(used for the LiNbO; crystalline material), but there is still a lack of a serious comparisons between
different technniques in terms of waveguiding and spectroscopic properties (most preferably using
same substrates and measurement setups for the characterization of the results). Many of these
waveguides-fabrication techniques resulted in the production of various Er:LiNbO; photonic devices,
mainly Ti:Er:LiNbO; waveguide lasers (Q-switched, mode-locked etc.) [9,11]. Since lithium niobate is
a substrate material for the fabrication of various photonic devices such as acoustooptic switches,
electrooptic devices, nonlinear optical devices, holographic memories, etc. [10] it gives an opportunity
to fabricate quite complex, yet compact, photonic components and structures based on LiNbO;
crystals.

The aim of this paper is to compare the three most widely used techniques for the fabrication of
optical waveguides in erbium doped LiNbO; in terms of waveguiding, luminescence and structural
properties, and to discuss the experimental results obtained. The main attention was focused on the
investigation of the influence of the fabrication technique used on the structural and luminescence
properties of the Er:LiNbO; substrate, as well as its influence on the position of erbium in the crystal
structure. We have chosen to compare the optical waveguides in form of planar (slab) waveguides, not
channel (or strip) waveguides, since we wanted to investigate the fundamental effects of fabrication of
optical waveguides on optical and structural properties of the host material. Although channel
waveguides are more close to the actual application in photonic systems and they also can be more
precisely measured for e.g. optical attenuation (and optical amplification in Er:LiNbO system), there
are however many fabrication techniques for channel waveguides (e.g. litography methods or buried
strip waveguides) and accordingly many more parameters of channel waveguides to design them (e.g.
size, shape, etc.). These parameters can substantially change the behaviour of propagation of light in
the fabricated channel optical waveguides and therefore make it hard to investigate the basic effects of
fabrication process on the mentioned properties of optical waveguides. Also, channel waveguides are
more difficult to make in terms of reproducibility as compared to planar waveguides, which make it
harder to compare several techniques while having the same fabricated channel optical waveguides.

2. Experiments

2.1. The fabrication of optical waveguides in Er:LiNbO;

The substrates used for the fabrication of optical waveguides were bulk-doped Er:LiNbOs
single-crystalline wafers (erbium content was 0.5 at. % = 5000 ppm) synthesized by the Czochralski
method in Crytur Turnov, Czech Republic. Two conventional crystallographic cuts were used —
X <11-20> and Z <0001>. The dimensions of the samples were 25x25x0.7 mm. Optical waveguides
were fabricated using three different technologies — high-temperature diffusion from an evaporated
titanium metal layer, ion implantation of He", and APE.

The high-temperature diffusion from an evaporated titanium metal layer consisted of two basic
parts — evaporation of a titanium metal layer and high-temperature annealing. The evaporation of the
titanium metal layers with the thickness of 100 nm was done by magnetron sputtering on the crystal
surface at Crytur Turnov, Czech Republic. High-temperature diffusions of titanium from the



evaporated metal layers were done under the following conditions: a temperature of 1060 °C,
durations of 10 and 40 hours, a temperature ramp of 5 °C/min, atmosphere of dry O,.

lon implantation of He* was done using the ion implanter located at the department of the Nuclear
physics ASCR, v.v.i. in Rez near Prague (Czech Republic). The crystal substrates were implanted with
an energy of 2 MeV and ion fluences of 1.0 x 10" and 1.0 x 10*° jons/cm?.

APE was done in a melt with the composition of 99.5 mol. % of adipic acid and 0.5 mol. % of
Li,COs at a temperature of 215 °C for 2 hours. Annealing was done under normal atmosphere with a
temperature of 350 °C and duration of 1.5 hour. The experimental conditions were selected according
to [12].

2.2. The characterization of the fabricated optical waveguides

Er:LiNbO; samples with prepared optical waveguides were characterized primarily in terms of
waveguiding and luminescence properties. Structural changes connected with the fabrication of the
optical waveguides — as well as the position of the erbium in the surface structure — were also studied.

Waveguiding properties were measured using m-line mode spectroscopy on a Metricon Prism
Coupler at five different wavelenghts — 473 nm, 633 nm, 964 nm, 1311 nm and 1552 nm. The device
works on the principle of the dark mode spectroscopy [13,14]. The measurements were done using the
Metricon #200-P-2-60 rutile prism (n = 2.8654, n(measuring range) = 2.00-2.65). The measured and
determined properties were following: the number of guided optical modes, the overall change of the
refractive index of waveguides and the refractive index depth profiles. Since LiNbOj; is an anisotropic
crystal, it was necessary to use an optical polarizer for the measurements of the Z cuts of LiNbO; —i.e.
to carry out the measurements in the TM (Transverse-Magnetic) polarization. The used optical
polarizer transmitted wavelengths of 473 nm and 633 nm — the longer wavelengths were absorbed.
Due to this fact, the waveguiding properties of the Z cuts of LiNbOs; were measured for the
wavelengths of 473 nm and 633 nm only. For the samples that guided three and more optical modes, it
was possible to evaluate the dependence of the refractive index on the depth [15].

The photoluminescence spectra of the prepared samples were collected within the range of 1440—
1640 nm at room temperature. A continuous-wave semiconductor laser POL 4300 emitting at 980 nm
was used for sample excitation. Luminescence radiation was detected by a two-step-cooled Ge
detector J16 (Teledyne Judson Technologies). For the scooping of specific wavelengths, the double
monochromator SDL-1 (LOMO) was used. Luminescence spectra were measured in a reflection
arrangement and normalized to the same base level using a reference sample. Therefore, it was able to
compare the luminescence intensities of the samples. Regarding the measurements, it is worth noting
that all the samples had same dimensions and the luminescence measurements were done in one set for
all samples using the same measurement setup.

Structural changes caused by the optical waveguides fabrication technologies used were measured
by the RBS/Channeling method. The properties investigated were the degree of structural disorder and
the position of erbium in the structure. The analyses were performed on a Tandetron 4130 MC
accelerator, using a 2.0 MeV He" ion beam. He" ions, backscattered at a laboratory angle of 170°,
were detected. The collected data were evaluated and transformed into concentration depth profiles
utilizing the GISA 3 computer code [16] using cross section data from IBANDL [17]. The erbium
detection limit of this method is between 0.1 and 0.2 at. % — below this limit, erbium cannot be
detected within the requested accuracy due to the statistical noise in the RBS spectrum recorded.



3. Results

A total of 12 samples of optical waveguides in Er:LiNbO; were prepared — 4 samples from each of the
three fabrication techniques. An overview of the optical waveguide samples prepared specifying the
conditions of preparation and the used crystallographic cuts of Er:LiNbOs; is provided in Table 1.

Table 1 An overview of the optical waveguides samples prepared — specifying the conditions of
preparation and the used crystallographic cuts of Er:LiNbOs.

Waveguide type Cut (sample no.) Conditions of preparation
X (793)
1060 °C, 10 h, atm. O,
Z (794)
Ti diffusion
X (797)
1060 °C, 40 h, atm. O,
Z (798)
X (795) (1)*
Z (796) (1)* 215 °C, 2 h, adipic acid;
APE . .
X (799) (2)* annealing: 350 °C, 1.5 h
Z (800) (2)*
X (1-274
( ) 2 MeV, 1.0 x 10* ions/cm?
. Z (1-276)
e X (1-275)
2 MeV, 1.0 x 10" ions/cm?
Z (1-277)

* The roman numbers | and Il of the APE waveguides denote the first and second experiment.

3.1. Waveguiding properties (m-line mode spectroscopy)

The samples prepared were characterized in terms of the number of the guided optical modes, the
maximum refractive index change, and the thickness of waveguiding layer. Table 2 and 3 summarize
the evaluated waveguiding properties of the prepared samples with optical waveguides in X- and
Z-cuts of the Er:LiNbOs.

The results have shown that optical waveguides prepared by high-temperature diffusion of titanium
have overall very good waveguiding properties — under the given conditions they guided from 2 to 8
optical modes (the number of guided optical modes was decreasing for longer wavelengths, as
expected according to the theory) with the total refractive index change An, in the range of 0.004—
0.019 for the different measuring wavelengths. The thicknesses of the titanium diffused waveguides
were up to about 13 um in depth for the X-cut and about 15 pum for the Z-cut.

Using the APE method, it was possible to fabricate optical waveguides in both crystallographic
cuts of Er:LiNbOs. The fabricated waveguides had An, of approximately 0.080 for the X-cut and 0.055
for the Z-cut (at 633 nm). The fabricated APE waveguides guided 2—6 optical modes and the overall
values of waveguiding layer thicknesses were up to 7 pm.

The ion implantation beam energy for the optical waveguides prepared by He" ion implantation
was set to such a value that the thicknesses of the waveguides had comparable depths of waveguides
as the other two methods used. In the samples fabricated using the ion implantation fluence of
1.0 x 10" cm™ the optical waveguides with sufficient refractive index changes were not created. Using
the ion implantation fluence of 1.0 x 10" cm™, the optical waveguides were created, however very
faint — the measured intensities of the mode spectra were of much lower values when compared to the



other two technologies used. The optical waveguides guided up to 5 optical modes with An, in the
range of 0.008-0.030 for the different wavelengths, and the depths of waveguides were up to about
4 um for the X-cut and about 6 um for the Z-cut. Interesting was that in the Z-cut the optical-beam-
guiding was measured not only in the TM polarization, as expected, but also in the TE polarization
(discussed in Part 4.3.).

Refractive index depth profiles were calculated according to [15] from the measured refractive
index values of the respective modes for all the technologies used. Fig. 1 shows the refractive index
depth profiles of the fabricated optical waveguides for the X-cuts and Z-cuts of Er:LiNbO; with
optical waveguides fabricated by (a) APE, (b) Ti-indiffusion and (c) He" ion implantation (the data
were evaluated for a wavelength of 633 nm with the measured mode-points indicated). The characters
(shapes) of the refractive index depth profiles of APE and Ti waveguides were the same (i.e. the
Gaussian-type profile) with the difference being that the APE waveguides had a higher An.. The
optical waveguides prepared by He® ion implantation had a distinctive profile character. In our
experiments, step-index behaviour was measured in the X-cut sample, with a large difference in the
refractive index (the extraordinary refractive index of the Er:LiNbO; substrate is 2.202 at 633 nm). In
the Z-cut sample, the refractive index depth profile was of the Gaussian type, and the difference in the
refractive index as compared to the substrate was lower than in the X-cut sample.

Table 2 The waveguiding properties of the prepared optical waveguide samples in the X-cut of
the Er:LiNbOs.
No. of

Waveguide Cut Wavelength . Total refractive index Waveguide
type (sample no.) [nm] guided change An, [-] thickness [um]
modes
473 7 0.0188 8.4
X (793) 633 5 0.0150 8.6
Ti. 10 h 964 3 0.0108 7.1
1311 2 0.0073 -
Ti diffusion 1552 2 0.0078 -
473 8 0.0100 13.2
X (797) 633 6 0.0084 13.2
Ti. 40 h 964 3 0.0052 10.2
1311 2 0.0056 -
1552 2 0.0038 -
473 6 0.1028 4.4
633 4 0.0794 3.6
APE* X (795) 964 3 0.0599 34
1311 2 0.0457 -
1552 2 0.0418 -
473 6 0.0302 3.7
. X (1-275) 633 4 0.0155 4.2
He L0 % 10% em? 964 2 0.0075 -
1311 2 - -
1552 - - -

* The results of the waveguiding properties of samples with APE optical waveguides were practically the same.
Therefore, the table lists the results of the first experiment.



Table 3 The waveguiding properties of the prepared optical waveguides samples in the Z-cut of
the Er:LiNbOs.
No. of

Waveguide Cut Wavelength . Total refractive Waveguide
guided . .
type (sample no.) [nm] index change An, [-]  thickness [um]
modes
Z (798) 473 8 0.0070 14.1
Ti diffusion*
Ti, 40 h 633 6 0.0058 155
473 5 0.0761 3.2
APE** Z (796)
633 4 0.0552 6.9
473 5 0.0173 5.0
633 5 0.0207 7.3
Z (1-277)
He* 964 3 0.0141 6.8
1.0 x10™ cm?
1311 2 0.0097 -
1552 2 - -

* In the Z-cut sample with the optical waveguide fabricated using Ti diffusion for 10 h, the attempt to make
optical contact for the measurement of waveguiding properties was not successful and the sample is not listed in
the results (the most probable cause of this was the high roughness of the sample surface).

** The results of the waveguiding properties of the samples with APE optical waveguides were of practically
same values. Therefore, the table lists the results of the first experiment.
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Fig. 1 The refractive index depth profiles with the measured mode-points for the X and Z-cuts
of Er:LiNbO; with optical waveguides fabricated by (a) APE, (b) Ti-indiffusion and (c) He" ion
implantation (spectra was measured at A = 633 nm).

3.2. Luminescence properties (an analysis of the PL spectra)

In the measurement of luminescence properties, we focused mainly on the possible influence of the
waveguide fabrication (in Er:LiNbO; substrates) on the luminescence of the optically active Er** ions.
The luminescence spectra were collected in one measurement session for all the samples prepared;
therefore, the measurement conditions were maintained and the luminescence intensities could be
compared between samples (i.e. with different crystallographic cuts as well as different technologies
used).

Fig. 2 shows the normalized measured luminescence spectra of all the X-cuts (a) and Z-cuts (b) of
Er:LiNbO; samples with optical waveguides — in these spectra, the intensity was normalized from 0 to
1 in order to reveal the relative changes of the shapes between the spectra. From the spectra, it is
evident that the fabrication of the optical waveguides does not change the shape of the main



luminescence bands of erbium for any of the technologies used (the same character of the spectra is

always preserved for a given crystallographic cut — X and Z — of the Er:LiNbO3).
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Fig. 2 The normalized measured luminescence spectra of all the X-cuts (a) and Z-cuts (b) of
Er:LiNbO; samples with optical waveguides fabricated with the three technologies used.

Interestingly, small but significant changes of the absolute luminescence intensities of the samples
were observed. In the Fig. 3 are depicted a comparisons of the absolute luminescence intensities of the
prepared samples for the X-cuts of the Er:LiNbOs. A comparison revealed that the optical waveguides
prepared by He® ion implantation and the APE method had very similar luminescence intensities,
which were comparable to the virgin Er:LiNbOs; (X-cut and Z-cut) samples. On the contrary, the
optical waveguides prepared by the Ti-diffusion technique exhibited significant decrease of the
luminescence intensity of about 35% for the X-cut samples and 20% for the Z-cut samples. It was also
confirmed known fact that the Z-cut samples had approximately 50% higher absolute luminescence
intensities as compared to the X-cut samples — the luminescence intensity maximum was of about
3000 a.u. for the Z-cut and of about 2000 a.u. for the X-cut.

(a) 1ol (b) 1of

I He" (1x10") oo He' 51x10“)15
0.9 _- APE (1) 09} dashed = standard /'f:f . \‘\\.‘\ He (1X10 ,
08l /N APE (1)
ol — o8l p L APE@)
3 07 Ti (10h) > Vv \b
5 L L Iy A
= 06 r > 07k ,«"‘."‘-"‘ "‘.‘.\
B 05} B \\ Ti (10h)
8 ] g 06} Yy
E 04r E Y \\ Ti (4on)
03l 05l ’/,.f’:/* ‘l""f\\-
02} Vi NN
L 04} Ly NN
01 __//,”/ B “:“‘»-,_,_7
0.0 L L L L 0.3 L i | =

- 1
1450 1500 1550 1524 1530 1532 1534

Wavelength [nm]

1600 1650 1526 1528

Wavelength [nm]

Fig. 3 A comparison of the absolute luminescence intensities of the prepared samples with the
indication of the fabrication method used for the X-cuts of the Er:LiNbO;. (a) The measured
luminescence spectra of the prepared samples, (b) luminescence spectra of samples from all

techniques in zoomed 1529 nm luminescence band.

3.3. The structural changes and positions of erbium (RBS/Channeling measurements, fine
scans)

The structural changes induced by the fabrication of the optical waveguides were measured by the
RBS/Channeling method. The results showed that the lowest structural disorder (practically zero) was



measured in the samples with optical waveguides fabricated by Ti diffusion, whereas the samples with
APE waveguides had the highest values of the structural disorder — of about 12-14%. The samples
with He" optical waveguides had for the lower ion implantation fluence practically zero structural
disorder, whereas for the higher fluence the structural disorder raised up to 14% in the Z-cut.

It follows from the RBS/Channeling and fine scans results (see Fig. 4) that the erbium ions in all of
the fabricated optical waveguides are in substitutional positions (i.e. substitution of lithium or

niobium). The results are comparable to the virgin (unmodified) Er:LiNbOs.
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Fig. 4 The erbium position RBS/Channeling fine scans of the Z-cut samples for (a) Ti-diffusion,
(o) APE and (c) He" ion implantation optical waveguides.
Samples: Ti-diffusion (10 h), APE (1), He" ion implantation (1.0 x 10" cm™)

4. Discussion —a comparison of the technologies used

A congruent crystal of lithium niobate can be easily doped with various elements and ions due to a
large number of intrinsic defects caused by Li deficiency (approx. 6%). In the structure of the erbium
bulk-doped LiNbO; (usually 0.5 at. % of Er), erbium is located in the substitutional positions of
lithium, shifted along the c-axis of -0.02 nm [18,19] (a larger shift of -0.046 nm has also been
published [20]). The refractive index value of Er:LiNbOs has practically the same value as the virgin
LiNbO; crystal [21].

4.1. Diffusion from the Ti-metal layer

The diffusion of titanium into lithium niobate has been carried out at 1000 °C, i.e. above the
temperature of recrystallization [22]. The process thus leads to the recrystallization of the whole
structure of Er:LiNbOs. The degree of structural disorder had an almost zero value, which indicates
nearly recrystallized structure. Titanium, as well as erbium, occupy substitutional octahedral positions



of lithium [23] (lithium, niobium and substitutional positions of Ti and Er are aligned along the c-axis
of LiNbOs,). It follows from the results that the position of erbium is not affected by the incorporation
of Ti. The high degree of structural ordering is the presumable cause of the low attenuation of the
optical signal of these waveguides. This has been confirmed by our m-line measurements of
waveguide modes, since the the intensity of the mode spectra was very high. The total refractive index
changes (Ang) of the waveguides prepared by this technique were the lowest among the three
techniques. The An, is most likely caused by the change of the polarizability of the structure resulting
from the presence of Ti, which is a d-element. The positions of the luminescence bands of Er are not
affected by the diffusion of Ti. The thicknesses of the titanium diffused waveguides were (using the
specified preparation conditions) the highest of all three fabrication technologies and it reached up to
15 pm in depth. It follows from a comparison of both crystallographic cuts used that the titanium
diffusion is faster in the Z-cut of Er:LiNbO; (i.e. in the Z-direction <0001>) than in the X-cut. This
was determined by the fact that in the Z-cut a thicker waveguiding layer was created within the same
amount of time.

4.2. Annealed Proton Exchange (APE)

During the process of proton exchange (PE), the lithium ions from the crystal surface are exchanged
for the protons (H") from the acid melt. The lithium depletion in the surface of the crystal is dependent
on the concentration of lithium in the acid melt and can be up to 100% [23]. Moreover, it has been
published that there can be up to 7 different structural phases in the virgin crystal [25]. PE causes
significant changes to the optical and physical properties of the crystal, which can be partially
recovered by subsequent annealing at relatively low temperatures (~350 °C). The research results of
the fabrication of the APE optical waveguides published previously by our group [26,18] revealed the
important influence of the surface lithium depletion on the properties of the prepared optical
waveguides. Furthermore, it has been found that during the process of APE, the Er ions are slightly
shifted from their positions by 0.08 nm along the c-axis. The current results in this work show high
degree of structural disorder in the APE waveguides which is caused by the significant change of the
crystal-lattice parameters (probably the increase of lattice parameters values, which is referred to as
‘swelling’) caused by the depletion of lithium [27]. The change of the lattice parameters also lead to a
substantial total refractive index change. The fabricated waveguides exhibited the highest refractive
index change of all the three methods used — the An, was approximately 0.080 for the X-cut and 0.055
for the Z-cut (at 633 nm); the An. was thus about an order higher than in the case of Ti or He"
waveguides. High intensity of the optical mode spectra indicates small optical attenuation of fabricated
optical waveguides. The diffusion of hydrogen from proton exchange was faster in the X-cut, as
expected — i.e. the thickness of the waveguide created in the X-cut sample was larger as compared to
the Z-cut waveguide.

4.3. He" ion implantation

The optical waveguides fabricated by He"™ ion implantation technique are of diferent origin than the
waveguides fabricated by two other techniques. The He" optical waveguides are created by local
damage of the substrate crystal. The damaged layer depth and thickness are determined by the ion
implantation energy and fluence, respectively. The ion implantation of the He® ions lead to a
fluence-dependent helium and defect concentration in the damaged layers and therefore to a change of
the refractive index [28]. The literature explains this change in two ways — as the creation of the so-
called ‘barrier waveguide’ [29] and as the creation of the two layers, where one layer is created by the
penetration of the implanted particle (close to the sample surface) and the other layer by the impact of
the implanted particle (at a certain depth). The waveguide modes are confined between the buried



layer and the surface [30]. The ion implantated optical waveguides have similar refractive index
change behaviour to step-index waveguides.

According to our results, it turned out that for Er:LiNbO; substrate the He" ion implantation fluence
of 1.0 x 10" cm? was insufficient to create optical waveguides; on the other hand, with the
1.0 x 10" cm™ ijon implantation fluence, the optical waveguide was created (although it was not very
pronounced). This implies that for the He™ waveguides, higher ion implantation fluences or lower
energies of ion implantation have to be used. However, one must consider the fact that higher ion
implantation fluences or lower implantation energies also lead to a higher structural disorder
(damage), which could not be recovered by the annealing process as usual, because it would cause the
spread/diffusion of the optical waveguide.

The results further showed a substantial degree of structural disorder (2—14%), which is caused by
the penetration of the implanted ions through the structure. This could lead to an increase of the lattice
parameters, which would be an obvious reason for the considerably larger An.. RBS/Channeling fine
scans have not revealed any change of the position of erbium in the host structure. Regarding the
fabricated Z-cut optical waveguides, it was interesting that the optical-beam-guiding was measured not
only in the TM polarization as expected but also in the TE polarization. This indicates a different type
of optical-beam guiding behaviour, which is presumably connected with the ‘barrier’ waveguide type
of the He" ion implantation method. Moreover, it showed that the refractive index depth profiles of the
waveguide samples prepared by He® ion implantation did not end at the value of the substrate
refractive index (i.e. 2.202 at 633 nm) like samples prepared with other techniques. This is caused by
the creation of the damaged layer by He" ion implantation in the certain depth in samples, which is
responsible for the refractive index change in that depth — i.e. it is not a gradient Gaussian-type
refractive index change profile, but rather a step-index profile, where the index change would be
between the layer of He" penetration and the layer of He" impact (penetration causes intrinsic defects,
while impact causes a He" incorporation defects).

It is also worth discussing the relatively large differences in the results between the two
crystallographic cuts of the Er:LiNbO; (i.e. the X- and Z-cuts) in optical waveguides fabricated by He"
ion implantation. The barrier-type (step-index-like) character of the refractive index was proven
mainly in the X-cut, whereas the Z-cut has rather Gaussian-type of the refractive index profile. This
could be explained by the fact that the degree of structural disorder (damage) was approximately
5-times higher in the surface layer of the Z-cut than in the X-cut; also the waveguide thicknesses were
about 50% higher for the Z-cuts as compared to the X-cuts — i.e. the structural damage probably led to
less ‘sharp/step-index’-like behaviour of the waveguide in the Z-cut, and the waveguide was more
diffused into the depth. The higher diffusion coefficient of the Z-cut could also play its role in the
diffusion (or better incorporation) of the He" ions into the Z-cut samples during the ion implantation
process. The more damaged structure of the Z-cut resulted in a higher An, (3633 nm) and
Gaussian-like refractive index profile.

4.4. The influence of the dopant on the luminescence properties

The elements in the structure of the Er:LiNbO3; which are responsible for the desired luminescence
properties around a wavelength of 1.5 um are solely the erbium ions. The luminescence of erbium at
around 1.5 um is caused by the f-f transitions between the electron energy levels iz = iy
Nevertheless, the f-orbitals of the erbium ions are (as opposed to e.g. d-elements) shielded by the outer
s and p orbitals and thus are not so significantly affected by their surrounding ions. In our
measurements, the previous assumptions proved to be right, because the luminescence properties of Er
were not significantly affected by the structural changes but rather by the type of the codopant (i.e. Ti,
H, He). According to Fig. 2, the positions of the luminescence bands were not affected; what was



affected, however, were the intensities of the luminescence bands (see Fig. 3b). The strongest
influence on the luminescence intensities was observed with the Ti-waveguide samples. The reason for
this phenomenon could be the energy-transfer processes that occur between the d- and f-orbitals of
electrons in Ti and Er ions. The luminescence intensities were of the highest values in the He" and
APE waveguide samples. Helium as a very small noble gas s-element hardly affects the Er
luminescence properties. In the case of the hydrogen ions (‘protons’ as in annealed proton exchange),
it is important to note that by incorporating hydrogen ions in the LiNbO; structure, there is a
possibility of creation of -OH groups with stretch-vibration absorption overtones around a wavelength
of 1.5 um that couple non-radiatively to energy levels of Er** ions. However, the -OH groups influence
was not observed or was of very low impact since the luminescence intensities of APE and He®
waveguides were very similar.

5. Conclusions

In presented study the fabrication of optical waveguides in Er:LiNbO; using the the three different
techniques (i.e. the diffusion of Ti from a metal layer, APE, and He" ion implantation) were carried
out and results were discussed in detail. Comparing all three optical-waveguides-fabrication
techniques in terms of the best waveguiding and luminescence properties, and in terms of the structure
modification, the best technology appeared to be the APE method. The samples fabricated using APE
method exhibited the highest refractive index change Ane, the highest overall quality of the
waveguides (highest mode intensities in m-line spectroscopy measurements), and along with the He*
waveguides they almost didn’t affect the luminescence intensity of erbium. The measurements of
luminescence spectra has revealed that the fabrication of the optical waveguides using the three
techniques does not change the character (shape) of the luminescence spectra of the erbium ions in the
structure, i.e. that there is no shift or relative attenuation of luminescence bands in the measured region
around 1.5 um. The fabrication of the optical waveguides has however influenced the intensity of the
luminescence of erbium ions — the smallest decrease in luminescence intensity was observed in
samples with optical waveguides fabricated by APE and He" ion implantation methods, whereas the
Ti-waveguides exhibited a significant decrease in the luminescence intensity (which was substantially
higher in the X-cut — of up to 35%). It can be therefore concluded that the luminescence intensity of Er
ions is not influenced as much by the position of erbium in the surrounding matrix or by structural
changes but rather by the type of the codopant used for the creation of optical waveguides. The highest
influence on luminescence intensity was observed with the Ti-codopant. Regarding the choice of the
crystallographic cut of Er:LiNbO3, better cut for the fabrication of optical waveguides appeared to be
the Z-cut, since the waveguides fabricated in the Z-cut had substantially higher luminescence
intensities as compared to the X-cut; also the erbium luminescence in the Z-cut was not affected by the
waveguide fabrication as much as in the X-cut. From the structural measurements it turned out that the
erbium position in the crystal remains unchanged after the fabrication of the optical waveguides using
each of the three techniques.
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