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Uvod

Svazky energetickych iontti se vyuZzivaji k modifikaci povrchovych vrstev pevnych
latek a pro analyzu jejich sloZeni a struktury. Skupinu analytickych metod vyuZivajici ener-
getické ionty nazyvame jaderné analytické metody pfipadné iontové analytické metody (Ion
Beam Analysis — IBA). Tyto metody maji fadu unikétnich vlastnosti, pro které nemohou byt
nahrazeny jinymi alternativnimi postupy pfi kvalitativni a kvantitativni analyze material.
V laboratofi jadernych analytickych metod Ustavu jaderné fyziky AV CRv. v. i. (UJF AVCR)
se pro tyto tcely vyuziva elektrostaticky urychlovac typu Tandetron 4130 MC od firmy High
Voltage Engineering Europe B.V. Urychlova¢ poskytuje svazky ionti od vodiku po zlato
s iontovymi toky do jednotek mA a energiemi od stovek keV do desitek MeV. Urychlovac je
jediny svého druhu v CR a umoziiuje podstatnym zptisobem rozffit analytické moznosti,
zavést nové zptisoby modifikace latek a syntézy novych materialt a struktur.

V priibéhu poslednich let byly v laboratofi jadernych analytickych metod vybudo-
vany aparatury pro analyzy metodou protonové fluorescenéni analyzy (PIXE), pruznym
rozptylem nabitych ¢astic (RBS, ERDA) a rtiznymi jadernymi reakcemi (PIGE, NRA). Si-
roce pojaty interdisciplindrni vyzkum se provadi v tésné spolupraci se specializovanymi
pracovisti v CR a v zahrani¢f. Nage vyzkumna ¢innost je zaméfena zejména na sledovani
procesti vytvafeni tenkych vrstev a vrstevnatych struktur s vyzna¢nymi mechanickymi,
elektrickymi, magnetickymi, optickymi, chemickymi a biologickymi vlastnostmi a na stu-
dium fyzikalnich a chemickych procesii, které v téchto strukturdch probihaji pfi prichodu
energetickych nabitych ¢astic. Pozornost se vénuje také analyze vzorka Zivotniho prostieds,
biologickych objektii a vzorkt pro lékatsky vyzkum. Analyzy provadéné v UJF jsou nepo-
stradatelné pro vyvoj novych progresivnich materialt.

Pfi bombardovani latek energetickymi ionty dochdzi k jejich interakci s atomy oza-



UvVOD

fované latky a produkci sekundarniho zafeni. V zdvislosti na energii a hmotnosti dopada-
jicich iontti vznika charakteristické rtg. zafeni, sekundarni elektrony, dochazi k elastickému
rozptylu iontti, emisi vyraZenych tercovych &astic, pfipadné jsou emitovany produkty jader-
nych reakci energetickych ionti a jader ter¢cového materialu tj. gama zafeni a dalsi ¢astice.
Produkty reakci, které vznikaji pfi priichodu nabitych ¢astic ldtkou lze evidovat a urcit sta-
tistickou distribuci téchto produktt podle energie pfipadné doby letu (energeticka a ¢asova
spektra nabitych ¢astic nebo energeticka spektra rtg. ¢i gama zafeni). Energii, intenzitu, th-
lové rozdéleni a dalsi parametry sekundédrniho zédfeni l1ze méfit a ziskané tdaje lze vyuzit
pro kvalitativni a kvantitativni analyzu prvkového sloZeni, hloubkového profilovani prvkd,
pro studium strukturdlnich zmén krystalickych materidld a v neposledni fadé pro studium
energetickych ztrat nabitych ¢astic v pevné latce. Ziskana experimentdlni data jsou déle vy-
uZivana pro charakterizaci sloZeni struktur v materidlovém vyzkumu, pfi studiu radia¢niho
poskozeni, v dozimetrii, pfi studiu tc¢innych prafezi jadernych reakci a dalSich oborech.

Cilem této prace je podat pfehled o aplikacich iontovych svazkh vysokych energii pfi
modifikaci a charakterizaci materiald, pfi studiu procesti probihajicich v pevné latce po do-
padu energetického zéafeni a pfedstavit jaderné analytické metody pouzivané v Laboratofi
Tandetronu UJF AV CR. Déle jsou v préci popsany typické aplikace jadernych analytickych
metod (IBA) v materidlovém vyzkumu, v oblasti pfipravy a charakterizace nanostruktur
pro optiku, fotoniku a elektroniku a vysledné vyznacné vlastnosti materialti pfipravenych
iontovou modifikaci a ndsledné charakterizovanymi metodami IBA.

Soucésti préce je soubor nejvyznamnéjsich publikaci ve vySe zminénych oblastech,
které byly publikovédny v letech 2006 - 2012. V rdmci vyzkumnych praci popsanych v habili-
ta¢ni préci bylo obhajeno 5 diplomovych praci (FJFI CVUT, MFF UK, VSCHT, Univerzita
J. E. Purkyné), 1 diserta¢ni prace (VSCHT) a v soucasné dobé jsou 2 disertaéni prace ve fazi

dokonc¢ovéni (Univerzita J. E. Purkyné).



1 Zdroj energetickych iontu — urychlovac
Tandetron

Elektrostatické urychlovace tandemového typu (napt. Tandetrony) umoZzniuji dvoj-
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nasobné urychleni iontti pomoci jediného urychlovaciho napéti, ¢imZ se dosahne vedle nizsi
spotieby energie vyssich energii iontti v porovnani s typové stars$imi elektrostatickymi ury-
chlova¢i Van de Graaffova typu. Na pocatku urychlovaciho procesu se produkuji jeden-
krat zdporné nabité ionty v iontovém zdroji (viz obr. a a nésledné jsou urychlo-
vany rozdilem potenciadlti Ur mezi vstupni uzemnénou a kladné nabitou elektrodou, tzv.

vysokonapét'ovym termindlem, ktery se nachdzi ve sttedu urychlovace. Pfi prtichodu ter-

mindlem zdporné urychlené ionty prochézeji prebijeci komorou (gas stripper) naplnénou

n%m 1qu@- o

Obrézek 1.1: Schéma urychlovace Tandetron MC 4130. Pfevzato z [2]]. Oznacené ¢asti: Iontovy zdroj- duoplazma-
tron (A), Cs odprasovaci iontovy zdroj (B), Li kanal pro pfebijeni zdpornych iont (C), iontova optika (D), usmér-
flovaci magnet (E), Q-¢ocky (F), nizkoenergeticka urychlovaci trubice (G), vysokonapét'ovy termindl a stripper
(H), vysokoenergeticka urychlovaci trubice (I), kvadrupélové ¢ocky (J), rozdélovaci magnet (K), RF fidici elek-
trody (L), usmérnovaci diody (M), spojovaci krouzky (N), civky RF oscildtoru (O), ovlada¢ radiofrekvenéniho
(RF) buzeni (P).



KAPITOLA 1. ZDROJ ENERGETICKYCH IONTU - URYCHLOVAC TANDETRON

fidkym plynem (dusik), v némz ztraceji ¢ast svych elektronti a stdvaji se tak kladné nabi-
tymi ionty (viz obr.[L.1I). P¥ebijenim jsou soucasné produkovény ionty v rtizném nabojovém
stavu. Kladné nabité ionty jsou nasledné odpuzovany od kladného termindlu k vystupni
uzemnéné elektrodé, ziskadvaji navic energii, ktera je rovna soucinu velikosti urychlovaciho
terminalového napéti Ur a velikosti jejich kladného néboje n. Pfi zanedbdani energetickych
ztrat iontd v prebijeci komote tedy celkova energie ionti £, které vystupuji z urychlovace,
je E=(14n)-e-Ur, kde e znali elementarni naboj elektronu.

V Tandetronu se vyuZivaji dva iontové zdroje — duoplazmatronovy zdroj Von Arden-
nova typu [1] (obr.[I.2), ktery poskytuje svazky H™ a He , dale pak odprasovaci (sputter) Mi-
ddletontiv iontovy zdroj s anularnim ionizérem, ktery vytvari svazky iontt tézsich nez He",
tj. od Li po Au & Pb (viz obr.[I.3). Minimalni terminalové napéti na Tandetronu je 200 kV
a maximalni napéti je 3 MV. Urychlovac¢ Tandetron neobsahuje Zddnou pohyblivou ¢ast, ve
srovndni s nabfjecim pdsem u Van de Graaffova urychlovace, coz vede k lepsi stabilité ter-
mindlového napéti, ktera dosahuje maximalné AUz =300 V se zvlnénim do 200 V pfi 3 MV

terminalového napéti.
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Obréazek 1.2: Schéma iontového zdroje duoplasmatron.

V zévislosti na nabojovém stavu kladného iontu n vychézejictho z piebijeciho ka-
nalu (stripperu) a poZadovaném proudu svazku lze dosdhnout energii iont od 400 keV az
po pfiblizné 25 MeV u vicendsobné nabitych ionth. VytéZek ionth pro poZzadovanou ener-
gii a termindlové napéti je silné ovlivnén nastavenim stripperu, kde se nastavenim tlaku

plynu Ny ovliviiuje vytézek rtiznych nabojovych stavi pro kazdy typ a energii urychlova-
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KAPITOLA 1. ZDROJ ENERGETICKYCH IONTU - URYCHLOVAC TANDETRON

dridk terce

kapalinové chlazeni = = [ N ionizétor

terc

Obréazek 1.3: Schéma iontového odprasovaciho zdroje (sputter source). Pfevzato z [1}2].

ného iontu. Na obrdzku Vidime srovnani rozdéleni etnosti nabojovych stavi iontd Si" ™

a Au"", kde je zfejmé, Ze nejnizsi energie u lehkych iontd a vyssi energie u t&Z$ich iontt

jsou tedy obtiZnéji dosaZitelné za cenu malé intenzity svazku tj. fluence iontti.

35+ 35

30 ] 30 1 \
<25 = 251
X ) X ]
N 157 157 \
2 10+ \ 2 104
> 5 > 54

0 + : + + 0- + +
0o 1 2 3 4 5 6 7 8 9 o 1 2 3 4 5 6 7 8 9
N&bojovy stav Si"* iontu Nabojovy stav Au™ iontu

Obrézek 1.4: Vytézky raznych nédbojovych stavii Si'* a Au™ iontd pfi standardnich provoznich podminkéch
stripperu - simulace. Vytézky jsou jen mélo ovlivnény termindlovym napétim.

Velikost proudii ziskaného iontového svazku zavisi na typu iontu, konkrétné na ma-
teridlu, z néhoZ se svazek vytvari. V pfipadé duoplazmatronu jde vzdy o plyn, v pfipadé
odprasovaciho zdroje jde o pevny ter¢, ve vétsiné pfipadli praskovy materidl (napf. AloO3
slouzi jako zdroj Al" a O™ iont1). Maximédlni dosahované proudy jsou az 20 pA (normo-
vano na jednotkovy kladny naboj iontu). Pro analytické metody postacuji malé proudy fadu

desitek az stovek nanoampérti, pro implantace jsou naopak nutné proudy co nejvyssi kviili

¢asové optimalizaci provozu urychlovace, tj. jednotky aZ desitky mikroampéru viz [1} 2].
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2 Pouziti iontovych svazku pro analyzu

materialu

2.1 Spektrometrie zpétné odrazenych iontt

Metoda RBS (Rutherford Back-Scattering spectrometry) je nedestruktivni analyticka
technika, kterd je hojné vyuzivana pro studium tenkych, nano a mikrometrovych vrstev
az po systémy sklddajici se z nékolika funkénich vrstev o celkové tloust'ce desitek mikrome-
tri. RBS je vhodna pro studium amorfnich i krystalickych materialti a struktur, které jsou
pfipravovany nejriznéjsimi metodami (iontovd implantace, plasmové depozice, napraso-
vani, napafovani, epitaxni rist, laserova ablace a dalsi). Metoda RBS je zaloZena na regis-
traci energetickych spekter pruzné rozptylenych iontt (viz obr. 2.T), které jsou registrovany
polovodi¢ovymi detektory. Ionty jsou rozptylovdny na jddrech atomt materidlu vzorku, jez
se nachdazeji v rliznych hloubkach pod povrchem zkoumaného materialu a jsou detekovany
pod riznymi rozptylovymi thly 9. Energetické spektrum rozptylenych iontti detekovanych
v zadnim poloprostoru vzhledem k terc¢iku a ke sméru dopadajiciho svazku iontti obsa-
huje informace o pomérném zastoupeni jednotlivych prvka ve vzorku i o jejich hloubko-
vém rozlozeni [3]. Typické uspofadani pro méfeni metodou RBS je na obrazku Tato me-
toda je vhodna pro nedestruktivni stanoveni hloubkovych koncentra¢nich profilt prakticky
vSech prvki v zavislosti na konkrétnim sloZeni matrice zkoumaného vzorku.

Princip metody RBS Ize objasnit pouzitim p¥iblizné tzv. povrchové aproximace. Iont
o hmotnosti M, s atomovym ¢islem Z; a vstupni energii Ey pronika do vzorku do hloubky
x, dochdzi k energetickym ztrdtdm v materidlu a v hloubce x md iont energii £ ur¢enou
v povrchové aproximaci vztahem 2.1 je elasticky odraZen ter¢ovym jaédrem o hmotnosti Mo,

s atomovym &islem Zs. Po rozptylu pod tthlem 6 ziskava energii > = K - E;. Kinematicky

12



KAPITOLA 2. POUZITI IONTOVYCH SVAZKU PRO ANALYZU MATERIALU
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Obréazek 2.1: Schéma detekce zpétné odraZenych energetickych iontt — princip metody RBS. Zkoumany teréik
maé obecné chemické sloZeni o stechiometrii A, Br,.

faktor K je funkci hmotnosti projektilu, ter¢ového jadra a rozptylového dhlu 6 viz vztah
Zpétné odrazeny iont, ktery vychazi ze vzorku pak je detekovan s energii F3 popsanou
vztahem kde AE;, a AE,, jsou energetické ztraty ionti ve zkoumaném materidlu pfi

cesté k mistu rozptylu a od mista rozptylu.
Ey = Ey — AE;, (2.1)

E3 - E2 - AE10ut (22)
2

Ml-cosc9+\/M22—M12-sin29
My + Mo

Ey=K F = o (2.3)

Energetické ztraty iontti ve zkoumaném materidlu A E;;, pfi praniku k mistu rozptylu a smé-

rem od mista rozptylu AE,,; jsou dané vztahy (viz obr. .

T T
AFE;, = Sin(E , AFE.u = Sout(E 24
(0)(:0504 ¢ = Sour( 2)6055 (2:4)
Kde
dFE
F)=—— .
S(B) = - @5

je linedrni brzdna schopnost iontu, ktera zavisi na energii iontu a vlastnostech zkoumaného
materidlu. Energetické ztraty vznikaji v dtisledku interakce iontu s elektrony (dE/dz). (tzv.
electronic stopping) a rozptylem na jddrech atomt (dE/dzx),, (tzv. nuclear stopping). Vysled-

né brzdné schopnost je jejich souctem.
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KAPITOLA 2. POUZITI IONTOVYCH SVAZKU PRO ANALYZU MATERIALU
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Obrazek 2.2: Zavislost kinematického faktoru K pro rozptylovy tihel § = 170° na hmotnostech ter¢ovych roz-
ptylovych jader pro rizné projektilové ionty (HT, Het, LiT a CT).

dE dE dE
() (@), (20

Existuje fada semiempirickych pfistupti, které umoziuji urceni linedrni brzdné schop-
nosti daného materidlu s vyuZitim experimentalnich dat s pfesnosti nékolika malo %. Tako-
vé procedury jsou zakomponovany také do programt umoziiujicich modelovat prtlet iontt
prostiedim.

Znalost linedrnich brzdnych schopnosti iontti v riznych materidlech je nezbytna pro
vyhodnoceni spekter zpétné odraZenych iontt resp. pro stanoveni hloubkové 8kaly ze zmé-
fenych energetickych ztrat iontéi. Brzdné schopnosti se urcuji semiempirickymi postupy
z datovych bazi, které jsou zaloZeny na kriticky zhodnocenych experimentélnich tidajich.
Pfislusné kody a datové soubory pouZivaji programy GISA 3.99 [6] nebo SIMNRA 6.03 [7]
pro vyhodnoceni spekter zpétné odraZzenych iontti v metodé RBS a ERDA (viz kapitola[2.3).
Meéfeni energetickych brzdnych ztrat ionti v riznych materidlech je vyznamné, protoZe se
tak ziskdvaji cenné tdaje pro doplnéni piislusnych datovych soubort a zdokonaluji se me-
tody semiempirického urceni brzdnych ztrét.

Utinny prifez elastického rozptylu o (6, ) nezéavisi na chemickych vazbéch, a proto

méieni elasticky rozptylenych, pfipadné vyraZenych, ¢astic neni citlivé na elektronovou
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konfiguraci teréovych atomti nebo chemické vazby ve vzorku. o (6, F) je funkci energie iontu
E arozptylového tihlu 6, ktery je definovédn na obr. Pocet ¢astic ) p rozptylenych do pro-
storového tihlu detektoru Q (viz obrazek 2.I) je dan diferencidlnim G&innym priifezem elas-
tického rozptylu dd"—QR (0, E) pod rozptylovym tihlem 6§, po¢tem dopadajicich ¢astic na jed-

notku plochy @) a plosnou hustotou atomt ter¢ového materidlu Ng.

_dopg
Qo =2 (6,E) -2 Q- Ns 7)

Diferencidlni t¢inny prifez elastického rozptylu je dan Rutherfordovym vztahem (2.8)),

dog 2122e2>2 4 [Mg cos + (M22 — M12 sin? 9)1/2]2 2.8)

a0 0B = < AE My sin® O(M2 — M? sin® 9)1/2
ktery plati pro ionty se Z > 1 a s kinetickymi energiemi do 2 MeV a pro protony s kinetickou
energii do cca 1 MeV. Pro vys$si energie je tfeba zavést korekce nebo pouZzivat databaze expe-
rimentdlné méfenych ucinnych prifez, zejména v piipadech, kdy Géinné prifezy maji re-
zonancni pritbéh [8]. Na zdkladé vyhodnoceni poctu ¢astic a jejich energii ve spektru RBS 1ze
stanovit hmotnosti a mnoZstvi ter¢ovych jader Ng, tedy provést kvalitativni a kvantitativni
prvkovou analyzu zkoumaného vzorku. Detekéni limity metody RBS se pohybuji v rozmezi
1013-10% atomi.cm~2 v zéavislosti na ter¢ovém materialu [3]. Nejnizsich detekénich limitd
je dosahovéno v pfipadé hloubkového profilovani téZkych prvka v lehké matrici, v piipadé
zkoumani lehkych prvki v téZké matrici 1ze s vyhodou vyuZit rezonanéniho prabéhu Géin-
nych prafezu elastické rozptylu H" na C, O a N viz [3].

Hloubkové rozliSeni priamérné ¢ini 10 nm, ve vhodné geometrii méfeni muzZe byt
i zlepSeno. Hloubkové rozliSeni At je ddno energetickymi ztrdtami v konkrétnim zkouma-
ném materidlu pfi priachodu iontu k mistu rozptylu S;, a pfi prichodu iontu od mista roz-

ptylu Sous a energetickym rozliSenim spektrometru AE; viz vztah ([2.9).

AE;

K-Sin(E) + Sout(K-E)
cos cos 3

At = (2.9)

V piipadé standardniho uspofddéni metody RBS je rozliSeni spektrometru AE; dano
prevazné energetickym rozliSenim detektoru A Es. Pro detekci nabitych energetickych ¢astic

se pouzivaji implantované polovodicové detektory s energetickym rozliSenim AEs = 12keV
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(FWHM) pro nejast&ji pouzivané ionty He™. Analyzovana hloubka zavisi na typu a energii
projektilu a ¢inf az nékolik desitek mikrometrti. Hloubkové rozlieni, které na povrchu mtze
byt 10 nm, se s rostouci hloubkou rychle zhorsuje vlivem ndhodnych fluktuaci energetickych

ztréat (energy straggling, vicendsobné rozptyly iont v materidlu atd.).
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Obréazek 2.3: Pfiklady simulovanych RBS spekter vrstvy Cr a Fe (Cr:Fe = 1:1) o tloust'ce 5x10'7 atomti/cm? na
Si substratu (9 = 170°). Vlevo: Svazek 2,0 MeV *He™. Vpravo: Svazek 9,0 MeV 12C2+, Simulace SIMNRA 6.06

Hmotnostni rozliSeni metody RBS je ddno rozlisitelnosti blizkych energetickych sig-
néla projednotlivé prvky. Hmotnostni rozliSeni mtize byt vyrazné zlepSeno pouZitim téZsich
iontt, kde zédvislost kinematického faktoru na hmotnosti ter¢ového jadra je strméjsi viz [3]
a obr. Jako pfiklad na obr. 2.3l uvadim charakterizaci vrstvy obsahujici prvky Cr a Fe,
kde nelze prvky ve spektru rozlisit s pouZitim svazku iontt “He™ a pii pouZiti svazku iontti
12C21 jiz je rozligit mtizeme. Vyhodu je samoztejme i vyssi energie C*T iontt, vstupni para-
metry - energie a hmotnosti projektilovych iontti - byly pro simulaci zvoleny tak, aby rozdil
v separaci signdlt Cr a Fe byl co nejvyraznéjsi. Velké spektrum iontt urychlovanych na
urychlovaci Tandetron umoZiuje optimalizaci analytického postupu pro kazdy konkrétni

materidl.

2.2 Metoda RBS-kanalovani

Metoda kandlovéni (channelling) nabitych c¢astic je unikdtnim a nenahraditelnym
prostfedkem pro nedestruktivni studium struktury krystalti, poruch krystalické struktury
a chovani atomt pfimési v krystalickych materidlech. Metoda je zaloZena na efektu kandlo-

vani, kdy se ionty pfevdzné pohybuji v kandlech mezi uspofddanymi atomy krystalické
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miizky. Méfime-li zavislost poctu rozptylenych ¢astic na thlu natoceni krystalu viici dopa-
dajicimu svazku ¢astic, projevi se kandlovani prudkym poklesem intenzity rozptylenych ¢as-
tic v okamziku, kdy svazek vstupuje do vzorku v nékterém ze smérti totoZnych se smérem
vyzna¢nych krystalografickych os obrazek[2.4] V porovnani s néhodnym spektrem (random)
je vytéZek ve spektru (pocet zpétné odrazenych &astic) pfi kanalovani, kdy je smér svazku

rovnobézny se smérem krystalografické orientace (aligned), podstatné mensi (obrézek 2.5).
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Obréazek 2.4: Zobrazeni 3D spektra vytézkt iontd pfi rotaci krystalu, kde jsou patrné jednotlivé krystalografické
sméry — planarni kandly a v praseciku plandrnich kanalti mezi krystalografickymi rovinami je axidlni kanal,
odpovidajici norméle vedené k roviné fezu daného krystalu.

Pritomnost cizich atomt v intersticidlnich polohach se projevi typickymi zménami
uhlové zavislosti vytéZku rozptylenych ¢astic a tvaru energetického spektra rozptylenych
astic. K realizaci této metody je nezbytna instalace goniometru, ktery natdéi krystalicky
vzorek a umozni nalezeni kritického thlu pro méfeni kanalovactho sméru v krystalickém
materidlu. Vybaveni pro analyzu krystaltt metodou RBS - kanalovani na urychlovaci Tande-
tron obsahuje vakuovou komoru s dvouosym goniometrem, umoZiiujicim posuvy vzorku
ve ¢tyfech smérech [9] a rotace kolem dvou os. Déle je komora vybavena dvéma polovodico-
vymi detektory PIPS (Passivated Implanted Planar Silicon detector), pro detekci rozptyle-
nych ionti. Uhlovou polohu jednoho detektoru lze ménit v rozmezi thlé rozptylu 0 - 360°

bez naruseni vakua. Krokové motory goniometru spolu s elektronikou spojenou s detektory
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ve vakuové komofte lze ovladat sofistikovanym softwarem RC43 viz [9], ktery umoziiuje
plné automatizované méfeni vice vzorkt, simultanné vice detektory a souc¢asné umoziuje
analyzu krystalickych vzork{i RBS - kanélovéni s vyuZzitim pfedem definovanych zptisobti
otaceni vzorkh za tcelem nalezeni hlavnich krystalografickych os. Instalace této metody

v nasi laboratofi probéhla v roce 2007 a v roce 2009 byla metoda pIné zprovoznéna.
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Obrazek 2.5: Srovndni spektra zpétné odrazenych He" iontti se vstupni energii 2MeV, kdy ionty dopadaji v na-
hodném sméru na krystal Si (random) a spektra zpétné odrazenych iontd, kdy ionty dopadaji na krystalicky
vzorek podél hlavni krystalografické osy (aligned).

Metoda RBS - kanédlovani je stéZejni metodou pro studium strukturalnich zmeén v krys-
talickych materialech zptisobenych napf. iontovou implantaci [10]. V nasem pifipadé je apli-
kovéna na krystalické materidly LiNbOs, GaN, TiO, a nékteré dalsi, které jsou dopovany
prechodovymi prvky a prvky vzacnych zemin za tcelem ziskdni specifickych optickych

a magnetickych vlastnosti (viz kapitola [4.2).

2.3 Metoda ERDA a konstrukce ,,Time of Flight“ (TOF) detektoru

Metoda ERDA (Elastic Recoil Detection Analysis) je zaloZena na detekci atomi vyra-
Zenych téZ8imi dopadajicimi ionty. Pfi vhodné zvolené geometrii 1ze zaznamenat vyraZené
¢astice a méfenim jejich energetického spektra a Cetnosti 1ze stanovit hloubkovy profil zkou-

maného prvku [4]. Standardni metoda ERDA je vyuZzivdna ke studiu hloubkovych profilt
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lehkych prvkt jako je vodik, deuterium v piipadé naSeho usporddani s vyuzitim svazku
He™ iontu (viz obr. 2.6). V tomto uspofadéni jsou nezadouci rozptylené He™ ionty absorbo-

vany v tenké folii umisténé pfed detektorem, v némz jsou registrovdny pouze vyraZené

vvvvv

folie
E
d By, My, Z,
detektor M, Z, {dopadajici
{(vyraZena ¢astice)

¢astice)

Obrazek 2.6: Experimentalni uspofddani ERDA metody pro kvantitativni analyzu a hloubkové profilovéni vo-
diku. Standardné se pouziva svazek He" iontu s energii 2-2,5 MeV.

Vicetcelovou verzi metody ERDA je metoda ERDA-TOF (Time-of-Flight) se svaz-
kem tézkych iontfi, ktera umoziiuje soucasné stanoveni hloubkovych profil nékolika leh-
kych prvki s vysokou mirou spradvnosti. Metoda je zaloZena na simultdnnim méfeni energie
a rychlosti atomt vyrazenych z povrchu vzorku dopadajicimi téZkymi projektilovymi ion-
ty [11]. Z energie a rychlosti se stanovi hmotnost vyraZenych ¢astic. Rychlost je stanovena
méfenim Casu priletu vyrazené ¢astice mezi dvéma detektory umisténymi na fixni vzdale-
nosti (viz obr.2.7). Vysledkem jsou 2D spektra (viz obr. 2.8), kde jsou zaznamenany pocty

¢astic v zavislosti na ¢ase priletu (hmotnosti) a na energii castic.
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Obréazek 2.7: Schéma TOF-teleskopu pro metodu TOF-ERDA. Obrazek pfevzat z [12].

V laboratofi jadernych analytickych metod probéhl vyvoj a vyroba zafizeni pro me-
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todu ERDA-TOF [12]. Prvni faze spocivala ve vyvoji a konstrukci prvniho ¢asového detek-
toru, ktery je soucasti tzv. TOF-teleskopu (viz obr. a ktery spousti casové méfeni. Kon-
strukci a zprovoznénim prvniho ¢asového detektoru doslo k osvojeni vyroby a nakladéani
s jeho jednotlivymi, velmi citlivymi, sou¢astmi a nakonec také k osvojeni jeho provozu. Jako
druhy ¢asovy detektor slouZzil v tomto jednoduchém uspofadani koncovy polovodicovy de-
tektor, ktery souasné urcoval energii vyraZenych atomfi. S &asticemi alfa z rozpadu 24 Am
bylo zméfeno energetické rozliseni teleskopu okolo 30 keV (FWHM) a ¢asové rozliseni pfi-
blizné 1,6 ns (FWHM). Energetickeé rozliseni teleskopu pro téZsi ionty je horsi v dtisledku ¢as-
te¢né rekombinace iont-elektronovych part a netiplného sbéru vytvorenych nosi¢i naboje
v detektoru. Malé ¢asové rozliSeni je vysledkem tvorby ¢asového signalu — prvni ¢asovy de-
tektor sim ma rozliSeni okolo 0,5 ns, avSak ¢asové rozliSeni energetického detektoru je pouze

kolem 10 ns.
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Obrazek 2.8: Piiklad TOF-ERDA spekter 200 nm vrstvy LiF napafené na substratu z uhliku (glassy carbon)
naméfenych se svazkem 15,4 MeV Cu®* iontt. Vlevo nahote: Jednoduché energetické a asové spektrum (C*
znadi &isty substratovy uhlik). Vlevo dole: TOF-E spektrum koinciden¢nich udalosti zaznamenanych v obou
hornich spektrech. Vpravo nahofe: Hmotnostné-energetické spektrum prepocitané z TOF-E spektra. Vpravo
dole: Hmotnostni spektrum prvk ve vzorku. Obrézek pfevzat z [12].
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Nésledné byl instalovan i druhy casovy detektor téhoZ typu, a zprovoznén kom-
pletné vybaveny TOF-teleskop. Lze ocekdvat snizeni hmotnostniho rozliSeni pod jednu hmot-
nostni jednotku a ¢asového rozliseni pod 0,5 ns.

Ukdazka prvnich spekter méfenych metodou ERDA-TOF na vzorcich tenkych vrstev
LiF napafenych na uhlikovém substratu je na obr. S pouzitim svazku iontéi Cu®" lze
registrovat vyraZzené atomy Li, C, F a dosdhnout hmotnostniho rozliSeni lepsiho jak dvé
atomové hmotnostni jednotky.

Metody ERDA a ERDA -TOF jsou komplementarni k metodé RBS, protoze umoziiuji
stanovit hloubkové profily lehkych prvki, které jsou technologicky velmi vyznamné (H, D,
B a F atd.). Hloubkové profilovani je moZzné aZ do jednotek mikrometrti, hloubkové rozliSeni
je nékolik desitek nanometrti. Minimalni prakticky analyzovatelné mnoZstvi prvku v mate-

rialu je ¥adove 10'* atomt . cm™.
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3 Priprava nanostruktur iontovou implantaci

Implantace kovovych iontti do dielektrickych materidlti je progresivni metoda jak
z materidlt jakymi jsou napi. sklo, keramika nebo polymer vytvorit materidl s novymi vlast-
nostmi. Nové vlastnosti zavisi na fyzikdlné-chemickych vlastnostech implantovanych ato-
m1i a jejich interakci s atomy substratu, na implantované dévce (standardné se pouziva po-
jem fluence v jednotkéch iontéi.cm~2), na hloubkovém profilu naimplantovanych atomti a
na vytvoreni piffpadnych nanocéstic, domén ¢i nanovrstev, které vznikaji agregaci implanto-
vanych atomt. Vznik nanoc¢dstic, precipitatt nebo granuldrnich vrstev je podminén parame-
try implantace (teplota substratu, energie a hmotnost implantovanych iontt, fluence iontt).
Pfikladem mohou byt ionty Co™ nebo Nit, Fet implantované do polymernich félii, které
vytvafi kovové nanocastice. Feroelektrické vlastnosti takto pfipravenych nanocastic se vy-
razné lisi od vlastnosti objemového kovového materidlu [13} [14] a jejich umisténi v dielek-
trické matrici umozZznuje vyuZziti podobnych materilii ve spintronice, elektronice etc.

Monokrystalické materidly implantované ionty vzacnych zemin maji pouziti v lase-
rové a sdélovaci technice. Diky moZnosti kombinace jak laserovych vlastnosti tak vlastnosti
elektrooptickych, akustooptickych a nelinedrnich optickych vlastnosti je erbiem dotovany
niobi¢nan lithny (Er:LiNbO3) intenzivné studovanym materidlem [15} [16]]. Velkou pfednosti
Er:LiNbO3 je moZnost integrace aktivnich a zaroven pasivnich soucastek-zafizeni pfi ope-
ra¢ni vinové délce okolo 1,5um tj. ve tietim optickém telekomunika¢nim okné. V soucasné
dobé roste v oblasti vyvoje optickych vladken a pulznich laser(i zdjem o nelinedrni optické
vlastnosti skel. Perspektivnim materidlem pro nelinedrni optické soucastky jsou skla obsahu-
jici nano¢astice médi, sttibra nebo zlata [17]. Tenkou povrchovou vrstvu bohatou na kovové
nanocdastice 1ze dnes dobfe pfipravit iontovou implantaci bez ohledu na pouzity material.

Jedine¢nou vyhodou iontové implantace, oproti napf. diftzi, je jeji prakticky neomezend va-
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riabilita z hlediska implantovanych ionti a materiali a snadna kontrola jak mnoZstv{ tak i
prostorové distribuce dopant. Nevyhodou iontové implantace jsou vysoké nédklady a zvy-
Send technologickd naro¢nost experimentalniho uspofddani. Zafazenim dalsiho technolo-
gického kroku — tepelné stabilizace zithanim — Ize podstatné ovlivnit vznik, pop¥. velikost
nanocdstic, obnovit strukturu materidlu poskozenou priiletem ionti pfi implantaci, a tak

podstatné ovlivnit parametry pfipravenych vzork [15, [16].

3.1 Implantace vysoko-energetickych iontli produkovanych
urychlovacem Tandetron

Svazky iontli z urychlovace Tandetron mohou byt pouzity k modifikaci materialti
metodou iontové implantace. Zafizeni bylo zkonstruovano v laboratofi Tandetronu s vyu-
zitim komerc¢né dostupnych komponent. Zatfizeni je vybaveno rozmitdnim svazku pro ho-
mogenni implantace vzorkd o ploge do desitek cm?. Ter¢ikova komora je vybavena drzdkem
kolmym na osu iontového svazku, ktery umozZnuje implantaci vétstho poctu vzorka upev-
nénych na rota¢nim disku. Umisténi a vzhled zafizeni pro implantaci jsou zfejmé z obr.
Na zafizeni lze implantovat ionty od H* po Au™" s energiemi do né&kolika MeV. Implan-
tace iontt s energiemi fadové stovky keV neni v pfipadé Tandetronu moznd, nebot’ vytézek
iontti po priichodu pfebijecim kandlem je p¥ili§ nizky. Pro implanta¢ni experimenty s niz-
kymi energiemi ionti, pouZitelnymi pro modifikaci skel a krystalt pro aplikace v optice a

fotonice, je pouzivan standartni implantétor viz kapitola a

3.2 Implantace nizko-energetickych iontu produkovanych
implantatorem

Implantace iontti s energiemi do 500 keV byla provddéna ve spolupraci s Helmholtz
Zentrum Dresden - Rossendorf, Némecko a byla provedena na implantatoru s maximalni
energii 500 kV. Implantétor je vybaven dvéma iontovymi zdroji, plynovym a rozprasova-
cim (obr. [3.2). Kladné nabité ionty jsou extrakénim napétim (typicky nékolik desitek keV)
vyvedeny z iontového zdroje a urychleny napétim (pouZitelné rozmezi je 20 — 200 kV v

zévislosti na typu implantatoru) do 90° analyza¢niho magnetu, jehoz hmotnostni rozliseni
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Obrézek 3.1: Pfehled iontovych tras umisténych u urychlovaée Tandetron. V popiedi jsou iontové trasy pro
iontovou implantaci a jaderné analytické metody.

je lepsi nez 1 amu (atomovd hmotnostni jednotka), takze mohou byt rozliSeny i jednotlivé
izotopy.

Svazek hmotnostné separovanych ionti dané hmotnosti a energie je dale fokusovan
tripletem kvadrupdélovych magnetickych ¢ocek, které zajist'uji spolu se skenovanim svazku
optimalizaci homogenity implantované fluence iontti. Pokud se pracuje s vysokymi ionto-
vymi proudy (> 0,5 mA), pouziva se pro optimdlni rozmitani iontového svazku elektro-
magnetické rozmitdni, protoZe elektrostatické rozmitani je u velkych proudi silné ovlivnéno
efekty prostorového rozloZeni naboje. Pro ionty nesouci naboj le™ pfi energii 200 keV je ma-
ximélné ozafovana plocha 40 x 40 cm do hmotnosti ionti 200 amu, s pouZitim skenovani
frekvence 8 Hz.

Ter¢ikovd komora je vybavena drzikem kolmym na osu iontového svazku, ktery
umoziiuje implantaci vétsiho poc¢tu vzorkii na rotacnim disku, lze implantovat celé sady
vzorkt bez naruseni vakua a souc¢asné je umoznéno vzorky chladit, pfipadné zahfivat do te-
ploty 600° C. V pfipadé implantaci polymerti se pouziva intenzivni chlazeni, nebot’ je depo-

novana na malou plochu velka energie, ktera ve formé tepla silné degraduje implantovany
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Obrazek 3.2: Zafizeni pouZivand pro implantaci iontt - schéma typického implantatoru.

polymer. Naopak v piipadé implantace krystalickych material(i je Zddouci implantovat pfi
zvysené teploté, kdy je krystalickd mfizka schopna 1épe absorbovat vysoké iontové toky a
deponovanou energii a tak pribézné relaxovat vznikajici napéti v krystalické m¥iZce. Pro
zajisténi vysoké Cistoty pii implantaci, nebot’ p¥i priichodu Sirokého svazku dochazi k od-
prasovani piipadnych necistot na bazi uhliku z ¢asti vybaveni implanta¢ni komory, je nutné
zajistit kontinudlni a kvalitni ¢erpdni na vysoké vakuum.

Rozhodujicimi vyslednymi parametry ovliviiujicimi vlastnosti pfipravenych struktur
jsou promitnuty dolet implantovanych ionttt Rp a smérodatnad odchylka promitnutého do-
letu ARp, které urcuji hloubkové rozdéleni koncentrace implantovanych ¢astic. Tyto para-
metry mohou byt simulovény pocitacovymi programy. Pfikladem programu, ktery umoz-
fiuje modelovat priichod iontli prostfedim, metodou Monte Carlo (MC), je program SRIM
2012 [5]. Program pouZiva Coulombicky potencidl se stinénim, které vytvareji prekryva-
jici se elektronové slupky. Soucasné je uvazovéna interakce iontu dlouhého dosahu s ostat-
nimi atomy ter¢ového materidlu za vzniku excita¢nich stavii elektronovych slupek, je tedy
bréna v tivahu i kolektivni elektronové struktura materidlu a meziatomové vazby. V tivahu

jsou brany hustota, prvkové sloZeni materidlu, meziatomové vazby a elektronova struktura
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materidlu. Vysledkem je podrobny vypocet kolizi iontu v zadaném materidlu, energetické
ztraty iontu, vysledna distribuce iont v 3D struktufe, vypocet mnozstvi vytvofenych de-
fektti vlivem knock-out reakci, vznik plasmonti etc. Tento typ simulaci je nezbytny pro teore-
tickou predikci distribuce implantovanych iont v daném materidlu v zavislosti na hloubce
a je hojné vyuzivan pro srovnani s experimentdlnimi vysledky, pfestoZe shoda simulova-
nych a experimentédlnich parametrti promitnutych doleti energetickych iontth Rp a stan-
dardnich odchylek ARp mtze byt limitovdna typem materidlu. Polymerni materidly jsou
vysoce radia¢né citlivé a pii pouZiti vyssich iontovych fluenci nelze zédvéry simulaci SRIM
pouZit, je tieba zohlednit dynamické zmény parametrti implantovaného materialu béhem
implantace (zmény hustoty, odprasovani etc.), k tomu slouZi programy jako napi. TRIDYN

[50].
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4 Charakterizace struktur pripravenych
iontovou implantaci jadernymi
analytickymi metodami

4.1 Optickeé struktury pripravené iontovou implantaci Ag* a Au™
iontu

Planarni optické vlnovody ve sklech, vyuZivané jako zakladni komponenty v integ-
rovanych optickych strukturdch jako multiplexory, splittery atd., maji celou fadu vyhod.
Sklo je relativné levny materidl, je transparentni, ma vysoky prah optického poskozeni a je
dostupné i ve vétsich rozmeérech. SloZeni matrice skla mtiZe byt pfipraveno s ohledem na na-
sledné vyuZiti [18]. V soucasné dobé jsou aktivné studovany optické vlastnosti kovovych na-
nocastic ve sklech [19,20]. Kovové ¢astice a precipitaty jsou syntetizovany v nejrtiznéjsich ty-
pech substratt [21] a jejich vyzkum v souvislosti s optickymi nelinedrnimi vlastnostmi roste.
Zvyseny zdjem je spojen s novymi optickymi systémy umoZnujicimi distribuci optického
signalu bez konverze na elektricky signdl. Bylo ukdzéno, Ze mezi nejperspektivnéjsi optic-
ké materidly patii skla obsahujici nanoc¢astice Cu, Ag nebo Au [22]]. Takové nanostruktury
ve sklech vykazuji silnou nelinedrni susceptibilitu x* a opticky signél vedeny v takovych
strukturdch mtiZe mit velmi rychlou odezvu (do 50 ps).

Struktura skla SiO; sestdva z ndhodné rozmisténych tetraedr, které nemaji spole¢né
hrany nebo plochy, pouze jsou spojeny vazbou sdilenych kyslikovych atomi v rozich tetra-
edrdi. Pfiddnim alkalickych oxid® do struktury skla dochézi k poruseni vazeb Si-O-5i a vyt-
vofeni koncové struktury Si-O~, coZ ¢ini strukturu skla méné zasit'ovanou. V této studii byla
pouzita, ve spolupraci s Vysokou $kolou chemicko-technologickou (VSCHT Praha), skla s

rtiznym chemickym sloZenim viz tabulka ¢. .1 Pouzita skla byla bud” komer¢né dostupnd
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Typ skla/ SiO, B>Os3 Na»O K5O Ostatni slozky
slozka [hmot. %] | [hmot. %] | [hmot. %] | [hmot. %]

BK7 58 18 14 9 Asy03, BaO
GIL49 63 - 24 0,5 Al,O3, CaO, MgO
Sklo B 88 - 9 - Al,O3

SiO, 100 - - - Al;Og

Tabulka 4.1: SloZeni silikatovych skel pouZitych pro iontovou implantaci

(BK7 a SiOs) a nebo specidlné p¥ipravena (GIL49 a sklo B ptipravil Sklaisky Ustav Hradec
Kralové sr. 0.). Matrice skla se liSila pfedevsim koncentraci a typem zdkladnich sit'otvornych
oxidt (5102, B2O3) a déle koncentraci alkalickych oxidt — modifikatort zasit'ovani skla. Pro-
véadéli jsme srovnani skel s rozdilnou koncentraci jednomocného modifikdtoru (Nat). S ros-
touci koncentraci NasO ve skle je matrice skla méné kompaktni a ma mensi zesiténi [23h]].

Kovové nanocastice ve sklech byly vytvafeny iontovou implantaci. Vliv sloZeni skla,
typu a energie implantovanych ionti na vznik a velikost vytvofenych nanocastic byl stu-
dovén v experimentu, kde byla provedena implantace iontd Ag™, Au* s energii 1,7 MeV
aiontt Aut, Agt, Cu™ s energif 330 keV do rtiznych typi skel s fluencemi do 1x10'6 cm 2.
V téchto pfipadech se jedna o implantaci iontti vysokych energii s typickymi promitnutymi
dolety okolo 1 um a dale o implantaci iontti se stfedni energii, kdy jsou promitnuté dolety
desitky nm. V téchto dvou pfipadech se lisi pomér energetickych ztrat zptisobenych ionizaci
(electronic stopping) a jadernym brZzdénim (nuclear stopping). Rozdilny pomér mtiZze vést
k jinému typu modifikace skla a eventuelné k ziskani jinych optickych nebo elektrickych
vlastnosti, které mohou byt ovlivnény strukturou matrice v misté implantovanych iont. Pfi
iontové implantaci dochazi k modifikaci struktury vlivem prtichodu energetickych iontt,
proto se jako nédsledny krok pouzivd Zihdni, kterym dochézi k rekonstrukci modifikované
matrice skla, coZ mtiZe mit vliv na nukleaci, velikost nanocastic, pfipadné na jejich distri-
buci v Zddané vrstveé.

Cisténé substraty skla byly implantovany Au™ ionty s energif 1,7 MeV v Labora-
tofi Tandetronu s iontovymi fluencemi maximalné 1x10'¢ cm=2. Implantace iontti Ag™, Cu*
s energii maximdlné 330 keV byly provadény v Helmholtz-Zentrum, Dresden-Rossendorf v

ramci evropské aktivity SPIRIT 020 na implantdtoru s maximalnim terminalovym napétim
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500 keV. Implantované vzorky byly dale na vzduchu Zihany pfi teploté 300-1000 °C, 5 ho-
din. Hloubkové distribuce implantovanych prvki byla sledovana metodou RBS s vyuzitim
svazku 2,0 MeV He™ iontii. Vzorky byly mé&feny na pfimé geometrii s tthlem dopadu svazku
iont 0° a rozptylovym thlem 170°. Spektrum zpétné odraZenych iontti bylo vyhodnoceno
softwarem Gisa 3.99 [6].

Ramanova spektroskopie je vhodny néstroj ke zjisténi miry tzv. depolymerizace skel-
né sité po iontové implantaci. Ramanovska spektra byla méfena s vyuZzitim experimental-
niho zafizeni LabRam system Jobin Yvon model Labram HR vybavenym 532 nm laserem
ve spolupraci s VSCHT, Praha. Rozptylené zateni bylo analyzovano spektrografem s ho-
lografickou m#izkou 600 g/mm, clonou sifky 100 ym a konfokdlnim otvorem 400 pm. Ra-
manovska spectra byla méfena v rtznych hloubkach jednak na povrchu vzorku a jednak z
hloubky 1 um s krokem 50 nebo 100 nm pfi rozsahu vinovych délek 200 - 1500 cm 1.

4.1.1 Implantace iontii Au™, Ag* s energiemi 330 keV do skel s naslednym
zihanim a tvorbou nanocastic

Pokud srovndvame skla s rozdilnou koncentraci jednomocného modifikdtoru (Na™)
implantované Ag* ionty s energif 330 keV a fluenci 1x10'¢ cm~2 (viz obr.[4.1), vidime, Ze im-
plantované ionty Ag pronikaly do nejvétsich hloubek ve skle obsahujicim nejvétsi mnoZzstvi
sodiku (sklo GIL 49 s 24 hm.% NaO), zatimco nejmensi experimentdlné stanoveny dolet
(§. hloubka pod povrchem s maximélni koncentraci implantovaného prvku) byl zazname-
nan u skla s nejmensim obsahem sodiku (sklo B s 9 hm.% NayO) a v ktemenném skle (SiO).
Zda se, Ze experimentdlné méfeny dolet iontti Rp ve skle zavisi nejen na hustoté, ale také na
obsahu NaO a na zesiténi matrice skla. Dolet implantovanych iontti je mensi pravé u skel
s vysokym stupném zesiténi. Vysvétleni jsme tedy hledali v odlisné struktufe skla pomoci
Ramanovy spektroskopie, ktera byla provadéna pracovistém VSCHT stejné jako optickd mé-
feni vytvofenych struktur.

Ionty Au™ s energii 330 keV byly implantovany do skel s rozdilnym typem jedno-
mocného modifikdtoru (lithium, sodik a draslik). Porovhavdme-li experimentdlné stano-
venou hloubku maximdlni koncentrace iontt ve sklech s rozdilnym typem jednomocného

modifikatoru, je patrné, Ze dolet iontt je nejvétsi ve sklech obsahujicich lithium a nejmensi
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Obrézek 4.1: Srovnani hloubkovych profilti implantovaného Ag+, 330 keV, fluence 1x10'® em~2 ve sklech s
riznym obsahem Na>O (uvedeno v atomarnich %). Hloubkovy koncentra¢ni profil stfibra naimplantovaného
do skla GIL 49. Ptevzato z [25].

ve sklech obsahujicich draslik, tedy poloha koncentra¢niho maxima zavisi na hmotnosti,
popi. iontovém poloméru jednomocného modifikdtoru. Nasledné Zihdni implantovanych
skel je dilezitym procesem, ktery miize velmi podstatné ovlivnit vlastnosti pfipravenych
vrstev. Pohyb implantovaného atomu matrici skla béhem Zihdni je ovlivnén pfedevsim ty-
pem jednomocného modifikdtoru v matrici skla. Zthani vede ke vzniku a rtstu Au a Ag
nanocastic ve sklech.

Néslednym zihanim se struktura skla reorganizuje, ubyva vakanci ve skle a nastava
pohyb atomti zejména smérem do hloubky skla. Nerovnomérna diftize na obou stranach
koncentraéniho profilu pozorovana béhem Zihani pak vede k nerovhomérnému rozloZeni
nanocdstic ve skle. Pfi¢né fezy Ag implantovanych skel se zkoumaly metodou TEM a mik-
rofotografie (obrdzek [£.2|b) byly podrobeny analyze obrazu. Vysledkem je distribuce veli-
kosti Ag nanotastic v zavislosti na typu pouZitého skla viz obr. 4.2a. U skla GIL 49 byly
nalezeny Ag nanocastice s rozdilnou velikosti (2 — 14 nm) a Ag nanocéstice pozorované ve
skle B byly velmi malé (1 -5 nm) (viz obr. ) [23h} 24h), 25]. Maximdlni stupeti depolymeri-

zace struktury skla zjistény Ramanovou spektroskopii v rtiznych hloubkach pod povrchem
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Obrazek 4.2: Vysledek obrazové analyzy TEM fotografii, distribuce velikosti Ag nanocastic v rtznych typech

skel a) sklo GIL49, b) TEM fotografie Ag castic ve skle B, ¢) distribuce velikosti Ag ¢astic ve skle BK7 a d) ve skle
B.

vzorku byl v dobré shodé s polohou koncentra¢niho maxima implantovaného prvku zjisté-

ného metodou RBS.

4.1.2 Implantace iontii Au™ s energiemi 1,7 MeV do skel s naslednym zihanim

a tvorbou nanocastic

Ionty Aut byly zvoleny pro vysokou miru schopnosti agregace a tvofeni nano&astic,
coz umoZznuje dobfe sledovat vliv sloZeni skla na tvorbu a vlastnosti nanoc¢astic. Cilem to-
hoto experimentu bylo zjistit, zda ma struktura skla vliv na pohyb iontu naimplantovaného
do skla s vysokou energii a studovat zmény ve struktufe skla po iontové implantaci s vyssi
energii implantovaného iontu.

Hloubkové koncentra¢ni profily implantovanych iontli v jednotlivych sklech byly

méfeny metodou RBS a simulovany pocitac¢ovym programem SRIM [5]. Jako piiklad je
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na obr. uvedena analyza vzorkd metodou RBS implantovanych na Tandetronu, imp-
lantace byla provedena s energii 1,7 MeV Au™ ionty do skel v rozmez{ 1x10'* — 1x10'6 cm—2

(viz obr. |4.3) [24h), 27].
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Obrézek 4.3: Nahote: RBS spektrum skla GIL 49 implantovaného 1,7 MeV Au™ ionty s fluenci 1x10"° iontf.
cm?a hloubkovy koncentraéni profil Au. Dole: RBS spektrum skla GIL 49 implantovaného 1,7 MeV Aut ionty
s fluenci 1x10'® jontt. cm ™2 a hloubkovy koncentraéni profil Au.

Program SRIM nebere v Gvahu dynamické zmény hustoty materidlu a jeho modi-
fikaci vlivem iontové implantace, rovnéZ neni zahrnut pfipad specifické struktury (mono-
krystalicky, polykrystalicky, amorfni), ktery mtize vysledek ovlivnit. U implantace vysoko-
energetickych iont Au™ do rtiznych typu skel bylo prokdzano, Ze experimentalné stano-
veny dolet implantované ¢astice ve skle je ovlivnén pfedevsim hustotou skla a v mensi mife
i strukturou skla. V souladu s pfedpoklady se potvrdilo, Ze dolet iontu je mensi ve sklech
s vy88im stupném zesiténi i v pfipadé vyssich energii implantovanych iontd.

Béhem implantace dochdzi u skel s odlisSnym stupném zesiténi k rozdilnému posko-

zeni skelné sité a proto vzorky vykazuji riznou miru rekonstrukce struktury po Zihdni. Tvar,
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velikost a distribuce nano¢astic souvisi ptedevsim s teplotou zihani. Cim vic je teplota i-
hani vzdélena od transformacni teploty skla, tim mensi jsou nanocastice pozorované ve skle.
Vznik a rlist nanocastic zlata ve skle jsou také zna¢né ovlivnény stupném poskozeni skla po
implantaci a jeho rychlosti hojenf béhem Zihani. Zihani rovnéz vede ke zméné hloubkovych
profili Au méfenych metodou RBS, v nékterych pfipadech dochdazi k poklesu koncentrac-
niho maxima a redistribuci Au, pfipadné k posunu koncentra¢niho maxima do hloubky.
Vysledky dobie koresponduji s méfenimi UV-Vis spektroskopie v transmisnim médu, kde
dochézi k absorpci v oblasti 300 — 800 nm typické pfi pfitomnosti Au nanocéstic ve vrstve.
Optickd méfeni ukazuji nukleaci Au nanoéastic v SiO; po Zihani pfi 600°C a naopak redistri-
buci Au ¢astic ve sklech obsahujicich NaO; napft. sklo B, jejichz struktura je méné zasit'ovana

[24R, 27].

4.2 Priprava struktur pro optiku implantaci ionti Ert do LiNbO;

4.2.1 LiNbO; a zpusoby dopace

Niobi¢nan lithny (LiNbO3, LN) je jednim z nejvice pouzivanych material pro foto-
niku. Je to perspektivni materidl pro aplikace v integrované optice a optoelektronice diky
kombinaci svych vlastnosti a charakteristik [29]. Niobi¢nan lithny (LN) je synteticky krystal,
ktery lze péstovat ve formé monokrystalti o velkych rozmérech a je zdroven levnym vstup-
nim materidlem pro optické a fotonické cleny, struktura krystalické jednotky hexagonalni
struktury LN je na obr. Niobi¢nan lithny se da dotovat riznymi prvky ve velkych kon-
centracich, v soucasnosti se tento material dotuje prvky vzacnych zemin (napf. Er, Yb, Nd,
Tm atd.) pro tcely vyroby optickych zesilovacti, vinovodnych lasert a vyuziti jeho specific-
kych optickych vlastnosti pro modulaci optického zafreni.

Diky mozZnosti kombinace jak laserovych vlastnosti tak vlastnosti elektro-optickych,
akusticko-optickych a nelinedrnich optickych vlastnosti je erbiem dotovany niobi¢nan lithny
(Er:LiNbO3) velmi studovanym materialem [29]. Velkou pfednosti Er:LiNbO3 je moZznost in-
tegrace aktivnich a zaroven pasivnich soucastek a zafizeni p¥i operacni vinové délce svétla
okolo 1,5um. Bylo zjisténo, Ze chemické vazby Er v daném materidlu, zmény struktury ma-

trice ve vrstvé dopované opticky aktivnim prvkem maji vyznamny vliv na opticky vytézek
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OLi* ONb¥ @O0%*
Qoct, vac, Atetr, vac.

Obrazek 4.4: Jednotka hexagonalni krystalické struktury LiNbOs3 s vyznacenymi pozicemi obsazenymi Li, Nb a
O atomy, déle jsou uvedené volné oktaedrické a tetraedrické pozice v butice monokrystalu.
a pfipadné optické ztraty v pfipravenych optickych strukturdch [30, 31].

Diky anisotropii monokrystalu LiNbOs se v rtiznych krystalografickych smérech i
optické zafeni odliSnym zptisobem. Z toho d@ivodu se ve fotonice u monokrystalického ni-
obi¢nanu lithného pouZivaji krystalografické fezy s riznymi orientacemi. Mezi nejpouZiva-
néjsi krystalografické fezy LiNbO3 patiifez Z a fez X; pouzivdme také specialni fezy LiNbO3
oznacované Y, které jsou riizné orientovany vzhledem ke $tépné roviné krystalu, konkrétné

jde o fez kolmy na Stépnou rovinu Y | a fez rovnobézny se $tépnou rovinou Y||. Popis zmi-

nénych typu fezti LINbO3 v hexagondlni notaci je uveden v Tabulce ¢.

Typ fezu Popis fezu Krystalograficka | Krystalograficka
LiNbOs3 rovina {hkl} rovina {hkil}
Z Kolmy na krystalografickou osu z {001} {0001}
X Kolmy na krystalografickou osu x {110} {1120}
Y|, Rovnobézny se $tépnou rovinou {012} {0112}
Y, Kolmy na stépnou rovinu {104} {1014}

Tabulka 4.2: Popis pouZitych krystalografickych fezti LINbO3. Pfevzato z [28]

Technologie pfipravy erbiem dotovaného niobi¢nanu lithného lze rozdélit na dotova-
ni objemové a lokalizované. Prvni z nich je realizovano pii rastu krystalu Czochralského

metodou a iont Er je tak obsazen v celém objemu materidlu. Zptisobti lokalizované dotace
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Er iontu do materidlu monokrystalu, kdy je pak erbium obsaZeno pouze v tenké povrchové
vrstvé, je vice. Existuje fada technik pro zabudovani Er do matrice LiNbO3 tj. iontova im-
plantace, termickd diftize z taveniny, iontové vymeény a techniky vyuzivajici diftzi z vrstvy
deponované na povrchu LiNbO3, kterd obsahuje Er (napf. 1ze deponovat vrstvu kovového
Er, nebo oxidu Er,O3) viz [32}[33]. Iontové implantace vzacnych zemin do povrchové vrstvy
LiNbOs3 neni dosud standardni, prestoZe nabizi velkou variabilitu ve volbé senzibilizéra
tj. ¢etné moznosti ovlivnéni luminiscen¢nich spekter. Divodem je pfedev$im znaéné po-
Skozeni struktury krystalu béhem implantace a nutnost nasledného zihani. Ukazuje se, Ze
vhodn4 teplota Zihdni leZi mezi 500 a 1000°C. Systematickd studie chovani fezti niobi¢nanu
lithného pfi samotné implantaci a také pfi nasledném Zzihéni v literatufe prakticky chybi. V
nasich experimentech jsme se zabyvali inkorporaci Er a vytvafenim vlnovodnych struktur
riznymi depozi¢nimi metodami (objemova dopace, protonovd vymeéna, diftize Er z taveniny
erbitych soli, diftize z povrchové deponovanych vrstev a nové v poslednich letech iontovou
implantaci Er" iontu) a jejich charakterizaci metodami RBS, ERDA, RBS-kanélovani.

Pro ilustraci uvadim pouze vysledky vytvateni optickych struktur v LiNbO3 a v Er:
LiNbO3 metodou iontové implantace a protonové vymény. Monokrystalicky material Er:
LiNbOs je jiz objemové dotovany Er a byl dale upraven metodou protonové vymeény za tce-
lem vytvofeni laserového vinovodu. Zakladem p¥ipravy vlnovodu je zvySeni indexu lomu v
lokalizované vrstvé, coZ muZe byt provedeno protonovou vyménou. V prvnim kroku dojde
k diftizi H iontt do matrice a v druhém kroku (Zihani) dochézi k jejich redistribuci v krys-
talu. Proces musi byt provadén pod Curiovou teplotou materidlu (615°C). Charakterizace
pfipravenych struktur byla provddéna metodou ERDA pro stanoveni hloubkovych profil
vodiku pfi riznych podminkach Zihdni a protonové vymeény, ddle metodou RBS-kanédlovani
pro charakterizaci strukturdlnich zmén krystalické matrice po protonové vymeéné a Zihani.

V druhém experimentu byly rtizné krystalografické fezy LiNbO3 implantovany ve
spolupréci s Helmholtz-Zentrum, Dresden-Rossendorf ionty Er™ s energii 330 keV a fluen-
cemi 1,0x10'%, 2,5x10'% a 1,0x10'6 cm~2. Tenké optické vrstvy byly Zihany v atmosféfe kys-
liku pii teploté 350 — 1000 °C. Cilem experimentt bylo studium mechanismu hojeni struk-

tury LiNbO3 po iontové implantaci pomoci metody RBS-kanalovani, pfipadné modifikace
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vrstvy krystalu po iontové implantaci. Za timto tcelem byly rozdilné krystalografické fezy
LiNbO3 implantovéany pfi rliznych energiich iont a s riiznou fluenci. Déle byla u pfipra-
venych vzorkd méfena luminiscen¢ni spektra. Pfipravené struktury byly zkouméany meto-
dou RBS (stanoveni profilu Er) a strukturdlni analyza byla provedena metodou RBS-kana-
lovéani.

4.2.2 Strukturalni a prvkova analyza LiNbO; metodami ERDA a

RBS-kanalovani

V pfipadé studia optickych vrstev pfipravenych v Er:LiNbOs (nebo alternativné Er:
LiTaO3) protonovou vyménou bylo metodou ERDA zjisténo, Ze obsah vodiku v modifiko-
vané vrstvé se méni s dobou protonové vymeény, se vzristajicim ¢asem protonové vymény
obsah vodiku v povrchové vrstvé Er: LiINbOj3 klesa. Zihani ma vyrazny vliv na zmény hloub-
kovych profilti vodiku, sniZuje se koncentrace na povrchu a vodik se redistribuuje vice do
hloubky. Propustnost v rtiznych krystalografickych smérech krystalu Er:LiNbO3 pro vodik
se lii a rovnéZ se rizni mira modifikace struktury krystalu v rtiznych fezech pfi stejnych
podminkéch protonové vymeény [35].

Metodou RBS-kandlovani byla prokdzana modifikace a vnitini pnuti v povrchové
vrstvé krystalu v krystalografickych orientacich (11 — 20) a (0001), coz vSak miiZe byt ziha-
nim eliminovéno. Nejvétsi modifikace krystalické miizky a soucasné nejvétsi vnitini pnuti
(identifikované metodou rentgenovské difrakce - XRD) bylo prokdzano pro krystalografic-
kou orientaci Er: LINbO3 (0001). Soucasné ve strukturdch pfipravenych v této krystalogra-
fické orientaci Er: LINbO3s metoda ERDA prokézala nejvétsi koncentraci vodiku. XRD ana-
lyza potvrdila zvétSeni miizkové konstanty ve sméru kolmém k fezu Er: LiNbO3 (0001).
Vysledky vyse uvedenych metod byly dale srovndvany s analogickym experimentem, ktery
byl proveden v krystalu Er: LiTaO3. Vysledky byly publikovany v [35] 36h].

Spektra ziskand metodou RBS-kandlovani 1ze vyuzit ke studiu modifikace monokrys-
talického materialu, jak jsme u¢inili v pfipadé, kdy ptivodni dopovany material Er: LINbO3
byl metodou protonové vymény modifikovan tak, Ze byla vytvofena cca 10 mikrometrova
vrstva s odliSnym indexem lomu. Ukazuje se, Ze protonova vyména zpusobi modifikaci

YN

krystalu — mfizkova konstanta se ve dvou smérech podél krystalickych os zvétsi, pro rizné
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Obréazek 4.5: Srovnani ndhodného (random) RBS spektra se spektrem ve sméru hlavni krystalické osy (aligned)
Er:LiNbOs a Er: LiNbOs modifikovaného protonovou vyménou pro krystalografické orientace LiNbO3 (0001)
nahofe a orientace (11 — 20) dole. Pfevzato z [35].
fezy krystalem tak sledujeme rtzné vytézky zpétné odraZenych iontt, pokud iontovy sva-
zek dopada paralelné s osou krystalografického fezu (obr.[4.5).

Ptikladem dal$itho moZného pouziti metody RBS-kanélovani je studium polohy lase-
rové aktivniho prvku Er v krystalu Er: LiNbOj3. Krystal je objemové dopovany Er, které
je pfiddvano do taveniny pfi rlistu krystalu a selektivné obsazuje volné polohy v krystalické

struktufe LiNbO3. Polohu Er atomti 1ze velmi pfesné urcit na zakladé tvaru thlovych skenti
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vytéZzkia zpétné odrazenych ionth. Studiem zavislosti vytéZku ve spektru zpétné odraZzenych
iontt v oblasti energii odpovidajici signdlu Er na tthlu dopadu svazku tzv. thového skenu
podél tif vyznacnych krystalografickych os krystalu Er: LINbO3 (0001), (11 —20) a (01 — 10)
lze stanovit polohu Er v krystalické mfiZce LiNbO3 v povrchové modifikované vrstvé. Po-
drobnym studiem tvaru dhlové zavislosti vytéZku zpétné odraZenych ionti s ndslednou
simulaci, s vyuzitim Monte Carlo algoritmu a bindrnich kolizi, 1ze ur¢it pfesnou polohu do-
pantu Er v krystalické miiZce. Byly provddény simulace s pouZitim programu FLUX [34],
ktery umoZnuje pro zadany krystal simulovat trajektorie vysoko-energetickych ionti v mo-
nokrystalickém materidlu ve sméru podél hlavnich krystalografickych os. V rdmci modelu
je simulovdna hustota iontti podél vyznacného krystalografického sméru se zahrnutim bi-
narnich kolizi, kdy iontovy svazek je fokusovan elektrostatickymi poli jednotlivych atomti
v krystalické struktufe v zavislosti na volbé krystalografické orientace v daném krystalu.

Srovnédnim tthlové zavislosti vytéZzku iontti se simulacemi pro rtizné polohy Er ve vol-
nych substitu¢nich polohach byla urc¢ena poloha Er. Atom Er preferen¢né obsazuje volné Li
polohy uprostied oktaedru LiNbO3 a je posunut ve sméru krystalografické osy kolmé na fez
(0001) viz schéma buiiky krystalu obr. 4.4] [35].

Druhy pristup k vytvoreni optickych plandrnich struktur je lokalizovana dopace me-
todou iontové implantace. Krystaly LiNbO3 implantované ionty Er" jsou modifikovany
v tenké povrchové vrstvé, kterd je obohacena laserové aktivnim prvkem. Hloubkové profily
implantovaného Er byly studovany metodou RBS v implantovanych vzorcich a vzorcich zi-
hanych pfi teploté 350 a 600°C. Bylo zjisténo, zZe hloubkové profily Er jsou nejvice ovlivnény
zihanim v p¥ipadé nejniz$ich implantacnich fluenci a nejméné v pi¥ipadé pouZzité nejvyssi
fluence 1,0x10'6 cm~2. Soucasné je specifické chovani Er iontii v pfipadé riznych krystalo-
grafickych orientaci. Nejvétsi mobilita Er byla zjisténa v ptipadé fezu Y L (10 — 14).

Metoda RBS-kandlovani byla pouzita pro studium modifikace struktury implantova-
ného LN a jeji rekonstrukce po zihdni. Nejmensi miru rekonstrukce vykazuje YL (10—14) fez
a nejvétsi Z (0001). Mira rekonstrukce muze byt ve spektru identifikovdna jako pokles vy-
tézku zpétné odrazenych iontti v modifikované oblasti krystalu, kterou sledujeme na obr.

v oblasti kandld 700-800 kandlovaciho spektra RBS. Na obrazku vidime, Ze mnoZstvi ne-
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uspofddanych atomtt v povrchové vrstvé krystalu ve sméru osy krystalografického fezu
(aligned spektrum) je maximalni, proto je vytéZek zpétné odraZenych iontli srovnatelny se
spektrem méfenym pfi svazku iontt dopadajicim v ndhodném sméru. Ani po zihani pii
350°C nedojde ke sniZeni vytézku v modifikované implantované vrstvé, coz je dano pou-
zitou vysokou implanta¢ni fluenci iontli provdzenou vytvoreni vrstvy se 100% mirou neu-
spotddanosti. U mensich fluenci 1,0x10'% cm~2 Ize pozorovat rekonstrukci struktury po Zi-
hani, ktera se projevi poklesem vytézku ve spektru iontt. V pfipadé vyssich implanta¢nich
davek se rekonstrukce projevi postupnou rekonstrukci krystalického materidlu na rozhrani
implantované vrstvy a neposkozeného substratu, tedy rekonstrukce se projevi zmensenim
tloust’ky modifikované vrstvy, jak je tomu na obr. 4.6/ vpravo. V nédslednych experimentech
se ukdzalo, Ze zvySeni teploty zihani na 600 °C a 1000 °C vede postupné ke kompletni re-

konstrukci struktury LiNbO3 a tim ke sniZeni mnoZstvi neuspofddanych atomii v krystalické

struktufe.
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|
A )\ I
AT IV
N ‘.‘\’NM\‘M\/W‘( 1

0354 X fez implantovan

—O— Z fez implantovan
0.30 {—+— Z fez zihano

m— X Z fez zihano

*— SRIM simulace

+

TWINN
IV I Al

—e— Ztez zihano
—o— Z fez implantovano
nahodné spektrum ol
20004 —:s— X fez implantovano :
—=— X ez zihano

0.25 4

0.20 4
0.154

010

Er koncentrace at. %

0.05 ~

VytéZzek zpétné odrazenych iontl He

0.00

T T T T
60 80 100 120

Hloubka [nm] Kanaly

600 650 700 750 800 850

Obréazek 4.6: Hloubkové profily Er v LiNbO3 implantované s energii 330 keV, s fluenci 2,5x10'® cm ™2, 7° mimo
osu kolmou na krystalografickou orientaci, pro krystalografické fezy Z (0001) a X (11 — 20)(vlevo) a RBS-
kandlovaci spektra téchto fezti — srovnani vzorkd implantovanych a Zihanych pfi 350°C po implantaci (vpravo).
Pfevzato z [37h].

Bylo potvrzeno, Ze po Zihani se vyrazné zvysila intenzita luminiscence v oblasti okolo
1535 nm. Intenzita luminiscence pfipravenych vzork se lisi v zavislosti na fezu LiNbOs3
a podminkach implantace. Nové se prokazalo, Ze pfi implantaci erbia do LiNbO3 zélezi
na zvoleném krystalografickém fezu monokrystalu. Nejvyssi mobilita Er a luminiscen¢ni

vlastnosti se objevily vzdy v fezu Y (10 — 14) s pouzitim rtiznych experimentélnich podmi-
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nek implantace, pficemz tato krystalograficka orientace vykazuje nejnizsi miru schopnosti
rekonstrukce po Zihani krystalu.

Vysledky komplexniho studia vyse uvedenych struktur pfipravenych metodou pro-
tonové vymeény a iontové implantace v krystalech LiNbO3 jadernymi analytickymi meto-
dami (RBS, ERDA a RBS-channeling) , metodami rentgenovské difrakce (XRD) a méfenim
optickych a vlnovodnych vlastnosti pfipravenych struktur byly publikovany a jsou obsa-

Zeny v pfipojenych publikacich [35]-[39h].

4.3 Priprava nanostruktur v polymerech metodou iontové
implantace kovovych iontu

4.3.1 Aplikace nanostruktur pripravenych v polymerech

Metalizované polymery pfedstavuji atraktivni struktury pouZitelné v nejrtiznéjSich
technologickych odvétvich jako je automobilovy primysl, kompaktni disky, elektrické stiné-
ni aZ po potravinafské félie a biosenzory [40] 41} 42]. Struktury na bazi polymeru a kovu
jsou zdkladem konstrukce diod s negativnim diferencidlnim odporem [42], LED v optoelek-
tronice, organickych tranzistori nebo zafizeni MEMS (Micro-electro-mechanical systems)
[43]. Systémy polymer-kov pfipravené penetraci kovovych &astic za zvysené teploty [44)45]
jsou intenzivné sledovany jako vychozi materidl pro konstrukci senzorti vlhkosti nebo op-
tickych prepinact [46]. Nékteré polymery (zejména polyimidy) jsou perspektivni z hlediska
své teplotni stability a odolnosti proti chemikéliim, mechanické deformaci i ionizujicimu
zéateni. Kovové nanocéstice (MNP — Metal NanoParticles) jsou velice zajimavé z hlediska
svych vyznaénych elektrickych, optickych a magnetickych vlastnosti. Komposity polymer-
nanocdstice jsou perspektivni pro aplikace nanokompozitnich materidli v elektrochemic-
kych senzorech a biosenzorech [47]. Fyzikdlni vlastnosti pevné latky na trovni nanocas-
tic jsou vyrazné odlisné od vlastnosti objemovych materidli. Unikatni jevy pozorované na
drovni nanoobjekti umoZziiuji pfipravu nanostrukturnich materialt s vyznaénymi elektric-
kymi a magnetickymi vlastnostmi jako zdklad pro magnetickd zdznamova média, magne-
tické senzory atd. [48].

Jednou z mozZnosti piipravy kovovych nanocastic je iontovd implantace (viz kapi-
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tola 3). Iontova implantace vysokymi fluencemi iontti do polymerti vede k vytvoreni lokal-
niho pfebytku koncentrace implantovanych atomt a pfi relaxaci implantovaného systému
dochézi k tvorbé kovovych precipitatd, koloidnich ¢astic, granularnich vrstev nebo nano-
¢astic. Koncentraéni profil implantovanych prvki a velikost nanocastic, mohou byt do jisté
miry kontrolovany podminkami iontové implantace. Pouzitim iontové implantace miize byt
vytvofeno mnoho druhti nanodastic, které se formuji v podpovrchovych vrstvach v nasem
piipadé dielektrickych materidlt. Studie morfologie generovanych nanocastic a klastrti je
oblast intenzivniho vyzkumu [49) 50].

V nasich experimentech jsme se zabyvali pfipravou kovovych nano¢dstic metodami
ozafovani metalizovanych (Au, Ag a Cu) folif syntetickych polymert nizko-energetickymi
ionty z plasmatického vyboje [49] a implantaci syntetickych polymert kovovymi ionty Ni*,
Co™ a Mn™ s energiemi do 80 keV. V prvnim piipadé jsme studovali vliv nizko-energe-
tickych iontt z plasmatu na diftizi kovovych nano¢éstic do polymerti z tenké kovové vrstvy
deponované napafovanim na polymerni f6lii a srovndvali jsme r@izné typy polymert liSici
se hustotou, radia¢ni odolnosti a sloZenim a soucasné jsme porovnavali zmény hloubkovych
profilt kovii v polymerech v zavislosti na typu difundovaného kovu [49].

V druhém piipadé jsme pfipravovali kovové nanocastice pfimo implantaci do synte-
tickych polymert. Vybér polymerti byl ddn snadnou dostupnosti, zpracovatelnosti a vyssi
radia¢ni i tepelnou odolnosti syntetickych f6lif, nebot” dalsim krokem bylo Zihani implanto-
vanych polymert pfi teploté blizké teploté skelného pfechodu polymert T,, kde nés zaji-
mala stabilita nebo naopak pfipadna mobilita nanocastic v polymerni matrici.

Prvkové sloZeni, hloubkové profily prvki vimplantovanych polymerech byly urceny
metodami RBS a ERDA se svazkem iontti He' s energii 2,5 MeV produkovanych urychlo-
vatem Tandetron. Méfeni byla provedena v $ikmé geometrii (viz kapitoly 2.1]a 2.3), umoz-
nujici soubéznou detekci zpétné rozptylenych iontt a vyraZenych jader vodiku. Soucésti
studia morfologie pfipravenych nanostruktur bylo pouziti mikroskopickych metod mik-
roskopie atomdrnich sil (Atomic Force Microscopy — AFM), transmisni elektronové mikro-
skopie (TEM) s naslednym pocitatovym zpracovanim obrazu, které ndm umoznilo stanovit

statistickou distribuci velikosti vytvofenych nanocastic. Metodika zpracovani obrazu, kterd
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umoZnuje stanovit v dané oblasti statistickou distribuci velikosti implantovanych &éstic, je
popsana v [52h] a byla vyvinuta specificky pro tento tcel. Vysledkem metody AFM byly
parametry povrchové morfologie — pfedevsim stfedni hodnota drsnosti R,, ktera je defino-
vana jako stfedni aritmeticky primér absolutnich hodnot rozdilu mezi povrchem vzorku a
referen¢ni hladinou.

Optické a elektrické vlastnosti byly sledovany pomoci UV Vis spektroskopie s pouZzi-
tim pfistroje Perkin-Elmer v rozsahu vinovych délek 150-800 nm a dvoubodovym méfenim
plosného elektrického odporu modifikovanych polymert. Pro méfeni elektrickych vlast-
nosti byly napraseny Au kontakty a méfeni bylo provedeno ve vakuu. Pro studium chemic-
kych vazeb v implantovaném polymeru byla pouZita spektroskopie foto-elektronti buze-
nych rentgenovskym zafenim (XPS). Optické a elektrické vlastnosti byly studovany ve spo-

lupréci s VSCHT, Praha.
4.3.2 Polymery implantované Ni* a Co™ ionty s energii 40 - 80 keV

Syntetické polymery PET, PEEK a PI ve formé tenkych f6lif dodané firmou Goodfe-
low (USA) byly implantovény ionty Ni* a Co™ v rozsahu energii 40 — 80 keV ve spolupréci s
Physical-Technical Institute v Kazani, Rusko vysokymi fluencemi iontt v rozmezi 1016 — 1017
iontt . cm ™2 pii pokojové teploté, coz kladlo zna¢né pozadavky na chlazeni implantovaného
materidlu. Pfedpokladalo se vytvofeni granuldrnich, kovovych struktur s vyznaénymi elek-
trickymi a magnetickymi vlastnostmi, tak jak to bylo realizovdno za podobnych podminek
napf. v rutilu (TiO3) [50].

Hloubkové profily implantovanych prvki, morfologie nanostruktur v modifikované
vrstvé polymeru, povrchovad morfologie polymerti a dalsi optické a elektrické vlastnosti byly
zkoumany u implantovanych vzorka a poté u vzorka Zihanych v rozmezi teplot 50 — 300 °C
v zavislosti na teploté skelného piiechodu 7; daného typu polymeru. Pfipravené nano-
struktury v polymerech po Zihdni byly studovany jadernymi analytickymi metodami RBS a
ERDA, které umoziiuji provést prvkové hloubkové profilovani implantovanych prvki a sle-
dovat pfipadnou zménu sloZeni implantovaného polymeru s velkou citlivosti. V povrchové

vrstvé implantovaného polymeru, tj. do hloubky cca 500 nm, miizeme urcit koncentraéni
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profil O, C a H s chybou do 0,5 atomérnich %. Hloubkové profily implantovanych prvka Ni
a Co byly srovnavéany se simulacemi s pouZitim softwaru SRIM a TRIDYN [51].

Vysledkem méfeni metodou RBS byly hloubkové profily implantovanych prvki Ni
a Co, kde byly sledovany zmény implanta¢nich profilti v zavislosti na implanta¢ni fluenci.
S rostouci fluenci implantovanych iontti dochazi k posunu koncentra¢niho maxima implan-
tovanych Ni a Co atomii k povrchu vzorku viz obr. V piipadé implantace polymerti
ionty Co™ byly zmény hloubkovych profilii s rostouci fluenci implantovanych iontti méné
priukazné viz obr. nebot’ implantace Co probihala s pouzitim vyrazné niZsich ionto-
vych fluenci. V obrazku {4.8| je prezentovand poloha koncentraéntho maxima implantova-
ného prvku Rp a smérodatnd odchylka hloubkového rozdéleni ARp pro experimentalni
profily a je uvedeno srovnani téchto parametrti se simulovanymi parametry promitnutého
doletu a smérodatné odchylky promitnutého doletu v programu SRIM. V nasem pfipadé
miiZe byt promitnuty dolet ionttt Rp simulovany programem SRIM identifikovan s polo-
hou koncentra¢niho maxima méfeného metodou RBS, protoZe jsme takto hodnotili pouze

symetrické profily s pouZitim vyrovnéni funkéni zavislosti Gaussovskym rozdélenim.
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Obréazek 4.7: Hloubkové profily Ni stanovené metodou RBS v polymerech implantovanych pfi energii 40 keV
v rozmezi implanta¢nich fluenci 0,25x10"" - 1,25x10'” cm ™2 do polymeru PEEK vlevo a srovnani hloubkového
profilu Ni se simulaci TRIDYN pro implanta&ni fluenci 0,5x10'” cm ™2 vpravo. Obrézek prevzat z [57h].

Iontové implantace polymerniho materidlu je provdzena vznikem a pfipadnym tni-
kem lehkych degradac¢nich produktti z polymernich fetézct, coz vede ke karbonizaci materi-
alu, odprasovani a ztencovani povrchové vrstvy viz také [53}54h]. Tyto procesy jsou rozdilné

pro rtzné typy polymert v zdvislosti na zasit'ovdni polymeru a sloZitosti jeho monomeru
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[55]. Profily implantovaného Ni po implantaci fluenci iontt 0,5x10'7 cm—2 bylo moZné dobfte
simulovat pomoci programu TRIDYN. Pro prvni simulace hloubkovych profil byl pouZit
program SRIM, ktery vSak nezahrnuje vySe zminéné degradacni procesy, pribézné zmény
hustoty a sloZeni materialu, které vyznamné ovliviiuji profil implantovanych iontti. Proto
byl pouzit dale software TRIDYN, ktery zahrnuje dynamicky vypocet zmény doletu iontt
na zékladé aktudlni zmény sloZeni a hustoty substratu vlivem implantace (viz obr.[4.7).
Metody RBS a ERDA potvrdily vyrazné sniZzeni obsahu vodiku a kysliku v implanto-
vané vrstvé, kde jsme sledovali tplny tbytek vodiku ve vrstvé implantovaného polymeru
PEEK a PI pro fluence nad 0,5x10'7 cm~2 a dale jsme srovnévali tbytek kysliku v modifi-
kované vrstvé, ktery byl nejpriikaznégjsi pro PEEK v pfipadé implantace Co™ iontd. UV-Vis
spektroskopie potvrzuje vznik dvojnych vazeb a postupnou modifikaci struktury polymeru
v piipadé PET a saturaci absorpce UV Vis a tim i strukturalnich zmén v p¥ipadé PI a PEEK
u implanta¢nich davek nad 1x10'7 cm~2. Saturace byla potvrzena i v pifpadé tloustky vy-

tvofené dehydrogenované vrstvy v modifikované vrstvé pro PI a PEEK metodou ERDA.
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Obréazek 4.8: Hloubkové profily atoma Co implantovanych pfi energii 40 keV v rozmezi implanta¢nich fluenci
0,2x10'7 —1,0x10'" em~2 do polymeru PEEK - vlevo a koncentra¢ni profily kysliku v implantované vrstvé PEEK

- vpravo.

V polymerech modifikovanych ozafovdnim ionty dochdzi ke zméné elektrickych vla-
stnosti. Nad jistou fluenci dochdzi k rapidnimu poklesu elektrického plosného odporu modi-
fikovanych vrstev polymeru. Byly méfeny elektrické vlastnosti vzorkd polymernich sub-
stratt implantovanych ionty Co* a Nit v rozsahu davek 10'° — 10'7 em~2 dvoubodovou

metodou méfeni plosného odporu. Na obr. .9 je vidét progresivni pokles plosné vodivosti
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v modifikovanych polymerech PET, PEEK a PI po implantaci v zavislosti na rostouci im-
planta¢ni fluenci, kterd je v souhlasu s nartstem absorpce UV Vis zédfeni. Nejvétsi zménu

elektrického plosného odporu jsme identifikovali u polymeru PEEK viz také [54hl].
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Obrazek 4.9: Elektricky plosny odpor implantovaného PET, PI a PEEK v zavislosti na pouzité implanta¢ni fluenci
Co™, 40 keV. Typick4 relativni chyba méfent je 5%.

Nésledné Zihdni miize vyznamné ovlivnit morfologii pfipravenych nanostruktur v po-
lymerech. Po Zihani pfi teploté v rozmezi 100-300°C, dle typu polymeru, po 20 minutach
sledujeme pokles Ni v povrchové vrstvé a vytvofeni nesymetrického hloubkového profilu
Ni, coz mtZe byt zptisobeno migraci Ni nanocéstic do nitra vzorku. Pozorované jevy mo-
hou souviset i se zménami povrchové morfologie, které jsou sledovany soucasné metodou
AFM. V polymeru PET pozorujeme po Zihdni pokles koncentrace Ni v hloubce odpovida-
jici maximdalni koncentraci implantovaného Ni a rozsifeni hloubkového profilu do hloubky
polymeru. U polymeru PEEK nejsou zmény Ni koncentra¢nich profild po Zihdni pozorova-
telné. Lze se domnivat, Ze Zthadni polymer®i implantovanych vysokymi davkami iontti, kdy
je prekroc¢ena mez rozpustnosti prvku v daném materidlu, mtize vést k migraci a agregaci
shlukd implantovaného prvku v zavislosti na struktufe a tedy typu polymeru viz [54h].

Soucasti studia morfologie pripravenych nanostruktur bylo pouZiti mikroskopickych

metod AFM a TEM. Velikost a distribuce Ni nanocéstic byla sledovana metodou TEM. Prokéa-
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zalo se, ze s rostouci fluenci ionttt dochézi ke vzniku vétsich ¢dstic Ni viz obr. a—c. Vzorky
implantované fluenci 0,5x10'7 em~2 vykazovaly podobnou stfedni velikost Ni nanoé4stic
pro viechny typy polymert v rozmezi 2,6 nm (PI) az 2,8 nm (PET). Zihani pii teplotach
od 100°C do 300°C mélo za nésledek jen maly pokles stiedni velikosti Ni nanocastic. Vy-

raznou tvorbu nano&astic pozorujeme u fluenci vyssich nez 106 cm=2

a nejvétsi Co a Ni
nanotastice byly pozorovany v PET (viz obr.[4.10|b). Vysledky obrazové analyzy TEM mik-

rofotografif jsou prezentovany na obr.

Obrézek 4.10: TEM mikro-fotografie Ni nano¢dstic v polymerech pfipravenych iontovou implantaci Nit iontti,
40 keV a fluenci 1x10*"em =2 a) PI, b) PET a c¢) PEEK.

Plodny elektricky odpor implantovanych polymerti je klesajici funkci fluence iontti.
Nésledné Zihani sniZuje elektricky plosny odpor, ktery dosdhne minima pfi teploté Zihani
120°C. Zmény mohou byt spojeny s reorganizaci kovovych nanoc¢éstic a zménami ve struk-
tufe polymeru. Méfeni metodou rtg. zafenim buzené emise fotoelektronti (XPS) ukazalo roz-
dilny podil oxidacnich stavii Ni v zavislosti na typu polymeru a na implanta¢ni fluenci, coz
potvrzuje vyrazny vliv struktury polymeru a jeho monomeru na naslednou morfologii ko-
vovych nanotéstic viz [54h]. Dramatické zmény morfologie povrchu pozorované metodou

AFM ukazuji na erozni procesy probihajici na povrchu polymert PET a PEEK pod vlivem

vvvvvv

46



KAPITOLA 4. CHARAKTERIZACE STRUKTUR PRIPRAVENYCH IONTOVOU
IMPLANTACI JADERNYMI ANALYTICKYMI METODAMI

v piipadé PI nezvysuje na rozdil od PET a PEEK, kde drsnost povrchu po implantaci drama-
ticky nartista. Zthéni zptisobilo pokles povrchové drsnosti v piipadé implantovanych PEEK
a PET polymerti. Vyrazna zrnitd povrchova struktura identifikovand AFM na povrchu PEEK
a PET polymert po implantaci Co™ a Ni* ionty po Zihani vymizi, morfologie povrchu im-
plantovaného povrchu se méni a dochdzi ke sniZeni sttedni vysky objekti na povrchu viz

[52h].
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Obréazek 4.11: Sumarizace distribuce velikosti Co nanoéastic v jednotlivych typech polymeru uréenych pomoci
obrazové analyzy mikrofotografif pofizenych metodou TEM.
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5 Degradace materialu energetickymi ionty a
studium energetickych ztrat iontu v
polymerech

Mechanismy radia¢niho poskozeni konstrukénich materidlti maji zédkladni vyznam
pro odhady Zivotnosti jadernych zafizeni, planovani tlozist' jadernych odpadti, pro pla-
novani novych zafizeni uréenych pro likvidaci jadernych odpadt (projekty transmutace ja-
dernych odpadii) a pro projekci zafizeni pro fizenou termonuklearni reakci jako nového
zdroje energie. Energetické ztraty nabitych ¢astic pfi priichodu prostfedim maji zasadni vy-
znam pro jaderné analytické metody, dozimetrii a konstrukci detektorti nabitych ¢astic. Si-
roké spektrum a rozsah energii iontti produkovanych urychlova¢em Tandetron umoziiuje
detailni studium takovych procest jako je excitace atomt a s tim spojend emise charakte-
ristického rtg. zafeni, desorpce atomt pii dopadu nabitych ¢astic (sputtering), emise elek-
tronti pii interakci nabitych ¢astic s ldtkami atp. Studium téchto procesti je aktualni jak z hle-

diska fundamentélniho, tak i pro rozvoj metod pro analyzu povrchovych vrstev latek.

5.1 Studium strukturalni modifikace PEEK, Pl a PET polymeru
po ozarovani ionty

Ozafovani polymerti ionty je provdzeno fadou efektt, které zméni strukturu a tim i
elektrické, optické piipadné mechanické vlastnosti polymerti. Energetické ionty v polyme-
rech idukuji degradaci polymernich fetézcti, uvolnéni chemickych vazeb, tvorbu volnych
radikédld a uvolnovéni plynnych produktti. Nasledné chemické reakce mezi témito vysoce
reaktivnimi produkty vede ke zvySeni zasit'ovani polymeru, vzniku dvojnych vazeb pii-
padné kyslikovych struktur v zavislosti na struktufe monomeru.

V rdmci vyzkumu a studia modifikace polymert vlivem energetického zéafeni byly
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provedeny experimenty ozafovani syntetického polymeru PEEK energetickymi ionty Si?t,
Cu?T a Ag?" v rozmezi energif iontti 3-4.8 MeV. Byly pouzity svazky iontt z Tandetronu
s fluencemi 10'2-10" iontfi.cm™2. Metody RBS a ERDA poskytly informace o sloZeni mo-
difikovanych polymerti a dale byla pouZita metoda infracervené spektroskopie (FTIR) pro
studium strukturalnich zmén v polymeru po ozédfenim ionty. Cilem experimentu bylo srov-
nat ptisobeni energetickych iontt rozdilnych hmotnosti pro sledovani strukturdlnich zmén v
polymerech zptisobenych rozdilnymi mechanismy energetickych ztrat tj. elektronovym a ja-
dernym brzdénim. Metoda ERDA potvrdila desorpci vodiku jako rostouci funkci implanto-
vané fluence, pficemz desorpce byla srovnatelna pro rtizné typy pouZitych iontt. V pfipadé
kysliku nebyla vyraznd desorpce pozorovdna, miizeme se domnivat, Ze vysoce reaktivni
kyslikové radikaly a produkty vzniklé rozbitim vazeb v polymeru okamzité rekombinuji
na stabilni netékavé produkty, které nejsou ze struktury polymeru uvolnény. Tento pied-
poklad byl potvrzen méfeni metodou FTIR, kterd ukazuje u ozéfenych polymerti vymizeni
absorpcich pasti odpovidajicich vibra¢nim pastm aromatickych skupin v PEEK. Naopak se
objevuji absorpéni pasy skupin C-H a C=0 atd.

Dale jsme provedli experimenty s niz$imi energiemi iont Art, 150 keV a fluencemi
10'2-10% iontti.cm 2. Zde opét bylo potvrzeno, Zze dochézi k nartstu desorpce vodiku v po-
vrchvé modifikované vrstvé a soucasné v tomto pfipadé i k tniku kysliku, nebot” se uplat-
nuje pfedevsim jaderné brzdéni, kde dochazi k masivnimu poskozeni vazeb a vyrdZeni ma-
tricovych prvkd polymeru. Analyza s pouZitim UV Vis spektroskopie potvrdila s rostouci
implantaéni fluenci vyrazny ndrtst absorpce UV Vis zdfeni v modifikovaném polymeru v
souvislosti s dehydrogenaci vrstvy, nartistem dvojnych vazeb a karbonizaci povrchové oza-
fené vrstvy. Soucasné byla pouzita metoda anihila¢ni positronové spektroskopie, kterd po-
tvrdila v hloubce odpovidajici doletu implantovanych ionttt Art unik lehkych fragmentu
O, H z polymeru vedouci ke sniZeni doby Zivota positronia v této hloubce. Vysledky stu-
dia degradace a modifikace polymernich materiali energetickymi ionty byly prezentovany

v publikacich [52h) 54h, 56h, 57h].
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5.2 Studium energetickych ztrat iontu Li"** a C** v PC a PP

Meéfeni energetickych ztrat riznych iont v polymernich materidlech bylo provadéno
na urychlovati Tandetron MC 4130. Zatimco pro ionty mensich hmotnosti (H*, He™) existuje
nich tidaji mnohem méné. Zde uvadime vysledky méfeni brzdnych vlastnosti ionta Li** a
C™* v polypropylénu (PP) a polykarbonatu (PC). Energie pouZitych svazkii ionta Li"* a C**
byla ménéna s krokem 100 keV v rozsahu energii 3 — 7 MeV. Cilem bylo ur¢it zdvislost ener-
getickych ztrat iontd na jejich energii a stanovit energeticky rozptyl (energy straggling) po
prichodu polymerem. Experimentalni uspofdddni méfeni energetickych ztrat v polymer-

nich f6liich je uvedeno na obr.
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Obréazek 5.1: Uspotfadani experimentu méfeni energetickych ztrat ionti v polymernich féliich

Meéfeni bylo provedeno pomoci iontd, které se rozptylovaly pod tthlem 170° na tenké
Au vrstvé. Rozptylené ionty prochazely tenkou folii (PC, PP) umisténou pied detektorem
a jejich energeticka spektra po priichodu félii a bez prichodu félii byla méfena detekto-
rem ULTRA-ORTEC. Pro tento tcel byly zakoupeny félie PC a PP od firmy Goodfellow s
tloustkami 6 a 4 um. Tloust'ka byla ovéfovana vaZenim na mikrobalan¢nich vahach, kdy
byl z félie vyfiznut piesny segment plochy, s pouZitim obrazové analyzy pod mikroskopem

byla urcena jeho plocha a byl vaZzen. Ze znalosti hmotnosti a plochy segmentu s vyuZitim
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hustoty polymeru byla stanovena tloust’ka polymerni félie. Findlni hodnoty tloust'ek poly-
mer@i At byly uréeny nasledovné: 0,35 & 0,02 mg . cm~2 pro PP a 0,72 + 0,03 mg . cm 2
pro PC. Zméfené energetické brzdné ztraty iontt byly porovnany s teoretickymi hodnotami
pouzivanymi programem SRIM.

Vysledkem analyzy spekter zpétné odraZenych iontti a zpétné odrazenych iontt zpo-
malenych PC a PP polymerni f6lii jsou energetické ztraty iontt v dané tloust'ce polymerniho

materidlu. Srovnani spekter iontti pfed a po priichodu polymerni f6lif vidime na obr.
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Obrézek 5.2: Spektrum C** iontt rozptylenych pod thlem 170° na Au vrstvé po pricchodu a pted priichodem
PP f6lii. Z posunu energetické hrany signdlu Au stanovime energetickou ztratu iontti a z rozsifeni signalu po
prichodu PP f6lif uréime rozptyl energie iontt (energy straggling).

Energetické ztrdty AFE jsou urovany z posunu hrany signdlu energetickych iontt
ve spektru rozptylenych iontt po priichodu f6lii a spektra bez félie a déle ze zméfené hod-

noty tloust’ky polymerni félie A¢. Linedrni brzdnd schopnost S(E,,) je uréena vztahem

pro stfedni energii ionti E,,.

AE
S(Eav) - E7 (51)
Stfedni energii £, je definovdna vztahem:
Eow= By~ 5F (5.2)

51



KAPITOLA 5. DEGRADACE MATERIALU ENERGETICKYMI IONTY A STUDIUM
ENERGETICKYCH ZTRAT IONTU V POLYMERECH

E je energie iontt elasticky odraZenych od Au vrstvy a pro jejich vypocet z nomindlni ener-
gie ionth produkovanych urychlova¢em E plati vztah F; = K - E, kde K je kinematicky

faktor definovany v kapitole

507 = PP - experiment
————————— PP - simulace
4.5 A PC - experiment
--------- PC - simulace
40~
I A Mg,
= 304 \%’}'51111 f L
(%) lJ.L.J—J_%‘;I;;I
2.5 o lEEEE‘
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Obrézek 5.3: Zavislost linedrni brzdné schopnosti S(FE,,) Li"" iontdl na stfedni energii iontt E,, v rozsahu
energii 3,8 — 5,4 MeV pro PC a 3,7 - 5,2 MeV pro PP ve srovndni se simulaci programem SRIM (te¢kovand ¢éra).

Relativni odchylka ndmi uréenych hodnot brzdnych energetickych ztrat ionta Li"*
S(Eqw) v rozmezi sttednich energif iontti 3,8 - 5,4 MeV je odhadnuta na 3,7% pro PC. Byla po-
uzita procedura odhadu chyby jak je popsano v [60]. V tomto vypoctu je zahrnuta odchylka
tloustky vrstvy PC 2%, odchylka homogenity félie 3% a chyba stanoveni pozice vysoko-
energetické hrany ve spektru zpétné odraZenych iontt 1%. Relativni odchylka ndmi urce-
nych experimentélnich hodnot brzdnych ztrét S(E,,) Li"* iontii v PP je odhadnuta na 4,4%.
PP félie vykazuje vyssi linedrni brzdné ztraty ve srovnani s PC f6lif viz obr. Hodnoty
linedrni brzdné schopnosti PC a PP pro Li** ionty jsou v dobrém souladu s teoretickymi
hodnotami vypoctenymi programem SRIM v piipadé PC je shoda v rdmci relativni chyby
0,1-1,6% a v ptipadé PP v ramci 0,5-2,8%.

Linearni brzdné ztraty C»* jonti v PC a PP v rozsahu energii 5,6 — 6,9 MeV v PC jsou
v dobrém souhlasu se SRIM simulacemi pro energie niZsi nez 5,9 MeV. Pro energie iontti nad

5,9 MeV jsou linedrni brzdné ztraty nizsi neZ simulované hodnoty ve SRIM. Rozdily mohou
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byt spojeny s nehomogenitami v pouzitych féliich. Nejlepsi souhlas se simulovanymi daty
byl pozorovan u Li"* iontti v PC f6lii. Rozdily mezi experimentalné naméfenymi hodnotami
linedrnich brzdnych ztrat Li** a C** jontt v PC a PP f6liich a teoretickych hodnot simulo-
vanych programem SRIM byly mensi ve srovnéni s praci [61]. V tomto experimentu jsme
pouzili transmisni experimentdlni usporddani pro méfeni linedrnich brzdnych ztrat iontt,
brzdné ztraty iontd Li*t a C** v PP a v PC byly srovnédny se simulacemi SRIM a soucasné
byl uréovan energeticky rozptyl (energy straggling) iontti v materidlu Q. Experimentalné ur-
¢eny energeticky rozptyl energii iontti v polymernich féliich €2 byl srovnavan s Bohrovou te-
orii [62]. Bohrova teorie pfedpokladé energeticky rozptyl 25 ptivodné monochromatického

svazku iontli nezavisly na vstupni energii svazku iontti a lze jej vypocitat dle vztahu (5.3).

O =167°2Z, ' Zp - At (5.3)

Ve vztahu pocitdme energeticky straggling pouze ze znalosti ndboje projektilo-
vého iontu Z,, ndboje ter¢ovych jader Zr a tloust’ky vzorku At. Pfedpokldda zjednodusensg,
7e Castice jsou plné ionizované a elektrony jsou v pevné latce ve formeé elektronového plynu.
Obvykle se toto pfiblizeni pouZzivd pro ionty spliiujici podminku, Ze jejich vstupni energie
Eqy je mensi nez nékolik MeV/amu. Teorie je zaloZena na pfedpokladu, Ze (i) rychlost pro-
jektilového iontu je mnohem vétsi nez rychlosti orbitalnich elektront v atomech terce (félie),
(ii) energetické ztraty iontu ve f6lii jsou velmi malé ve srovnani se vstupni kinetickou ener-
gif iontti a (iii) ter¢ové atomy jsou ndhodné rozdéleny v objemu terce. Pfedpoklady (ii) a (iii)
jsou ve vétsiné pripadl aplikovatelné, ale pfedpoklad (i) je naruSen pro nizké energie téz-
kych iontti. Podil experimentélnich a teoretickych hodnot energetického rozptylu tzv. redu-
kovany energeticky straggling 2/ (podrobnosti vypoctu viz [59h]) v zavislosti na energii
iont E,, pro Li"* ionty v PC jsou zobrazeny na obr.

Vysledky méfeni energetickych ztrat iontt Li** a C** v polymernich f6liich PC a PP
byly publikovany v ¢lanku [59h]. Rozptyl energie Li*t iontt ve féliich je v dobré shodé
s Bohrovou teorii, v pfipadé C** iontd se ukazuji vyznamnéjsi fluktuace, které mohou byt
spojeny s degradaci polymernich f6lif pod vlivem dopadajicich tézkych iontti, coZ zptisobuje

chemické a strukturdlni zmény materialu viz [62].
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Obrézek 5.4: Redukovany energeticky straggling 2/Qp pro ionty Li"" v PC v zdvislosti na stfedni energii

Li®tiontd Eqy.

54



6 Zaver

Habilita¢ni prace stru¢né charakterizuje iontové analytické metody, popisuje instru-
mentaci pro tyto analytické metody pouZzivanou v laboratofi urychlovace Tandetron, kterd
je unikatni v rémci CR. Tontové analytické metody jsou vzhledem k nizkym detekénim li-
mitiim a dobrému hloubkovému rozliseni, které poskytuji, nezastupitelné v materidlovém
vyzkumu, pfi kvalitativni a kvantitativni analyze novych progresivnich material. Sou¢asné
iontové svazky umoziuji modifikaci materidlti pro ziskdni nejriiznéjsich struktur (nano-
struktur, precipitatd, granularnich vrstev, modifikovanych materidld pro bioaplikace, apli-
kace v oboru elektronika, optika, spintronika a dalsi). Habilita¢ni prace prezentuje nejvy-
znamnéjsi vysledky vyuziti iontovych svazka p#f vyvoji a analyze novych struktur ve vyse
zminénych oblastech a pfi zkoumani fyzikalné-chemickych procesti pii interakci energetic-
kych iontti s pevnymi latkami.

Habilita¢ni prace a pfiloZené publikace maji dokumentovat mdj podil na budovani
laboratofe Tandetronu a na zkoumané problematice. Pod mym vedenim byly instalovany
a zprovoznény experimentalni analytické metody RBS-kandlovani a TOF-ERDA v labora-
tofi Tandetronu UJF AV CR, byla rozpracovana metodika strukturalni analyzy monokrysta-
lickych materidlt z energetickych spekter méfenych metodou RBS-kandlovéni. Vyzkum na-
nomaterial pfipravenych iontovou implantaci v krystalech a sklech byl mnou rozpracovéan
na nasem pracovisti také v ramci zahrani¢ni spoluprace s Helmholtz Zentrum, Dresden-
Rossendorf a evropské aktivity Integrating Activity SPIRIT EC kontrakt 020. Od roku 2008
realizujeme v tomto vyzkumu spolecné experimenty s vySe uvedenym pracovistém a vysled-
ky této spolupréce jsou pravidelné publikovany.

Vyznamny je rovnéZ miij podil na rozsifovani navazovani spoluprace s vyzkumnymi

pracovisti v CR, zejména s pracovisti na vysokych 8kolach (MFF UK, VSCHT, UJEP a dalsi).
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Modifikace a degradace polymernich material(i je naopak na nasem pracovisti dlouhodobé
rozpracovéana a bylo publikovana fada publikaci a monografii na toto téma, na nichz se po-
dileli védecti kolegové ze skupiny jadernych analytickych metod. V této oblasti jsem navrhla
a realizovala fadu experimentti, které zajist'uji pokracovani v této tradi¢ni problematice ve
spoluprdci s Technical-Physical Institut v Kazani. V poslednich nékolika letech povazuji za
svij hlavni pfinos jak védecké vysledky, které jsem spolecné se svymi magisterskymi a dok-
torandskymi studenty dosahla a publikovala v nasich spole¢nych publikacich, tak i samo
vedeni studentdi. Podilela jsem se na vytvofeni experimentalniho a personalniho zadzemi la-
boratofe Tandetronu tak, abychom se vyrovnali svym vybavenim, erudici a vychovou mla-
dych védeckych pracovnikii Spickovym evropskym pracovistim ve vyvoji a vyuZiti jader-

nych analytickych metod iontovych svazkii v materidlovém vyzkumu.
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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 10’1 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 © 2009 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-
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of the Czech Republic, 250 68 Rez, Czech Republic. Tel.: +420 266172102.
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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" 1x 10", 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 10™, 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,03 Ca0 MgO K;0 B,03 BaO
Glass A 63.2 244 1.1 5.6 5.3 0.5 -

Glass B 88.0 8.7 33 - - - - -
Glass C 68.3 8.8 - 0.1 - 8.1 12.1 2.5

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 1074 [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=378.9nm and ARp=68 nm for Glass A and
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Fig. 1a. The depth profiles of the implanted Au in Glass A for the different fluences
compared to the SRIM simulation.
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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 Tg = 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. 2a. The Au depth distribution in as-implanted and as-annealed samples. A
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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
25h, 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 10 0.94 x 10" 0.83 x 10'®
Au Glass A annealed at 400° for 5 h

Integral amount [cm 2] 1.5 x 10" 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 10'6

- 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 (cm—2) 1 S— Number of n An
guided modes

A 1x10™ 1.504 - - -
1x 10" - - -
3 x10'° 1 1.505 0.001
1x10'6 1 1.505 0.001

C 1x10'-1 x 10" 1.512 - - -

B 1x 10 1 x 10"° 1.475 - - -
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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A study of the ion implantation of Cu™, Ag™ or Au™ ions into different types of silicate glasses is reported. The
energy of the implanted ions was 330 keV and the implantation fluence was kept at 1x10'® cm™2. The
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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

* Corresponding author.
E-mail address: blanka.svecova@vscht.cz (B. Svecova).

0022-3093/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnoncrysol.2010.03.031

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 y3 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 Cut, Ag* 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 (Ca0, 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]

V= Y, (1)
where My, is glass molar mass (g mol~ ') and p is the glass density
(g cm~3). Glass molar mass was calculated from Eq. (2):

N
Mm = ig:] Mmixiv (2>

where Mpy; 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 1x10'® 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,03 Li,O NaO KO Other
[gecm™3] [cm®mol ] components
BK7 2.50 25.70 73 11 - 9 6 As,03, BaO
GIL11 2.37 24.65 67 - 20 3 - AlL05
GIL13K 248 26.67 62 29 = = 9 Al,03
GIL49 2.49 23.81 73 - - 14 - Al,05, Cao,
MgO
GIL56 241 25.48 79 - - 18 1 Al O3
Glass B 2.32 26.27 94 - - 5 - Al,05
Gz4 2.63 24.04 73 - = 14 = Al,03, ZnO
GZ5 244 23.78 73 - = 14 - ALOs MgO
GZ6 2.50 24.05 73 - - 14 - Al,05, Ca0
Silica glass  2.20 27.26 100 - - - = =
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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™ Agt 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 P b 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.

" 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. Au™, 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 Vy, 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 Vy,.
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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 K™),

¢) adifferent 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,0) 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 KT), 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

80 000 200

wavenumbers (cm-")

Fig. 1. The Raman spectra of the glasses (not implanted) with a different degree of modification of the glass structure.

65



KAPITOLA 7. SOUBOR PUBLIKACI

B. Svecova et al. / Journal of Non-Crystalline Solids 356 (2010) 2468-2472 2471

1,2
. lass containing
O R g
AN —o— 5% Na,0
1,0 g /f A \ A 2
= o N,/ \ O\ —o—14% Na O
X ] / ; / N 2
N A
% 084 /] \\ e 18%Na,0
< g £ N \A
[ | : \
'g / o / D\D*D-«D\ \\.
Sosd / // 2 A
k= o [/ \Hl
8 ] / /;d %
s 044 P o/ \o Nl
o v 7/ \ \\ ~0
[/
2 /4 \ A “a
o/ o N\, N
0,2— / f -\O A, j
/2 /ﬂf \0\\8\ Q\D\
R=RA =,
010 T T T T T T
0 50 100 150 200 250 300 350

depth (nm)

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 V,,, 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(lll). 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
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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,O. 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
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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.
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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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Abstract

Lithium tantalate (LT) single crystals are very promising substrates for constructing highly sophisticated photonics devices. The used
procedure for fabricating optical waveguides in them was annealed proton exchange (APE). Here we have used Rutherford backscatter-
ing spectrometry (RBS) — channeling analysis, X-ray diffraction (XRD) and elastic recoil detection analysis (ERDA) to study changes in
the surface of the LT wafers caused by the APE treatment and to determine the concentration depth profiles of hydrogen atoms. The
measurements were taken for both virgin (untreated) and APE:LT samples fabricated using various experimental conditions. We have
found that the incorporation of hydrogen during the first step, i.e. the PE procedure (proton exchange), leads to modifications of the
structure of the LT single crystal, which gradually relaxed towards the structure of the original LT during the post-proton-exchange
annealing (A). This study also revealed a substantial dependence of sample behaviour on the crystallographic orientation of the pertinent
substrate wafers (commonly used X-((11-20)) and Z-((0001)) cuts).
© 2006 Elsevier B.V. All rights reserved.

PACS: 61.18.Bn; 61.72.Dd

Keywords: RBS-channeling; ERDA; XRD; APE: LiTaO3

1. Introduction Moreover, the APE process results in formation of the
waveguides supporting only one polarization depending

Lithium tantalate (LiTaO; — LT) has non-linear optical ~ on the crystal orientation of the substrate wafer (X-
properties similar to lithium niobate (LiINbO; — LN) [1].  ((11-20)) or Z-((0001))). The process consists of two
On the other hand, in some aspects LT is an even more  steps. The first step (PE) means introduction of protons
attractive material for application to integrated optics than  into the surface of the substrate and it results in substantial

LN. LT is less susceptible to optical damage, is more trans-  increase of the pertinent refractive index of the exchanged

parent in the near ultraviolet spectral region and has even layer, mainly as a consequence of the change of the original

better mechanical properties. The basic condition to fabri-  crystal structure. During the second fabrication step

cate optical waveguides is to increase the pertinent refrac- (annealing, A) further redistribution of the as-exchanged

tive index in the desired area. Fabrication of optical  ions occurs.

waveguides in LT must be done with respect to the rather However, APE waveguides in the LT are reported to

low Curie temperature (615 °C). The APE process [2,3]is  exhibit a number of anomalies, e.g. short time anomalies

the only one, which has been elaborated to a routine use. or anomalous increase of extraordinary refractive index,

compared with those made in LN [4].

" Corresponding author. Tel.: +420 2 20 94 1503; fax: +420 22 0940 141. The objectives of this work were to make a comparison

E-mail address: mackova@ujf.cas.cz (A. Mackova). of virgin (untreated) LT and APE:LT samples fabricated

0168-583X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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using various experimental conditions. We focused espe-
cially on a study of different behaviour of the two types
of the substrate cuts of the LT (X- or Z-cuts) during the
APE process and on anomalous behaviour of LT (in com-
parison to LN) during the APE in general. As already
found, the APE process causes an expansion of the APE
treated surface layers in LN which resulted in increased
dimensions of the elemental unit cell in the appropriate
directions perpendicular to the surface of the pertinent cuts
[5,6]. A further aim of the study was to inspect if the APE-
modified region in LT exhibits similar effects.

2. Experimental

Congruent LT single crystals were grown by the stan-
dard Czochralski method. The grown crystal was cut into
0.7 mm thick wafers corresponding to the X-({11-20))
and Z-({(0001)) cuts. The samples were polished to optical
quality. The optical layers were fabricated by the APE pro-
cess. Proton exchange (PE) occurred at 213 °C for 3 or 5h
using a melt of buffered adipic acid (adipic acid with addi-
tion of 0.5 mol.% of lithium carbonate) as a proton source;
then, to stabilise the properties of the as-exchanged sam-
ples, annealing (A) in air at 350 °C for up to 2 h was carried
out.

The RBS-channeling measurement was performed at the
Forschungszentrum Rossendorf, Dresden, Germany using
a beam of 1.7 MeV He" ions from a Van de Graaff acceler-
ator and a standard measuring procedure [7]. Elastic recoil
detection analysis (ERDA) measurement was used for the
hydrogen depth profiling of the APE:LT samples. In the
glancing geometry of the ERDA measurement we used a
2.68 MeV He' ion beam and the recoiled protons were reg-
istered under an angle of 30° by a surface barrier detector
covered with a 12 um thick Mylar stopping foil. ERDA
measurement provides a depth resolution of about 40 nm.
The XRD measurements were performed on a DS5005
diffractometer (Siemens/Bruker AXS) with a 1/4-circle
Eulerian cradle and Cu-Ka radiation (4 = 0.154 nm). The
samples were adjusted at high-angle LiTaO; reflections with
0 and y axes; diffractograms were measured by 1:2 coupled
scans (step size = 0.05°).

3. Results

From the RBS-channeling spectra we obtained mini-
mum yields ., for the APE:LT samples annealed for
0.5 or 2 h (summarized in Table 1). One can see that the
minimum yield of APE treated samples increases in com-
parison to the virgin samples in both X-({11-20)) and
Z-({(0001)) cuts (see Fig. 1). The highest ry;, appeared
after 3h APE treatment of the X-((11-20)) cut LT sam-
ples, while lower values were found in samples treated for
5 h of APE that were similar for the X-((11-20)) and Z-
({(0001)) cuts. Obviously the modification of the crystal
structure of the surface layers is not enhanced with the
increasing time of the PE procedure; just the opposite —

Table 1
Summary of minimum yields deduced from RBS-channeling and strains
determined from XRD measurement (PE: proton exchange, A: annealing)

Sample treatment Minimum Strain deduced
yield (%) from XRD (5d/d)

X-cut virgin 6.7 -

X-cut (PE: 3h, A: 0.5h) 315 1.80x 1072

X-cut (PE: 5h, A: 0.5h) 16.1 1.82x 1073

Z-cut (PE: 3h, A: 0.5h) 19 5.61x10°?

Z-cut (PE: 5h, A: 0.5h) 16.8 1.38x 1073

Z-cut (PE: 5h, A: 2h) 5.2 0.6x1073

Z-cut virgin 4.9 -

2000

—— aligned spectra LiTaO, PE 5h <11-20> cut
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——o— random spectra <11-20> cut
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g
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Fig. 1. RBS-channeling spectra comparison of virgin and APE:LT
samples (5 and 3h of PE and 0.5 h of A) — X-(11-20) cut samples.
Channel scale window is appropriate to the depth of about 900 nm. The
minimum yield is the average yield ratio taken over a narrow window —
grey box below the surface peak.

we observed better permeability of the channels in the
APE: LT structure with the longer PE times. One can
expect that the enhanced i, for the APE: LT layers is
the result of a modified structure only (PE process modifies
the structure up to 10 pm [8] and references therein).
Using longer PE times causes an increase of the depths
of the modified layers as confirmed using alternative ana-
lytical methods, e.g. Neutron depth profiling (NDP), in
order to study Li depletion in the APE:LT layers [9]. The
influence of the annealing (A) time is very significant — in
the Z-((0001)) cut samples we observed a decrease of the
minimal yield after a short period (0.5h) of annealing,
while after 2 h of annealing the minimal yield was compa-
rable with that found in the virgin LT crystal (see Table 1).
These effects, that are assigned to redistribution of the as-
exchanged ions (H' and Li™") — see e.g. [10], were observed
in the Z-(( 0001)) cuts only while in the X-((11—20)) cuts
hardly any similar change was noticed. This fact indicates
that the original structure of the LT can be restored in
the Z-(( 0001)) cut after 2 h of the annealing. On the other
hand, X-((11-20)) cuts structural modifications seemed to
be irreversible. It has been already shown that the phase
transition between the original and high temperature
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Fig. 2. XRD measurement — comparison of virgin and APE treated LT
samples (3 and 5 h of APE) — Z(0001) cut.

phases in the PE:LN were accompanied by drastic varia-
tion in crystal structure of the treated layer [10]. Therefore
redistribution of the in-diffused protons is expected to be
different for LT different cuts.

From the XRD measurement it can be deduced that the
strain formed in the Z-((0001)) cuts of the LT is approxi-
mately 3-times larger than that in the X-((11-20)) cuts
(see Table 1). The strain produced by the PE process in
the optical layers in the X-({11-20)) cut samples was
observed as being independent on the PE time; however,
the volume of the PE layers, as characterised by the inten-
sity of the strain peak, increases with the PE time (see
Fig. 2). We observed significant decrease of strain in the
Z-({0001)) cut samples with longer periods of annealing.
The manner and the extent to which internal strain in the
formed layers contributes to a change of their optical prop-
erties is not yet fully understood and formulated. However,
from our experiments in the Z-cut of LT it follows that
there exists a certain connection between the increment of
the pertinent refractive index in the layers (essential for
the waveguide formation) and the introduced strain. The
internal strain arose in the layers after the PE process
and, simultaneously, the refractive index increased so that
a single-mode waveguide was formed. Then, after 2 h of
annealing, the strain was substantially decreased and so
was the increment of the refractive index (though not pro-
foundly). Nevertheless, the waveguiding properties of the
sample were preserved; after the 2 h annealing the number
of the guided modes even increased from one to two (mea-
sured at 633 nm). This indicates that the internal strain def-
initely contributes to the change of the optical properties of
the samples but, on the other hand, it is not essential for
the existence of a waveguide.

As follows from the ERDA measurement, 3 h of the PE
treatment results in a higher amount of hydrogen incorpo-
rated in the surface layers of the LT and consequently a
higher minimal yield in comparison with 5Sh treatment

and Meth. in Phys.
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Fig. 3. Hydrogen depth profiles determined from ERDA measurement.

for both cuts (see Fig. 3). The fact that the 3 h PE treated
samples contained more protons that the others can be
explained by a significant deepening of the modified layers
with prolonged PE times. The crystal structure changes are
closely connected to the incorporation of hydrogen ions
into the LT surface and the possible presence of different
crystallographic phases of Li; H,TaOj [1]. The highest
contents of the incorporated hydrogen, as evaluated from
the ERDA spectra, were observed in both Z-((0001))
and X-((11-20)) cut samples after 3h of PE. These
samples exhibited the largest structural modification as
deduced from the RBS-channeling and XRD measure-
ments.

In comparison to our previous research on APE:LN in
the X-((11-20)) and Z-((0001)) cuts, the LT crystal (both
X- and Z-cuts) is less influenced by the APE procedure
than the LN one, and, simultaneously, it is much easier
to restore its original structure (the virgin structure of the
LT was fully restored after 2 h annealing while the same
effect in the LN was achieved after 100 h annealing see
[11,12)).

4. Conclusion

From the XRD and RBS-channeling measurements it
follows that the APE:LT samples exhibited increasing
strain in the crystal lattice along the Z-axis (compared to
the virgin LT), while during the annealing the strain is sig-
nificantly lowered towards the original state. The Z-cuts of
the LT seem to be (i) more significantly changed by the
APE procedure and (ii) absorb a higher amount of hydro-
gen, compared to the X-cuts.

The most important difference that we observed in the
properties of the LT and LN is the mobility of protons
through the crystal matrix and the reversibility of the struc-
ture modification during subsequent annealing.
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Abstract

This paper deals with a detailed study of changes that lithium tantalate (LT) and lithium niobate (LN) single crystals undergo during
the annealed proton exchange (APE) process of optical waveguides’ formation. It is a well-known fact that several cases of anomalous
behaviour are connected to the APE:LT samples, bringing thus an obstruction for the practical utilization of the APE:LT waveguides. As
the LT crystal possesses even better optical properties than the LN crystal (e.g., it is less susceptible to optical damage), it is desirable to
provide research focused on its behaviour during the APE process in order to acquire a control over the fabrication of the APE:LT
devices. Neutron depth profiling (NDP), elastic recoil detection analysis (ERDA) and heavy ion ERDA (HI-ERDA) were performed
to study changes in the surface of the LT and LN Z-cut wafers caused by the APE treatment and to determine the concentration depth
profiles of the exchanged ions (lithium and hydrogen). Information on modifications of the crystals during the APE was obtained using
X-ray diffraction (XRD) analysis. Optical/waveguiding properties of the samples were obtained by means of the standard mode spec-
troscopy at 633 nm. The experiments proved that the LT is significantly less affected by the APE process compared to the LN and that
most characteristics of the APE:LT layers can be easily restored towards that of the virgin crystal by the annealing process.
© 2006 Elsevier B.V. All rights reserved.

PACS: 82.65.F; 42.82.E; 77.84.D; 77.84.B

Keywords: APE; Ion exchange; Lithium niobate; Lithium tantalate

1. Introduction as, e.g., ultra-fast switches, multiplexors and demultiplex-
ors and in the last decades also optical amplifiers and wave-
Lithium tantalate (LiTaO;, LT) and lithium niobate  guide lasers [1-3]. Basic parts of most of such devices are
(LiNbO3, LN) are a pair of very promising electro-optical ~ optical waveguides. Generally, two main methods can be
crystals for a long list of utilization in photonics devices  used for the fabrication of the optical waveguides in the
used for harnessing and distribution of optical radiation  optical crystals: (i) a high temperature in-diffusion of cer-
tain metal ions into the crystal wafer surface and (ii) a
. . . moderate temperature approach based usually on an ion-
Corresponding author. Address: Department of Inorganic Chemistry, .
Institute of Chemical Technology, Technicka 5, 166 28 Prague, Czech eXChange propess.. In .the Case. of FN and LT these are hlgh
Republic. Tel.: +42 02 2044 4003; fax: +42 02 2044 4411. temperature in-diffusion of titanium and annealed proton
E-mail address: salavcol@vscht.cz (L. Salavcova). exchange (APE) [4,5], respectively. While the photonics
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structures based on the LN waveguides are nowadays
widely used and almost commercially available, LT, despite
its much better prognosis (due to its two orders of magni-
tude higher threshold of optical damage), has so far been
much less utilized. The reason for that is: (i) a rather low
Curie temperature (615 °C) of the LT (compared with the
1050 °C for the LN), that does not allow for using the high
temperature fabrication approach and (ii) reported anoma-
lous behaviour [4,6,7] of the APE:LT waveguides, com-
pared to those made in the LN, that makes controlling of
the fabrication process rather difficult.

To ensure that the fabrication process will result in the
formation of the optical waveguides with fully reproducible
properties, and in order to be able to tune the properties of
the waveguides according to the desired application, one
should fully understand the nature of the relations between
the particular fabrication procedures and chemical compo-
sition and optical properties of the resultant optical layers.
As stated above, the APE process is the only feasible way
of waveguide fabrication in the LT crystals. It is the aim
of this paper to report on the effects caused by both fabri-
cation steps of APE — proton exchange (PE) and annealing
(A) of the as-exchanged samples — on modifications of the
structure and composition of the surface layers in the LT
single crystal wafers (put in comparison with those in the
LN).

2. Experimental

In the experiments we used polished wafers of congruent
LN and LT single crystals of crystallographic orientation
(0001), so-called Z-cut, provided by AVTEX, Czech
Republic. The wafers were thoroughly cleaned in 2-propa-
nol before and after the fabrication process. The proton
exchange (PE) occurred after immersing the samples into
a molten proton source, which was environmental-friendly
adipic acid buffered with a small addition (0.5 mol.%) of
lithium carbonate. Duration of the PE reaction varied from
3 to Sh and was performed at 213 °C. The as-exchanged
samples were annealed (A), i.e., heated in air, immediately
after PE in order to: (i) stabilise the layers’ properties, (ii)
deepen the layers and (iii) achieve redistribution of the
exchanged ions (protons and lithium ions). The annealing
procedure was done at 350 °C for 0.5-10 h.

The optical/waveguiding properties of the fabricated
layers, i.e., the number of guided modes and refractive
index depth profiles of the formed waveguides, were deter-
mined by the standard mode spectroscopy at 632.8 nm (a
prism coupling set-up). The n(x) profiles were evaluated
from the extraordinary (TE) modes’ spectra by means of
the inverse WKB method [8].

The NDP (Neutron Depth Profiling) analysis brought
information on the lithium distribution in the samples up
to depths (typically in the LN and LT) of 7 um. This
method is based on the ®Li(ng,*He) *H nuclear reaction
of thermal neutrons with Li isotope [9]. The advantage
of the NDP is mainly its non-destructiveness, profound

range of inspection, and an excellent depth resolution of
approximately 10-15 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. Thus, to
avoid uncertainty induced by this variation, for our consid-
erations we rely on the relative changes in the lithium con-
centration rather than on their absolute values.

The ERDA (Elastic Recoil Detection Analysis) mea-
surement provided concentration profiles of hydrogen
incorporated into the samples surface up to the depth of
500 nm (again, typically for the LN and LT). The measure-
ment was performed in a glancing geometry using a He"
particle beam (2.68 MeV); recoiled protons were registered
under the angle of 30° with a surface barrier detector cov-
ered with a 12 um thick Mylar stopping foil. The obtained
ERDA spectra were evaluated using the computer code
SIMNRA [10].

The HI-ERDA (Heavy lon Elastic Recoil Detection
Analysis) measurement was done to obtain simultaneous
hydrogen-lithium concentration profiles. HI-ERDA was
applied using 30 MeV Cl-ions from a 5 MV Tandem accel-
erator. Scattered ions and light recoils (except hydrogen)
were detected by a Bragg Ionisation Chamber located
under the scattering angle of 30°, hydrogen recoils were
detected with a Si-detector covered by a 18 um thick Al foil
to stop all other recoils and scattered ions. The energy spec-
tra of the separated elements were converted into concen-
tration depth profiles by means of a computer code [11]
using the stopping power data from Ziegler et al. [12].

The XRD analysis was performed on the D5005 diffrac-
tometer (Siemens/Bruker AXS) with a 1/4 circle Eulerian
cradle using Cu—Ko radiation (1 = 0.154 nm). The samples
were adjusted at high-angle LN and LT reflections with 6
and y axes; diffractograms were recorded by 1:2 coupled
scans (step size = 0.05°).

3. Results
3.1. Chemical composition of the layers

Determination of the chemical composition of the fabri-
cated layers revealed the extent of the difference in behav-
iour of the LT and LN crystals. It is a well-known fact
[4,7] that to form APE:LT waveguides of similar properties
as in the LN, substantially more fierce fabrication condi-
tions have to be applied (higher temperature and/or longer
times of PE) as the diffusion coefficients of the exchanged
ions are much smaller in this case. The typical concentra-
tion profiles of lithium in the APE treated LT and LN
wafers are shown in Fig. 1. One can see that the mobility
of lithium ions (understand here as a “willingness™ of the
Li* ion to be exchanged) in the LT matrix is actually much
smaller compared to the LN; the surface depletion of lith-
ium after the APE process is lower — approx. 20% of the
bulk value (compare with 40% in the LN) and involved
much shallower depth of the exchanged layer — up to
1.5 um (compare again with 4 pm in the LN).
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Fig. 1. Normalized depth concentration profiles of the lithium ions in APE:LT (a) and APE:LN (b) as determined by NDP (Z-cut wafers, PE: 3 or 5h,
213 °C, A: 0.5 or 2 h, 350 °C). Vertical dotted lines denote frontiers of the exchanged layers.

The integral amount of depleted lithium (in the depth
region from 0.2 to 4 pm) also significantly varies for both
crystals — the amount of out-diffused lithium is almost
one order of magnitude lower in the case of the APE:LT.

The NDP observation was confirmed by the ERDA
analysis (see Fig. 2) — again, the amount and the depth of
the hydrogen incorporation were found to be much smaller
in the case of the LT substrates. The hydrogen concentra-
tion in the LN wafers treated by the 3- and 5-h PE process
is almost the same (in the range of depth observed by
ERDA), while this differs significantly in the LT samples.
One of the anomalous features of the tantalate single crys-
tal is presented in Fig. 2(a) — in contrast to the diffusion
theory, the amount of the in-diffused protons decreases
after longer time of the PE process. The same effect
appeared during the HI-FERDA measurement (see Fig. 3).

An important fact revealed when the samples were sub-
jected to HI-ERDA measurement — the ‘“up-side-down”
effect of the PE duration on the concentration of incorpo-
rated hydrogen in the LT (see Fig. 3(a)) resembles the effect
of the long lasting annealing process in the LN (see
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Fig. 3(b)). During the post-exchange annealing (A), the
H-doped layers are heated in air and consequently redistri-
bution of protons takes place, i.e., the layers containing
hydrogen are deepened and the surface hydrogen concen-
tration decreases [5,13]. Typically (in LN, see Fig. 3(b)),
the concentration of H' is higher than that of Li" ions
after 0.5h of A and then, after long lasting annealing
(10 h), its concentration decreases towards the value lower
than that of lithium.

Using the above mentioned analytical methods we
found out that it is possible to (almost completely) recon-
struct the chemical composition of the original LT matrix
even after only 2 h of the annealing. From our previous
experiments we know that the same effect is in the case of
LN possible only after about 100 h of the annealing.

3.2. Modification of the crystal
The XRD measurement revealed changes in the internal

strain induced by APE in the surface layers of the Z-cut LT
wafers (see Table 1). As one can see, the strain that
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Fig. 2. Depth concentration profiles of protons incorporated into APE:LT (a) and APE:LN (b) as determined by ERDA (Z cut wafers, PE: 3 or 5h,

213°C, A: 0.5 or 2 h, 350 °C).
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Fig. 3. Concentration profiles of H'/Li* ions in APE:LT (a) and APE:LN (b) determined simultaneously by HI-ERDA (profiles of lithium were
smoothed). Resemblance of the effect of prolonged PE (in LT) and prolonged A (in LN) is evident.

Table 1
Internal strain in the APE-treated layers of Z-cut LT (determined by
XRD), T(PE) =213 °C, T(A) =350 °C

Fabrication conditions (duration of PE/A) (h)

Internal strain [3d/d)]

3/0.5 581x 1073
5/0.5 1.38x 1073
52 0.69x 1073

occurred in the layers after the PE procedure decreases sub-
stantially with the post-exchange annealing duration; after
the 2 h annealing it is even almost completely relaxed out.
A similar effect was observed when studying chemical com-
position of the fabricated layers (see above) and also by the
RBS (Rutherford Backscattering Spectroscopy)-channel-
ling analysis, which confirmed the almost complete restora-
tion of the original structure of the LT (for details see [14]).

It might be surprising that the internal strain in the
exchanged layers decreased with prolonged time of proton
exchange. However, the HI-ERDA analysis proved that
using the 5 h PE process (compared to the 3 h PE) in the
LT has a similar effect on the chemical composition of
the surface layer as has the annealing in the LN. Therefore,
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bearing in mind that variations in the internal strain are
associated with the changes in the chemical composition
of the pertinent layer, the observed phenomenon seems to
be logical.

Comparison of the XRD diffractograms confirms that
the Z-cut APE:LT species differ from the Z-cut APE:LN
ones (see Fig. 4). Despite the observed strain in the
APE:LT, the APE:LN does not exhibit presence of the
strain in the treated crystal; the spectra give evidence on
the formation of the layers with more imperfect crystal
structure instead.

3.3. Optical properties of the fabricated waveguides

It is known [4,7], that the behaviour of the LT crystal
during the APE process is significantly different from that
of the LN one (effect of the ion exchange is much weaker).
For a comparison of waveguiding properties of the
APE:LT and APE:LN, the fabrication conditions were
chosen so that the formed APE:LT planar waveguides were
supporting at least one optical mode. The resultant optical
properties of the samples as determined by mode spectros-
copy are given in Table 2. We expect that according to the
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Fig. 4. XRD spectra of the optical layers fabricated by APE in the Z-cut LT (a) and LN (b).
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Table 2

Optical properties of the fabricated waveguides at 632.8 nm: number of
TE optical modes guided in the layers (NM) and extraordinary refractive
index increment in the layers (An,)

Fabrication conditions APE:LN APE:LT
(duration of PE/A) (h)

NM An, NM An,
3/0.5 4 0.11095 1 -
5/0.5 5 0.10818 1 -
5/2 6 0.0924 2 0.00687

refractive index increments and shape of the refractive
index depth profiles the fabricated APE:LN layers may
be described as being similar to the - or k-phases reported
in [15].

One can see that prolonging of the annealing time up to
2 h resulted in the formation of the two-mode optical wave-
guides despite the fact that all other analysis mentioned
above (obtained chemical composition and crystal modifi-
cation) proved “‘reconstruction” of the treated surface lay-
ers towards the virgin structure.

4. Discussion

The main difference between the LT and LN substrates —
as shown in this study — is in the substantially lower perme-
ability (i.e., higher chemical durability) of the LT for the
exchanged ions (see Fig. 5). Consequently, the optical/
waveguiding properties of the APE:LT samples are less
pronounced compared to the APE:LN.

When carrying out the presented fabrication procedure
(i.e., “soft proton exchange” from the point of view of
the LT crystal modification), the 5h PE appears to have
a similar effect as the post-exchange annealing. The sam-
ples are no longer doped with protons, just the opposite
— the redistribution of the H ions takes place so that the
surface concentration of the already incorporated protons
significantly decreases.

The experiments revealed that in the case of the
APE:LT, fabricated by our procedure, the change of the
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chemical composition and crystal modification of the PE-
treated samples can be directed towards those of the virgin
crystal simply by a long-term annealing (2 h). At the same
time, the waveguiding properties of the samples are pre-
served and, therefore, we can expect that the o crystallo-
graphic phase (which most of the possible phases
resembles the virgin crystal [16]) was obtained in some of
our samples.

5. Conclusion

We report about comparison between the APE:LT and
APE:LN samples fabricated using non-toxic adipic acid.
The obtained results proved that the already reported dif-
ferences between both types of the waveguides can be
attributed to lesser permeability of the LT crystal for the
migrating ions (H" and Li"). The APE procedure results
in the case of the LT in shallower surface layers with less
profound change in chemical composition and, similarly,
a lower number of the guided modes. The very significant
part of the fabrication process appeared to be the annealing
of the as-exchanged waveguides that allowed for the resto-
ration of the structure and the chemical composition of the
exchanged layers towards that similar to the original crys-
tal and this way to fabricate the optical waveguides in the
desired a-phase.

So, relating to our experiments, it can be expected that if
the suitable fabrication conditions were found, i.e., deeper
APE:LT layers with more substantial change in their chem-
ical composition (comparable to the presented APE:LN
samples) were fabricated, the similar “intensity” of opti-
cal/waveguiding properties (e.g., higher increment of the
refractive index) would be achieved also in the LT.
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ARTICLE INFO ABSTRACT

Article history:

Erbium-doped lithium niobate (Er:LiNbOs;) is a prospective photonics component, operating at
/.=1.5 um, which could be used as an optical amplifier or waveguide laser. We have focused on the struc-
ture of Er:LiNbOs layers created by 330 keV erbium ion implantation (fluences 1.0 x 105, 2.5 x 10" and
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KAeJ/\{VOTdS-" 1.0 x 10'® cm~2 1) in the X, Z and two various Y crystallographic cuts of LiNbOs. Five hours annealing at
]]::lttl:'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 (LiNbOs, 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

* Corresponding author. Address: Nuclear Physics Institute, Academy of Sciences
of the Czech Republic, v.v.i., 250 68 Rez, Czech Republic.
E-mail address: mackova@uijf.cas.cz (A. Mackova).

0168-583X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2010.02.021

and tantalates after annealing at temperatures of 825-925K 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 LiNbOj3 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” Yj; (10-14) and “perpendicular” Y, (01-
12) to the cleavage plane. Thoroughly pre-cleaned LiNbO; 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 lon-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,
AR, =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 ™ 1.0 x 10'® cm ™2
R, (nm) AR, (nm) R,(nm) AR,(nm) R,(nm) AR, (nm)
X cut 84 42 74 30 76 255
Z cut 81 27.5 75 28 74 285
Y, cut 80 28 72 25.5 73 27
Y, cut 80 295 75 246 72 275
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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™ and 1.0 x 10> cm™2 was
not as pronounced as when compared with 1.0 x 10'® cm2 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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035
?293 pa— A 0304 B
030-LN implanted Er’ 330 keV, f X X LN implanted Er 330 keV,
15 . .2 WH—‘*O 16 . .2 ﬁ’%

< Tfluence 25 x 10" ions.cm " * ¥ 0254 fluence 1.0 x 10 " ions.cm ¥ n;fié)"\\o

0254 . . (ol 15)
- / % ® y .
© * c *
£ 0204 * . . é 0204 .*:is{r'”‘-— o
; i R
® 015 £ 0154 I
= (il S = .—e
< u/: A~ e l\. % g /
g 0101 /u/ — 8 0104
o S n—a® _/ —o—Y lcut as-implanted el e e —0o—Y Lcut as-implanted
@ gos- fo——C 2 ! —u— Y | cut as-annealed - . w M —m—Y I cut as-annealed

e _e— Y1 cut as-annealed . 00527 e~ ¥  —o—YIl cul as-implanted
5 —o—Y Il cut as-implanted * ***-, g —e&—Y |l cut as-annealed *
0.00 ek »  SRIM 2003 simulation 000 o «  SRIM 2003 simulation ¥ i
T T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140
Depth [nm] Depth [nm]

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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Fig. 4. RBS/channeling spectra in different LN cuts for implantation fluence 1.0 x 10'®> cm™

and Y, and Yy cuts (B).

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.

Yield of He" back-scattered ions
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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 um 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 10" to 1.0 x 10'%jon cm~2 into LiNbO; 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 pm.

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 pm 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.

1. Introduction

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.0ptmat.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 *I;3, — “I;s5;2 (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 2H11,2 — 4115,2 (cca
520 nm), S3j; — 152 (cca 550 nm) and “*Foj, — *I;52 (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 um 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. 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
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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 10",
2.5 x 10" and 1.0 x 10'"®ion cm™ 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 16 (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'® jon 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 cm~2.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'® ion cm~2 and
2.5 x 10 ioncm™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. 330keV) 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.

Wavelength [nm]

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'® jon 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 Y.L cut, which is perpendicular to the LN
cleavage plane. Major differences between the cuts were observed
in the samples implanted wusing lower fluences (i.e.
1.0 x 10" ioncm 2 and 2.5 x 10'® ion cm2).

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'® ion 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 pm 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
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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'® ion 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™ 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 106 ion 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™2
(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 cm™2), 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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Table 1

P. Nekvindova et al./Optical Materials 34 (2012) 652-659

The characteristic value (projected range Rp, range straggling ARp, maximum concentration H, integrated amount [) 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! ion cm~2 Fluence 2.5 x 10'® ion cm~2 Fluence 1.0 x 10'® ion cm~2
Rp[nm] ARp[nm] HJ[at%] I1[10°cm™2] Rp[nm] ARp[nm] HJ[at%] I[10°cm 2] Rp[nm] ARp[nm] Hl[at%] I1[10"°cm 2]

X cut 84 42.0 0.25 1.53 74 30.0 0.31 2.63 76 255 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 27.5 0.11 1.46 69 211 0.08° 2.37 - - - 5.92
Z cut 81 275 0.27 1.40 75 28.0 0.31 2.36 74 285 0.99 5.0°
Z cut 350 °C 95 41.1 0.18 1.59 76 30.2 0.23 2.29 79 247 1.12 5.68
Z cut 600 °C 61 369 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 72 255 0.22 1.58 73 27.0 0.96 5.40°
Yy cut 350 °C 88 46.3 0.15 1.52 76 228 0.25 1.27 79 245 1.16 5.69
Y, cut 600 °C 66 352 0.17 1.55 72 240 0.26 2.00 69 252 0.69 6.69
YL cut 80 29.5 0.26 1.46 75 246 0.34 2.20 72 275 1.05 5.22°
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 cut600°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"%cm=2 (b) 1 x 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'® ion 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;

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;

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

(ii

=

(iii

=

86



KAPITOLA 7. SOUBOR PUBLIKACI

P. Nekvindova et al./Optical Materials 34 (2012) 652-659

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'®> jon 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 Yy cut and in
71% in X cut (see Fig. 6) for the samples implanted using
2.5 x 10" ion 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" cm2, 330 keV) and annealed at different temperatures.
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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'> ion 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 YL 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'® ion 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 Y.L (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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1. Introduction

High-fluence implantation, a unique method of introducing me-
tal species into dielectrics above their solubility limits, offers a use-
ful way of creating metal nanoparticles in polymers. By varying the
ion fluence and the ion current, it is possible to control the size and
density of the nanoparticles and to form composites with specific
optical or magnetic properties. A disadvantage of the ion implanta-
tion is the fact that the ion irradiation leads to deep structural and
compositional changes in the irradiated polymers [1-4]. The
microstructure of the implanted layers depends strongly on the
ion fluence and the physico-chemical properties of the implanted
atoms. It has been reported that the implanted atoms of reactive
metals tend to aggregate and form clusters due to their strong
cohesive force [5,6]. The experimental data on polymers implanted
with metal ions to very high fluences are rather scarce. The main
aim of this study is to obtain new experimental data on the struc-
ture of the surface layer of PI, PET and PEEK implanted with Ni ions
to high fluences and subsequently annealed.

* Corresponding author at: Nuclear Physics Institute, Academy of Sciences of the
Czech Republic v.v.i., 250 68 Rez, Czech Republic. Tel.: +420 266 172 102.
E-mail address: mackova@uijf.cas.cz (A. Mackova).

0168-583X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2011.01.109

2. Methods

The foils of PI, PEEK and PET, supplied by Goodfellow, Ltd., with
thicknesses of 25, 40, and 50 pum, respectively, were implanted
with 40 keV Ni* ions to fluences (0.25-1.5) x 10" cm~2 using the
ion beam accelerator ILU-3 of the Kazan Physical-Technical Insti-
tute. The implantation was performed at RT and at the ion current
density of 4 pAcm 2 The samples implanted to the fluence of
0.5 x 10'” cm~2 were subjected to annealing at the temperatures
from 50-300 °C, depending on the polymer type. The annealing
was performed in air. Glassy transition temperature is 98 °C for
PET and 145 °C PEEK, respectively.

The depth profiles of the implanted Ni atoms were determined
from the RBS spectra measured with 2.68 MeV He" ions. The pri-
mary beam comes at an angle of 75° with respect to the sample
surface normal, and a ORTEC ULTRA detector recorded the He" ions
scattered at a 170° laboratory scattering angle. The typical beam
current was 20 nA. The RBS spectra were evaluated using the GISA
[7] code using cross-section data from IBANDL [8]. The surface
morphology and roughness were examined by Atomic Force
Microscopy (AFM, Digital Instruments CP II Veeco, with silicon P-
doped probes RTESPA-CP and a spring constant of 20-80 N/m).
All AFM measurements were carried out in the tapping mode in
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the ambient atmosphere and at RT. The arithmetic average height
parameter (R,) is defined as the average absolute deviation of the
roughness irregularities from the mean line over one sampling
length. Root mean square roughness (RMS) represents the standard
deviation of the distribution of surface heights [22].

Transmission electron microscopy (TEM) was performed on a
TEM microscope JEM 200 CX at an accelerating voltage of 100 kV.
Ultrathin cross-sections (about 60 nm) were cut from the centre
of the polymer foils, fixed in epoxy resin (Durcupan), transferred
to TEM microscopy grids and sputtered with a thin carbon layer.

Sheet resistance of the as-implanted and annealed samples was
measured using standard two-point technique with Keithley 487
picoampermeter under pressure 10° Pa and in the voltage interval
0-500 V.

3. Results and discussion

The depth profiles of the Ni atoms implanted to the fluence of
0.5 x 107 cm~2 into PET and PEEK, measured before and after
annealing are shown in Figs. 1a and b. The measured depth profiles
are compared with those simulated by the TRYDIN code [9]. The
implantation of Ni ions to high ion fluences results in polymer deg-

397

radation and the formation of large Ni clusters in the polymer sur-
face layer (see e.g. [10]). The simulation describes the central part
of the as implanted profiles reasonably but the measured right
hand tail of the profiles is much higher than the simulated one
(Fig. 1a). The discrepancy may be due to some effects which are
not included into simulation procedure (e.g. inward movement of
a part of Ni atoms from the site of implantation). In PET (Fig. 1a)
the annealing results in a gradual decline of the Ni total amount
in the polymer surface layer and appearance of a more pronounced
profile right-hand asymmetry. Both effects may indicate migration
of the Ni nano-clusters to the sample interior. However, it should
be noted that the observed phenomena may partly be due to
changes in the polymer surface morphology (see below) and the
presence of Ni nano-clusters [11]. The observed inward shifts of
the profile maxima are of the order of the RBS depth resolution
and it may also be due to the effects mentioned before. In PEEK
(Fig. 1b) the annealing does not lead to significant decline in the
Ni amount and the profiles preserve their initial as-implanted
form. The annealing of the polymers implanted to very high flu-
ences in which the concentration of the implanted atoms exceeds
their solubility may lead to the migration and aggregation of the
implanted atoms [12].
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Fig. 1a. The concentration

depth profiles of the Ni atoms in PET before and after the annealing are compared with the results of the TRYDIN simulation.
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Fig. 1b. The concentration depth profiles of the Ni atoms in PEEK before and after the annealing are compared with the results of the TRYDIN simulation.
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(a) Ra =4.26 nm

Opm

(b) Ra=11.7 nm

Fig. 2. The AFM images of the surface of PEEK implanted with the fluences of (a)
0.25 x 10'7 cm~2 and (b) 1.5 x 10'7 cm 2.

Table 1
Summary of the surface roughness (R, and RMS) measured by AFM method of the
pristine, as implanted and annealed PEEK and PET implanted polymers.

Polymer/temperature/(°C) Fluence (cm2) R, (nm) RMS (nm)
PET/0 0 0.51 0.63
PET/0 0.5 x 10"7 3.08 4,08
PET/100 0.5 x 10" 0.55 0.91
PET/150 0.5 x 10"7 0.61 0.95
PET/200 0.5 x 10" 1.05 1.37
PEEK/0 0 1.52 2.00
PEEK/0 0.5 x 10"7 3.15 4.07
PEEK/100 0.5 x 10"7 1.62 2.13
PEEK/150 0.5 x 10"7 1.81 2.42
PEEK/200 0.5 x 10" 1.72 2.19

AFM measurements, performed on the PET and PEEK samples,
show that the implantation leads to rather dramatic changes in
the polymer surface morphology. The changes for PEEK are illus-
trated in Fig. 2. The ion implantation increases surface roughness
significantly in comparison with that of pristine polymer, e.g. from
R, =1.52 nm for pristine PEEK to 11.7 nm for the PEEK implanted
to the fluence of 1.5 x 10'” cm™ (see Fig. 2a and b). Similar effects
are observed also on the PET samples. The dramatic change in the
surface morphology, appearance of the bigger objects on the sur-
face indicates a high erosion rate of PET and PEEK under the ion
bombardment. For PI, with a more complex monomer, a surface
smoothening has been observed after implantation [13]. The effect
of the annealing of the ion implanted polymers is illustrated in
Table 1, where R, and RMS characteristics are presented. The
annealing at the temperatures close to the glassy transition tem-
perature results in a rapid decline of the surface roughness in the
case of both PEEK and PET. We observed that annealing at 100 °C
causes a rapid decline of the surface roughness in the case of PEEK
and PET when compared to the as-implanted samples. Further in-
crease of the annealing temperature up to 200 °C does not lead to
further decrease of the surface roughness.

The TEM analysis was performed on the as-implanted and an-
nealed PI, PET and PEEK samples. The typical TEM images of the
cuts taken from the PET samples implanted to increasing ion flu-
ences are shown in Fig. 3. It is seen that the implanted Ni atoms
aggregate and form nanoparticles in the polymer subsurface re-
gion. The image analysis of the regions with homogeneously dis-
tributed particles was done by selecting the regions with a
dimension of 50 x 100 nm? using GIMP [15] software followed
by filtering and converting to a binary image with MATLAB [16].
The analysis was accomplished by the closing object procedure
and further by separating the objects using the segmentation mor-
phological method called watershed [17]. Finally, the number and
the average diameter of the particles were determined. As can be
seen from Fig. 3, a submerged distribution of small Ni nanoparti-
cles is formed at the ion fluence of 0.25 x 10'” cm 2. For the
fluences above 0.75 x 10'” cm™2, much larger nanoparticles are
formed and the maximum particle concentration is shifted towards
the polymer surface. In polymers implanted to the fluences above
0.75 x 107 cm~2 at least two regions with significantly different
particle diameters are observed (see Fig. 3b and c).

The averaged nanoparticle diameters obtained from TEM image
analysis of as implanted and annealed samples are summarised in
Table 2. For the ion fluence of 0.5 x 10'7 cm~? the average size of
the Ni nanoparticles formed in the surface layer of the as-im-
planted polymer is similar for all of the polymers investigated
and varies from 2.6 nm (PI) to 2.8 nm (PET). Annealing at the tem-
peratures from 100 to 300 °C results in only slight decline of the

RLO0IR

Fig. 3. TEM images of PET implanted with 40 keV Ni* ions to the fluence of (a) 0.25 x 10'” cm™2, (b) 0.75 x 10" cm 2 and (c) 1.5 x 10" cm~2
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Table 2
Results of the analysis of the Ni particle size from TEM micrographs in PET, PEEK and
PI (as-implanted and annealed samples).

Polymer/temperature/(°C) Fluence (cm2) Ni particle diameter (nm)

PET/O 0.25 x 10" 1.6£0.2
PET/O 0.5 x 10"7 2.8+0.2
PET/O 0.75 x 10" 2.2+0.2/16 £0.2
PET/O 0.5 x 10"7 2.8+02
PET/50 0.5 x 10"7 25402
PET/100 0.5 x 10" 24+0.2
PET/150 0.5 x 10"7 22+02
PET/200 0.5 x 10"7 1.8+0.2
PEEK/0 0.5 x 10"7 2.6+0.2
PEEK/100 0.5 x 10"7 20+02
PEEK/200 0.5 x 10"7 1702
PI/0 0.5 x 10"7 22+02
P1/200 0.5 x 10" 1.8+0.2
PI/250 0.5 x 10"7 1.6£0.2
PI/300 0.5 x 10"7 1.4+02
4.50E+009 l
4.00E+008 l
3.50E+009 Glass transition temperature
=3 for PET = 98°C
@ 3.00E+009+
c
2 2.50E+009-
[
5 2.00E+0094
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o 1.50E+009 I
1.00E+009 . 1 ‘
1
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Fig. 4. Sheet resistance of PET implanted with Ni ions to the fluence of
0.25x10'7 cm~2 and annealed at temperatures from 50-200 °C.

average particle size. The dark regions observed close the surface
(see Fig. 3b and c) could be associated with large Ni precipitates
(see e.g. [14]). These findings are in agreement with our previous
results obtained on the same polymers implanted with Ni ions to
different fluences [10].

The sheet resistance of the ion implanted polymers is known to
be a decreasing function of the ion fluence [10]. Here the effect of
the annealing temperature on the sheet resistance of the PET sam-
ple implanted to the fluence of 0.25 x 10'7 cm~2 was studied. The
sheet resistance as a function of the annealing temperature is
shown in Fig. 4. The sheet resistance decreases with the increasing
annealing temperature, achieves a minimum at the temperature of
about 120 °C and then it increases slowly. The changes in the sheet
resistance within one order of magnitude are probably due to a
reorganization of the Ni particles in the polymer surface layer
and possibly also to unspecified changes in the polymer structure
[18-21].
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4. Conclusions

PI, PEEK and PET were implanted with 40 keV Ni* ions at room
temperature to the fluences ranging from (0.25-1.5) x 10'7 cm™2
and at the ion current density of 4 pA cm 2. The profiles in the as
implanted samples agree reasonably with those calculated using
TRYDIN code. The samples implanted to the fluence of 0.5 x
10" cm~2 were annealed at different temperatures close to the
glassy transition temperature of each polymer. The depth profiles
of the Ni atoms in PET change significantly with the increasing
annealing temperature due to the diffusion of Ni particles towards
greater depths. This process was also observed on the TEM images
of the polymer cuts. In contrast, the annealing of the PEEK and PI
samples does not result in significant changes of the Ni depth pro-
files. The Ni atoms were found to aggregate and form nano-parti-
cles beneath polymer surface. Surface roughness and the average
diameter of the Ni particles decrease slightly after the annealing
procedure.
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Polyimide (PI), polyetheretherketone (PEEK) and polyethyleneterephthalate (PET) were implanted with
40 keV Ni* ions at room temperature at fluences ranging from 1.0 x 10'to 1.5 x 10'7 ions cm~2 and with
ion current density varying between 4 and 10 pA cm 2. The depth profiles of the implanted Ni atoms
determined by the RBS technique were compared with those predicted by the SRIM and TRIDYN codes.
Hydrogen depletion as a function of the ion fluence was determined by the ERDA technique, and the com-
positional and structural changes of the polymers were characterised by the UV-vis and XPS methods.
The implanted profiles differed significantly from those predicted by the SRIM code while the lower flu-
ences were satisfactorily described by the TRIDYN simulation. A significant hydrogen release from the
polymer surface layer was observed along with significant changes in the surface layer composition.
The UV-vis results indicated an increase in the concentration and conjugation of double bonds.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ion implantation is an efficient method of polymer surface
property modification. High-fluence implantation, a unique meth-
od of introducing metal species into dielectrics above their solubil-
ity limits, provides a useful way of creating metal nanoparticles in
polymers. By varying the ion fluence and current, it is possible to
control the size and density of the particles and to form composites
with specific optical or magnetic properties. A disadvantage of ion
implantation is the fact that ion irradiation leads to deep structural
and compositional changes in the irradiated polymers [1,2]. As a
consequence, the implanted material differs significantly from
the pristine one. The degradation processes are rather complicated
and comprise both chemical bond cleavage and the creation of
transient, highly reactive species (free radicals). Subsequent chem-
ical reactions of the transients result in the creation of excessive
double bonds [3], in the production of low-mass, stable degrada-
tion products, in cross-linked structures and oxidised structures
[4] as well as in the release of gaseous degradation products [5].

* Corresponding author. Address: Nuclear Physics Institute, Academy of Sciences
of the Czech Republic v.v.i., 250 68 Rez, Czech Republic. Tel.: +420 266 172 102.
E-mail address: mackova@uijf.cas.cz (A. Mackova).

0168-583X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2009.01.082
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Due to these processes, the observed depth profiles of the im-
planted atoms differ significantly from those predicted by e.g. the
SRIM code for pristine polymers. The experimental data on poly-
mers implanted at very high ion fluences have been rather scarce
up to now. The main aim of this study is to obtain new data on
the structure of three different synthetic polymers implanted with
40 keV Ni* ions under different irradiation conditions.

2. Experimental

The samples of polyimide (PI), polyetheretherketone (PEEK) and
polyethyleneterephthalate (PET) in the form of foils 40, 25 and
50 um thick, respectively (supplied by Goodfellow, Ltd.), were im-
planted with 40 keV Ni* ions at fluences ranging from 1.0 x 106 to
1.5 x 10'7 jons cm 2 with ion current densities between 4 and
10 pAcm 2 The implantation was performed through the ion
beam accelerator ILU-3 at room temperature at the Kazan Physi-
cal-Technical Institute. The depth profiles of the implanted Ni
atoms and hydrogen were determined from the RBS and ERDA
spectra registered simultaneously. The measurement was per-
formed using 2.68 MeV He" ions, the primary beam coming at
the angle of 75° with respect to the sample surface normal. A sur-
face barrier detector recorded the He" ions being scattered at a
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170° laboratory scattering angle. Those H atoms which recoiled at
the angle of 30° were registered by another surface barrier detector
covered with a 12 um mylar stopping foil. The typical He* beam
current was 20 nA. To reduce the effects of sample degradation
during the RBS/ERDA, several particular spectra were measured
on different beam spots and the final spectrum was obtained by
summing the individual spectra. The RBS and ERDA spectra were
evaluated using the GISA [6] and SIMNRA 6.02 [7] codes, respec-
tively. An Omicron Nanotechnology ESCAProbeP spectrometer
was used to measure the X-ray photoelectron spectra (XPS) (AlKy,
1486.7 eV). The exposed and analysed area had a size of
2 x 3mm? The UV-vis measurement in a 150-800 nm wave-
length band was performed using a Perkin-Elmer device [8]. The
polymer surface modification was also studied by measuring the
electrical sheet resistance (Rs). Rs was determined by a standard
two-point method using a KEITHLEY 487 pico-ampere-meter. For
the measurement, two Au contacts approximately 50 nm thick
were deposited on the layer surface by sputtering. The measure-
ments were performed at a pressure of about 10 kPa.

3. Results and discussion

The typical depth profiles of the implanted Ni atoms in PET and
PEEK, as determined using the RBS spectra, are shown in Fig. 1
(left) and Fig. 2 (left), respectively. The profiles calculated with
the SRIM 2003 code [9] for the pristine polymer are provided for
comparison, from which it is clear that the measured depth profiles
differ significantly from those simulated. The disagreement is not
surprising since the SRIM code does not take into account the
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structural changes in the polymer matrix caused by ion irradiation.
The measured depth profiles are much broader than the simulated
ones but show a typical bell-shape form for the fluences below
0.75 x 10'7 ions cm~2. With increasing ion fluence, the concentra-
tion maximum moves to the sample surface due to the progressive
degradation of the polymer matrix. At higher fluences, the shape of
the profile changes dramatically with the concentration maximum
shifted towards the sample surface. The structural changes during
ion irradiation can be better described with the help of the TRIDYN
software [10], where the dynamic changes in thickness and com-
position are taken into account (sputtered atoms, density enhance-
ment via the impurity atom implantation). For ion fluences below
0.75 x 10'7 ions cm~2, the experimental profiles can successfully
be reproduced by the TRIDYN simulation (see the right-hand side
of Figs. 1 and 2). For higher fluences, the TRIDYN simulations also
failed.

Hydrogen depletion in the polymer surface layer is documented
in Fig. 3 (right) where the ERDA proton spectra from the PI samples
implanted at different ion fluences are shown. The implantation
was performed with an ion current density of 4 uA cm™2. With
increasing ion fluence, the hydrogen concentration on the sample
surface decreases, and the decrease is faster at lower fluences,
whereas a saturation level is reached for fluences above
0.5 x 10'7 ions cm~2 and the dehydrogenation process is finished.
Similar phenomena are observed on the Ni-implanted PEEK. The
gradual release of hydrogen with the increasing ion fluence was
observed in the Ni-implanted PET. The thickness of the surface
layer, which was completely de-hydrogenated, was about
6.5 x 10'7 atoms cm™2 in the PET sample and about 3.0 x 10'7

Ni implanted PET, fluence 0,5.10'" ions/cm’
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Fig. 1. The Ni-depth profiles in the PET implanted at the different fluences compared with the SRIM calculation (left); TRIDYN simulation of the Ni-depth profile in the PET

implanted at a fluence of 0.5 x 10'” ions cm 2 (right).
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Fig. 3. The RBS spectra of the Ni* implanted and non-implanted PI (left); the oxygen depletion is observed at a fluence of 1.5 x 10'” ions cm~2 The hydrogen spectra

measured by the ERDA at the different Ni* fluences implanted in the PI (right).

atoms cm 2 in the PI and PEEK samples. Some dependence of the
rate of dehydrogenation on the ion current density (4-10 pA cm™2)
was also observed, the rate being higher for higher ion current den-
sities. The emission of hydrogen or hydrogen-rich low-mass degra-
dation products is a well-known phenomenon leading to a gradual
carbonisation of the irradiated material [11]. The release of oxygen
or oxidised low-mass degradation products was also observed ear-
lier [12]. The oxygen depletion can be seen in the RBS spectra from
the PI implanted at a fluence of 1.5 x 10'7 jons cm~2 as shown in
Fig. 3. The spectra of the pristine and ion-implanted polymers were
then compared. While in the case of the PI, significant oxygen
depletion took place, in the PET no such effect was observed. The
difference may be related to the different initial structures of the
two polymers. The irradiation of the PEEK was not accompanied
by a significant oxygen release at fluences up to 1.25 x 10'7 ions
cm~2 (with a current density of 5 uA cm~2), whereas a significant
oxygen emission was observed at higher fluences or with higher
current densities (10 pA cm™2).

The UV-vis spectra for the PET and PEEK samples, pristine and
implanted at different ion fluences, are given in Fig. 4. The absor-
bance increased dramatically even for the lowest ion fluence of
0.5 x 10'7 ions cm 2. As the ion fluence was increased, the absor-
bance increased further, which indicates a growing concentration
of conjugated double bonds in the polymer chain but it could also
be caused by higher carrier concentration or an accumulation of
metallic and non-metallic clusters [13]. The UV-vis absorption,
as a function of the ion fluence, followed a similar trend like the
hydrogen depletion (see Fig. 3). While in the PET, the UV-vis

4.0
1 PET virgin
3.5 —-—-— PETim planted 0,25.10" ions/icm’
1 — — PETim planted 0,75.10" ions/c m’
3.0 ' - = = PETim planted 1,5.10" ions/cm’
25
ol
3= ]
B 2.0
o
<] ]
§ 1.5 -
] 3
1.0 R
o e
g ~ -
7\'\ el —
0.5 e S
0.0
T = T v T r T w 3 » T
300 400 500 600 700 800

wavelength (nm)

absorption is gradually growing, like in the case of the hydrogen
depletion, in the cases of the PEEK and PI, the saturation in the
UV-vis absorption and hydrogen depletion was observed at a flu-
ence of 0.75 x 10'7 ions cm ™2,

The typical XPS spectra are provided in Fig. 5 (left), from which
the composition of the near-surface layer of Ni*-implanted poly-
mers and the ratio of Ni°/Ni®* were determined. As expected, the
Ni signal became stronger as the ion fluence increased. The Ni’/
Ni°" ratio is an increasing function of ion fluence. Hence, for flu-
ences above 0.75 x 10'7 ions cm ™2, the Ni fraction in the oxidation
state Ni° prevails on the surface of the implanted polymers. The
highest and lowest Ni°/Ni°* ratios, 14.8 and 4.4, were observed in
the PI and PET respectively, both implanted at a fluence of
1.5 x 10'7 jons cm 2.

A typical result of the measurement of the electrical resistance
of the PET implanted at different ion fluences and at two different
ion current densities is shown in Fig. 5 (right). The resistance is a
rapidly decreasing function of the ion fluence. The observed resis-
tance evolution is comparable with that reported in Yuguang
et al. [14]. The decrease may be caused by the growing concentra-
tion of conjugated double bonds and the production of carbona-
ceous clusters, which, at higher ion fluences, may form systems
of conductive paths. In polymers, ion irradiation creates compact
carbonaceous clusters, which may be responsible for enhanced
electrical conductivity, for a narrower optical band gap and for
the higher optical absorbance of the irradiated material [15]. It
has also been reported that the mean size of the cluster is higher
for polymers with more complex monomeric units [13], which
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Fig. 4. The UV-vis spectra of the PET and PEEK implanted with Ni* ions.
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Fig. 5. The XPS spectra of the Ni*-implanted PET (left) and electric resistance of the Ni*-implanted PET using different fluences (right).

may be the cause of the different behaviour observed in the PI
and PET, the former having a more complex monomeric unit. Con-
trary to the PET, the ion-irradiated PI and PEEK exhibit hydrogen
decrease saturation and oxygen depletion in the implanted layer
along with a saturation of the UV-vis absorption above a fluence
of 0.75 x 10'7 ions cm™2 and a significantly higher fraction of the
Ni° oxidation state.

4. Conclusions

PI, PEEK and PET polymer foils were implanted with 40 keV Ni*
ions at room temperature at fluences ranging from 1.0 x 106 to
1.5 x 10'7 jons cm 2. A strong disagreement between the observed
Ni-depth profiles and those calculated by the SRIM code arises
from the deep structural changes in the polymer matrix caused
by ion irradiation. The TRIDYN code offers a much better explana-
tion of the observed depth profiles for ion fluences of up to
0.75 x 10'7 ions cm~2. For higher fluences, however, the Ni-depth
profiles cannot be simulated within the TRIDYN code, and some
other model, taking into account other processes (the outward dif-
fusion of the implanted atoms, metal-atom aggregation etc.)
should be developed. A dramatic change in the composition and
structure of the ion-irradiated surface layer was observed in the
RBS, ERDA and XPS measurements. The UV-vis spectra taken from
the pristine and ion-irradiated samples show an increase in the
concentration of conjugated double bonds. The compositional
changes, new chemical bond creation and electric properties of
irradiated polymers were explained in connection to the various
structures of PET, PI and PEEK.
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Abstract

Poly(ether ether ketone) was irradiated with 3.0 MeV Si*", 3.25 MeV Cu®" and 4.8 MeV Ag®" ions to the fluences from 10'? to
10" cm~2 and the effects of irradiation were studied using ERDA, RBS and FTIR methods. The irradiation leads to release of hydrogen
from the PEEK surface layer modified by the ion beam. The release is mild for low ion fluences but it becomes more pronounced at the
ion fluences above 10'3 cm™2. At highest ion fluences the hydrogen concentration falls to 20-35% of its initial value. In contrast to hydro-
gen no significant oxygen release was observed. The kinetic of the hydrogen release is similar for the three ion species. FTIR measure-
ment shows deep structural changes of the polymer structure resulting from the ion irradiation.

© 2007 Elsevier B.V. All rights reserved.
PACS: 82.35.—x; 81.40.Wx; 82.80.Yc

Keywords: PEEK; Ion beam modification; Polymer degradation

1. Introduction

Poly(ether ether ketone) (PEEK, (C19H[,03),,) is a semi-
crystalline polymer with high glass transition (143 °C) and
a high melting (343 °C) temperatures. The aromatic rings
in the PEEK backbone are responsible for its strength, heat
and radiation resistance. The ketone side group increases
intermolecular spacing, whereas the ether linkage allows
flexibility of the main chain. The excellent mechanical sta-
bility of PEEK at high temperatures has made it a material
of choice in a number of applications in the space, automo-
tive, electrical and chemical industries, among others. In
some areas of application, e.g. in nuclear industry or space
research, PEEK radiation resistance is of major impor-
tance. However, the information on the PEEK resistance
to ionizing radiation are scarce and rather qualitative. Very
little is known on radiation damages produced by irradia-
tion with energetic ions [1-5]. In this work, the PEEK foils

" Corresponding author. Tel.: +420 266173129; fax: +420 220940141.
E-mail address: hnatowicz@ujf.cas.cz (V. Hnatowicz).

0168-583X/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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were irradiated with 3.0 MeV Si>", 3.25 MeV Cu?*" and
4.8 MeV Ag?" jons to the fluences from 10'2 to 10'* cm™2
and the effects of irradiation were studied using ERDA,
RBS and FTIR methods.

2. Experimental

The PEEK foils, 0.025 mm thick (p = 1.3 g cm ™), sup-
plied by Goodfellow, were irradiated with 3.0 MeV Si?T,
3.25MeV Cu®" and 4.8 MeV Ag?' ions to the fluences
from 10'% to 10'* cm~2 at Tandetron 4130 MC accelerator
of Nuclear Physics Institute AS. The condition of the ion
irradiation are summarized in Table 1. The irradiation
was accomplished at room temperature and the ion current
was kept sufficiently low to prevent sample heating. Before
analysis, the irradiated samples were kept in the air, in
darkness and at room temperature (RT). The composition
of the ion irradiated PEEK samples was determined from
RBS and ERDA measurements performed few days after
the sample preparation. RBS and ERDA spectra were
accumulated simultaneously. The beam of 2 MeV He™ ions
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Table 1

Summary of irradiation conditions

Ton Ion energy (MeV) Fluence range (cm™2) S. (keV/um) Sy (keV/pm) Si =S+ S, Se/Sh
si** 3.0 1x 1073 x 10" 1650 24 1674 69
cu*t 3.25 9 x 10'%-2.7 x 10" 1260 150 1410 8
Ag*t 4.80 6 % 10"%-1.8 x 10" 1200 360 1560 3

Electronic (S.) and nuclear (S,,) stopping powers were calculated by SRIM2006 code [7] for ion initial energies listed in second column.

from 3MV Van de Graaff accelerator, 1 mm in diameter,
comes under the angle of 75° with respect to the sample
surface normal and particles scattered under 170° were reg-
istered by a surface barrier detector (SBD) in IBM geome-
try. The hydrogen atoms recoiled under the laboratory
angle of 30° from the sample surface were registered by
another SBD placed at the angle of 75° with respect to
the sample surface normal. In front of this detector
12 um thick mylar foil was placed to stop forward scattered
He™" ions. The ion fluence was measured by a monitor sit-
uated at the entrance of the target chamber and consisting
of a propeller gold target and a SBD detector of back-scat-
tered ions. The signal from the detectors was processed by
a standard spectrometric system and data evaluation was
performed off-line using SIMNRA 6.02 code [6]. The typi-
cal He" ion fluence per one analysis was about 0.5 pC.
ATR Fourier transform infrared (FTIR) spectra of pristine
and ion irradiated PEEK were measured one week after the
sample preparation using a Nicolet 740 FTIR spectrome-
ter. Difference absorbance spectra of ion irradiated samples
were obtained by subtracting the spectrum of the pristine
PEEK from that of ion irradiated one.

3. Results and discussion

The main goal of this work was examination of struc-
tural and compositional changes in the PEEK surface layer
caused by ion irradiation. Three ion species with different
mass numbers were used to reveal possible effects of two
different mechanism of energy dissipation, i.e. nuclear
and electron energy losses. According to estimates made
using SRIM2006 code [7], the ratio of electron to nuclear
stopping power at ion initial energy is S./S, ~ 69, 8 and
3 for 3.0 MeV Si*", 3.25MeV Cu?" and 4.8 MeV Ag®t
ions respectively (see Table 1). Different ion energies were
chosen to ensure approximately the same projected ranges
of about 3 um and the same thickness of the modified sur-
face layer as well. The ion irradiated samples and control
samples of pristine PEEK were repeatedly analyzed by
RBS and ERDA under the same experimental conditions
described above. For further evaluation, all spectra were
normalized to the same He" ion fluence.

Simulations of RBS spectra with SIMNRA 6.02 code
shown that the concentration of carbon and oxygen in
the PEEK surface layer of about 130 nm thick (accessible
in the present RBS arrangement) is constant and the same
in pristine and ion irradiated PEEK, regardless of the ion
specie and the ion fluence. This fact is simply illustrated

in Fig. 1 where the RBS spectra of the pristine PEEK
and the PEEK irradiated with Si*" ions to the fluence of
3.0 x 10" cm™2 are compared. Within the statistical fluctu-
ations no significant difference between both spectra is
seen. It can therefore be concluded that the irradiation with
three ion species to the fluences up to 3 x 10" cm=2 does
not result in any measurable change in carbon and oxygen
concentrations in the PEEK surface layer. This is little bit
surprising since volatile, oxygen containing degradation
products such as CO, could in principle be created and
released as in other synthetic polymers [4,8-11]. The
absence of oxygen desorption in the present experiment is
in accord with the observation made in [5] on PEEK irra-
diated with 5 MeV He ions. In this work, no volatile prod-
ucts other than H, were observed too.

The behavior of hydrogen under the ion irradiation is
quite different from that of oxygen but similar for all ion
species used. The dependence of the hydrogen concentra-
tion in the PEEK surface layer on the ion fluence is shown
in Fig. 2. The hydrogen concentrations in relative units
were calculated simply as a ratio of the ERDA yields from
the ion irradiated and the pristine PEEK. The errors shown
in Fig. 2 combine statistical error of ERDA yields (<1%)
with estimated systematic ones due to uncertainty in sam-
ple positioning and in beam monitor readout. Possible
hydrogen desorption by analyzing He beam was considered
too. The desorption yield depending in a very complicated
manner on the ion energy and mass and on the sample

Counts/channel

T
100 200 300
Channel number

Fig. 1. Relevant part of the RBS spectrum from the pristine PEEK
(points) and the PEEK irradiated with 3.0 MeV Si*" ions to the fluence of
3 x 10" ecm™2 (line). Both spectra were normalized to the same fluence of
the analyzing He" beam.
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Fig. 2. The dependence of the hydrogen concentration ¢(®) on the ion
fluence @ for the PEEK irradiated with 3.0 MeV Si*", 3.25 MeV Cu®" and
4.8 MeV Ag”" ions. The concentration in pristine PEEK is set equal to
1 and the lines are the results of the least-squares fit with the formula (1)
given in the text. The parameters obtained from the fit are summarized in
Table 2.

structure as well, can hardly be quantitatively estimated.
Important factor affecting the hydrogen desorption yield
is the energy density deposited by incoming ions in the
sample. The energy density deposited by 2 MeV He ions,
calculated as a product of their stopping power and typical
fluence density, is by an order of magnitude lower that of
heavy ions used for PEEK modification. The desorption
was also examined in control measurements on pristine
PEEK performed at three ion fluences (=0.2, 0.5 and
1 uC) and no measurable differences in the ERDA yield
was observed. One can see from Fig. 2 that for all ion spe-
cies the dependence of the hydrogen concentration on the
ion fluence is similar. The concentration is a decreasing
function of the ion fluence. The irradiation to the fluences
below 2 x 10"* cm™ leads to desorption of less than 10%

100

of hydrogen. For the ion fluences above 10 cm™2 the
hydrogen concentration falls to 20-35% of its initial value
in pristine PEEK. Despite of the hydrogen loss, the hydro-
gen concentration remains constant throughout the whole
depth region, of about 350 nm thick, accessible in the pres-
ent ERDA arrangement. This fact is illustrated in Fig. 3
where the ERDA spectra from the pristine PEEK and
the PEEK irradiated with Si*" ions to the fluence of
3.0 x 10" cm ™2 are compared.

The different desorption behavior of hydrogen and
oxygen deserves attention. One can speculate that highly
reactive oxygen radicals or oxygen containing transient
products of the irradiation recombine at the site of their
origin creating non-volatile, stable products. This specula-
tion seems to be confirmed by FTIR measurement. FTIR
spectra measured on the PEEK, irradiated to highest ion
fluences (see Table 1), show an overall reduction in inten-
sity of characteristic absorption bands of the pristine
PEEK. The same effect is observed for all ion species
applied. The FTIR results are illustrated in Fig. 4, where
difference FTIR spectrum from the PEEK sample irradi-
ated with Ag ions to the fluence 1.8 x 10 cm™2 is
compared with that from pristine PEEK. Remarkable is
complete disappearance of characteristic absorption peaks
in the interval 1100-1700 cm™!, with broad band at
1200 cm~" corresponding to vibration of aromatic ether
(C-0-C) and pronounced peak at 1507 cm™" correspond-
ing to vibration of aromatic ring. Weak absorption band
at 3065 cm ™! corresponding to aromatic C-H stretching
disappears too. In the irradiated PEEK a new, broad
absorption band appears in the interval from 1500 to
1800 cm~! which is probably due to a superposition of
absorption bands of different oxidized structures (C=O0,
0O=C-0, O=C-OH). Also dramatic increase of the absorp-
tion in the region around 3400 cm™" is observed which may
be due to superposition of absorption bands of O-H group
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Fig. 3. The ERDA spectra of recoiled protons from the pristine PEEK
(®) and the PEEK irradiated with 3.0 MeV Si*" ions to the fluence of
3 x 10" cm™ (#). To demonstrate the similarity of both spectra the
spectrum from the irradiated sample was re-normalized to the same area
(line).
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Fig. 4. ATR FTIR spectra of pristine PEEK (thin line) and difference
absorbance spectra of the PEEK irradiated with 4.8 MeV Ag®" ions to the
fluence of 1.8 x 10" cm™? (heavy line).

(stretching mode) and alkyne degradation products. Very
similar evolution of FTIR spectra was observed also on
PEEK irradiated with UV light in [12]. It may be concluded
that the irradiation to the fluences above 10'* cm ™2 leads to
destruction of basic PEEK skeleton and creation of a
broad spectrum of degradation products with relative high
content of oxygen. It may also be speculated that undis-
turbed aromatic fragments may recombine into poly-con-
densed aromatic structures. Hydrogen desorption results
in progressive carbonization of the PEEK surface layer
and, at high enough ion fluences, in creation of graphitic
grains. Formation of an amorphous carbon network was
also reported in [13], where PEEK was modifies by plasma
discharge. It may be of interest that similar effects of the
ion irradiation were observed on polyimide irradiated
either with 180 keV B ions in [14] or with 3 MeV Si ions
[15] to similar fluences.

Several theoretical models describing hydrogen release
during ion irradiation have been suggested [11,16-18],
mostly based on the concept of formation of molecular
hydrogen H, which migrate to the sample surface and
escape into evacuated volume of the ion implanter. The
models describe satisfactorily gross features of the process
of the hydrogen release from ion irradiated polymers as
determined by analyzing either residual gas in the target
chamber during the ion irradiation [18,19] or hydrogen
content in the irradiated samples by ERDA method
[11,17,20]. The data of Fig. 2 for different ions can be fitted
by simple formula suggested in [11]

(@) = (1=f)+f exp(—=2-0) (1)

where ¢(®) is hydrogen concentration as a function of the
ion fluence @, f'is the fraction of hydrogen atoms which
can be released from the PEEK by ion impact and o is
an effective ion track area (or effective hydrogen release
cross-section). The non-linear least squares fit of the exper-
imental data for each ion specie is shown in Fig. 2 and the

V. Hnatowicz et al.| Nucl. Instr. and Meth. in Phys. Res. B 266 (2008) 283-287

Table 2
Values of the parameters f'and ¢ obtained from non-linear least squares fit
(see Fig. 2) of experimental data with formula (1)

Ton Ion energy (MeV) f o (107'% cm?)
Si?t 3.0 0.70 £ 0.02 0.065 + 0.004
Ccu?* 3.25 0.80 £ 0.03 0.045 £ 0.003
Ag*t 4.80 0.65 4+ 0.02 0.075 + 0.005

values of adjustable parameters f'and o, obtained from the
fit, are summarized in Table 2.

It should be noted that the stopping powers of the ions
used for PEEK modification are not sufficient for forma-
tion of well defined, continuous ion tracks. Instead the
ion tracks can be regarded as a rectilinear trail of nonover-
lapping islands of high degree of degradation with less
degraded material in between. From the present value
of the effective track area o it follows that the outbreak
of ion track overlapping lies at the fluence of about
10" cm™. The track overlapping leads to significant
changes in polymer surface properties as was confirmed
by several experimental results obtained on polymers irra-
diated with low or medium energy heavy ions. For ion flu-
ences around 10 cem™2 a rapid decrease of electrical
resistance [15,21,22], pronounced decrease of the polymer
permeability of irradiated polymers for inorganic pene-
trants [23] or an increase of hardness and Young modulus
[24] were observed.

4. Conclusions

PEEK foils were irradiated with 3.0 MeV Si*",
3.25MeV Cu®" and 4.8 MeV Ag”>" ions to the fluences
from 10'? to 10" cm™2 and the effects of the irradiation
were studied using RBS, ERDA and FTIR methods. It
was found that the irradiation leads to release of hydrogen
from the PEEK surface layer. The hydrogen release is mild
for low ion fluences but it becomes more pronounced for
the fluences above 10'* cm™2. At highest ion fluences the
hydrogen concentration falls to about 20-35% of its initial
value in the pristine PEEK. In contrast to hydrogen, no
significant changes in oxygen concentration and depth pro-
file were observed. FTIR measurement show deep struc-
tural changes of PEEK resulting from the ion irradiation
and formation of new oxidized structures in irradiated
material. Despite of the release of a significant portion of
hydrogen and the deep structural changes of irradiated
material the depth profiles of hydrogen and oxygen in the
PEEK surface layer remains homogenous even after irradi-
ation to highest ion fluences. The kinetic of the hydrogen
release is similar for all three ion species despite of large
differences in the ratio of their nuclear and electronic
energy loss. From the measured dependence of the hydro-
gen concentration on the ion fluence the effective ion track
area was determined and the outbreak of ion track overlap-
ping was found at the ion fluence of about 10'* cm~2 The
present results are compared with some other obtained on
polymers irradiated with low and medium energy ions.
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Abstract

In this work, PET was implanted with 150 keV Ar' ions to the fluences of 10'2-10'3 jons/cm?, PET, PEEK and PI
with 1.76 MeV “He" ions to the fluences 10'*~10'* ions/cm?. Structural and compositional alterations of the implanted
polymers were studied using Rutherford back-scattering (RBS), elastic recoil detection analysis (ERDA), ultra-violet
and visible light spectroscopy (UV-VIS) and positron annihilation spectroscopy (PAS). The formation of a new bonds
in modified polymer films are detected in proportion to the used ion dose using UV-VIS spectroscopy. For Ar' ions

and higher fluences a decline in hydrogen and oxygen content is observed.

© 2005 Elsevier B.V. All rights reserved.

PACS: 61.18.Bn; 82.35.—x

Keywords: Irradiated polymers; Ion beam modification; Polymer degradation; ERDA

1. Introduction

The industrial use of polymers ranges across a
broad field of structural, mechanical, electrical
and optical applications. High fluence ion implan-
tation of polymers is of interest for fundamental

* Corresponding author. Tel.: +420 2 20 94 1503; fax: +420
22 0940 141.
E-mail address: mackova@ujf.cas.cz (A. Mackova).

reasons and for potential applications of irradiated
polymers in microelectronics, opto-electronics and
in medicine as well. However, ion irradiation of
polymers is accompanied by radiation-induced ef-
fects changing the structure and properties of irra-
diated material drastically [1]. The ion irradiation
leads to the degradation of polymeric chains,
chemical bond cleavage, creation of free radicals
and release of gaseous degradation products [2].
Subsequent chemical reactions of transient highly

0168-583X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

d0i:10.1016/j.nimb.2005.06.124
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reactive species results in the creation of excessive
double bonds [3], production of low mass stable
degradation products, large cross-linked structures
[4] and eventually oxidized structures [5].

2. Experimental

Three kinds of polymers were studied: polyi-
mide (PI), poly(ethylene terephthalate) (PET),
and poly(ether ether ketone) (PEEK). All of the
pristine materials were in the form of 12-pum-thick
foils. A series of samples includes PET films im-
planted by 150 keV Ar" ions to different fluences
as given in Table 1. Another series of samples in-
clude PET, PEEK and PI irradiated by 1.76 MeV
“He™ ions (see Table 1). The projection ranges
were calculated by the TRIM computer code,
being R, = 200 nm, as well as the range straggling,
AR, =37nm, and R, ~ 7500 nm, AR, ~ 260 nm,
for the implanted Ar' ions and for *He" ions,
respectively.

The implantation of 12-um-thick PET foil was
performed at Van de Graaff accelerator in NPI
Rez by the 1.76 MeV “He' ions in vacuum
chamber.

RBS and ERDA analyses were used to deter-
mine the H, C and O amount changes after degra-
dation procedure. The RBS measurements were
performed under 170° laboratory scattering angle.
The glancing geometry ERDA measurement with
“He' ions beam was performed to obtain the
hydrogen depth profile. In ERDA and RBS mea-
surement we used a 2.68 MeV “He" ions and the
recoiled protons were registered under the angle
of 30° with a surface barrier detector covered with

Table 1
Sample’s labels, type of implantation and fluence

Fluence Series 1: implanted by Series 2: implanted by
(ions/cm?)  150-keV Ar* ions 1.76-MeV He"
Pristine PET, PET® PEEK’ PI°
1x 10" PET,

1x 101 PET, PET?> PEEK?

3x 10" PET; PET® PEEK®
1x10™ PET, PET* PEEK* PI*
1x 10" PET;
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12-pm-thick Mylar stopping foil. ERDA and RBS
measurements were provided simultaneously to
control the possible changes of the polymer com-
position and the average dose 10'! ions/cm? was
used for the one beam spot. We used several beam
spots on the implanted area to collect one spectra.

The main effect of ion irradiation is the produc-
tion of defects or new chemical bonds within the
original polymer chain with the change of chemical
environment. It can be qualitatively determined by
UV-VIS spectroscopy [6] in a 150-800 nm wave-
length interval using a Perkin—Elmer device [7].
A pulsed slow-positron beam [8], with a FWHM
of about 600 ps, was used. Short-gated (25 ns) pos-
itron annihilation lifetime (PAL) spectra were col-
lected for different incident positron energies up to
9 keV. Each spectrum was measured for 1 h with
the total counts being ~1.5 x 10°. POSITRONFIT
program was used to analyse the PAL spectra
[9]. The analysis was performed by two compo-
nents, because the two short-lived components
(~0.15 ns and ~0.4 ns) of a three-component anal-
ysis, usually seen by conventional PAL spectros-
copy, cannot be separated for the PAL spectra
measured by the beam technique because of the
poor time-resolution. The long-lived component
is due to the pick-off annihilation of orto-positro-
nium (o-Ps) and o-Ps lifetime is correlated with the
size of the free-volume holes [10], thus we detected
the formation of the crosslinked structures under
the irradiation. The corresponding intensity has
been found, but cannot be used directly as a quan-
tity expressing the concentration of the free-vol-
ume holes [11].

3. Results

UV-VIS spectra from pristine PEEK and PET
and irradiated polymers with *He™ ions are shown
in Fig. 1(a) and (b). It is evident that with increas-
ing ion fluence the concentration of the double
bonds and length of the conjugations in polymer
chain increases and the absorbance is increased
dramatically in the case of highest dose irradiated
PET (the sample PET* — 1 x 10'* ions/cm?). PET
exhibits higher irradiation sensitivity in compari-
son with PEEK.



KAPITOLA 7. SOUBOR PUBLIKACI

A. Mackova et al. | Nucl. Instr. and Meth. in Phys. Res. B 240 (2005) 245-249 247
14 PEEK/He'
11 virgin
g PEEK
=
g 0.8 4
&
a 0.6
<
0.4
0.2
0 T T T T
300 400 500 600 700 80
a Wave length [nm]
1.4 - PET/He'
1.2 A J
. \ G
o
Q
c z
_‘§ 0.8
2
206 4
<
04 ‘
0.2 1
0 T T T T
300 400 500 600 700 80
b Wave length [nm]

Fig. 1. UV-VIS spectra from He" 1.76 MeV implanted (a) PEEK and (b) PET polymers.

Positron annihilation analysis showed that the
set of samples irradiated by 1.76 MeV *He" ions
does not exhibit any changes in the free-volume
holes in the subsurface 1 pm layer, which is the
detectable range for the 9-keV positrons in PET,
PEEK and PI. Thus, for the layer probed by pos-
itrons the interaction between the *He™ ions and
the constituent atoms is negligible.

Polymer foils irradiated by Ar' ions exhibit
increasing UV-VIS absorbance with dependence
on an increasing ion dose, see Fig. 2(b). It is evi-
dent that like by PET/PEEK He' modification
thanks the chain dehydrogenation the concentra-
tion of double bonds increases. This effect was

confirmed using combined UV-VIS and IR spec-
troscopy measurement in [1].

Fig. 2(a) shows the 0-Ps (type of positron state)
lifetime and intensity as a function of the incident
positron energy for the Ar" ions implanted in
PET. It is clearly seen that the o-Ps lifetime de-
crease slightly from the surface to the bulk. We
see a decrease of positronium lifetime in the depth
appropriate Ar" ions range, which could be ex-
plained by the escape of H, O and light chain frag-
ments from polymer during ion-implantation The
change in the o-Ps intensity with the fluence is
clearly seen (Fig. 2(a)), however it is very difficult
to extract any conclusion on possible change in
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Fig. 2. (a) o-Ps lifetime and intensity as a function of the incident positron energy for pristine and implanted with 150 keV Ar" ions at
different fluences in ions/cm® — PET (b) UV-VIS spectra of pristine PET and PET implanted with Ar™ ions.

the free-volume hole concentration. RBS and
ERDA measurements show the depletion of
hydrogen and oxygen in the case of the highest
doses used, in case of sample implanted with Ar"
ions 1x 10" ions/cm? we observed depletion of
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hydrogen and oxygen corresponding with a Ar"
ions projected range see Fig. 3. For the lower
Ar" ions dose of 1 x 10'*ions/cm? only hydrogen
depletion was observed, the surface layer with
31 at.% of hydrogen was created after implanta-
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Fig. 3. RBS and ERDA measurement of O and H depth
profiles (Ar" dose 1 x 10'° jons/cm?) in PET.

tion to the range of the appropriate Ar" ions depth
profile of about 200 nm. On the other hand, no
changes in oxygen, carbon or hydrogen elemental
profiles appear in the case of PEEK and PI irradi-
ated by “He ™" ions. UV-VIS spectra for the pristine
and irradiated PI are identical. PI is very resistant
polymer under the “He™ ions irradiation.

4. Conclusions

PET implanted with 150 keV Ar" ions to the
fluences of 10'>-10"> cm %, PET, PEEK and PI
implanted 1.76 MeV “He" ions to the fluences
1x10°3-1x10"em ™2 were studied. UV-VIS
spectroscopy shows; highest sensitivity on He™
ion irradiation exhibits PET polymer. The highest
dose used, 1 x 10" jons/cm?, initiated the degrada-
tion process in PEEK as concluded in the UV-VIS
measurement. The He" ions don’t cause the deple-
tion of O, H elements or the free volume changes
not in the case of the highest dose used. The for-
mation of inter-chain bonds usually produces
hydrogen release, we suppose the breaking and
rearrangement of original bonds without any
change in the polymer stoichiometry. Polymer foils
irradiated by Ar" ions exhibit increasing UV-VIS

absorbance with dependence on the increasing ion
dose and from PAL measurement we conclude,
that a high mobility of polymer chains in im-
planted area can indicate the escape of larger frag-
ments from the modified layer. RBS and ERDA
analyses determined a decline in hydrogen and
oxygen content for higher Ar" ion doses in the
depth corresponding to the projected range of
Ar" ions.
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The Energy Loss of Li and C Ions with MeV
Energies in the Polycarbonate and
Polypropylene
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Abstract: Stopping power and straggling of Li ions and C ions at mean energy 3.8-5.4 MeV
and 5.6-6.9 MeV, respectively, in polycarbonate (PC) and at mean energy 3.7-5.2 MeV and
6.8-8.0 MeV in polypropylene (PP) foils have been measured using ion beams from a
Tandetron 4130 MC accelerator. The ions scattered from a thin, primary gold target were
registered by a surface barrier detector partially covered with a thin foil of the investigated
polymer. The stopping power was determined from the energy difference between the signals
from the ions directly backscattered from the Au layer and the ions backscattered and slowed
down in the foil. The foil thickness was determined by the weighing procedure. The
experimentally determined stopping powers were compared with those calculated with the
SRIM 2010 code. The measured stopping powers are in good agreement for Li and C in PC, the
differences being within 0.1-1.6% for Li and 0.2-2.1% for C. For Li and C in PP, the stopping
powers are lower than the calculated ones, the differences being within 0.5-2.8% for Li and
3.6-6.1% for C. The energy straggling was determined from the width of the RBS signals. The
experimentally determined energy straggling was found to fluctuate around the values calculated
according to Bohr theory.

Keywords: energy loss, straggling, heavy ions, polymers
PACS: 34.50.Bw

INTRODUCTION

Knowledge of the energy loss and straggling of heavy ions (Z>2) in polymers is
very important in many kinds of research and application fields such as radiation
dosimetry, radiation biology, radiation chemistry, radiotherapy and nuclear physics
[1]. When a beam of charged particles penetrates matter, the slowing down is
accompanied by a spread in the beam energy. It arises from the statistical nature of
atomic collisions, i.e. the energy loss of originally monoenergetic particles when
passing through matter fluctuates around an average energy loss. The standard
deviation of the energy broadening is known as energy straggling [2]. The
experimental and theoretical understanding of the stopping force and energy loss
straggling of charged particles has been studied extensively over the past few decades

[3-13].
Applications of Nuclear Techniques
AIP Conf. Proc. 1412, 113-120 (2011); doi: 10.1063/1.3665304
©2011 American Institute of Physics 978-0-7654-0986-6/$30.00
113
Downloaded 20 Dec 2011 to 90.177.33.5. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/about/rights_permissions
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This study of the energy loss and straggling of energetic ions passing through
matter has proved to be very important in understanding the complex mechanism that
is involved in ion-solid interactions. In general, more experimental data on the energy
loss measurement for different ions penetrating through various materials is clearly
needed for further theoretical studies on the ion-solid interaction mechanism [13].

The number of possible ion-target combinations is quite large, and it is not possible
to measure the stopping power values for a large number of such combinations that are
used in various experiments. The various existing formulations are semi-empirical in
nature and are based on various fitting parameters. Thus, it is absolutely essential to
establish the reliability and applicability of such formulations through a comparison
with experimental stopping power values. Although stopping power data for elemental
targets is available in the literature, data for complex materials like polymers is quite
limited. Bearing in mind the utility of polymers as important materials in different
scientific applications, this area of research continues to see high demand [10].

This study presents measurements of the energy loss and straggling for 3.8-5.4
MeV Li ions and 5.6-6.9 MeV C ions in polycarbonate (PC), and for 3.7-5.2 MeV Li
ions and 6.8-8.0 MeV C ions in polypropylene (PP). The experimental data could
provide useful information for further studies of the energy loss behaviour of ions in
compounds. Measured energy losses are compared to the corresponding theoretical
values simulated using SRIM 2010 [14]. Energy straggling measurements are
compared with Bohr theory [15] using the SIMNRA 6.06 program [2].

EXPERIMENTAL DETAILS

The experiment was performed using the ion beam provided by the tandem
accelerator, Tandetron MC 4130, at the Nuclear Physics Institute at Rez near Prague.
The ion energy was changed in 100-keV steps in the ion energy range mentioned
above. The energy loss and straggling measurements for these ions in PC and PP were
carried out in a vacuum chamber. The beam ions after scattering from a thin Au layer
placed in the sample holder were allowed to enter normally through PC and PP
absorber foils. The ions directly scattered from the Au target and those scattered and
slowed down in the polymer foils were recorded by the half-covered energy detector
simultaneously; see the experimental arrangement in Fig. 1.

Target Au/C

. Incident ion beam of Li™ or C*

\ Polymeric foil

Collimator

Detector

FIGURE 1. Experimental arrangement.
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A thin gold layer (148 nm) of backscattering target was deposited onto the glassy
carbon substrate by vacuum vapour and mounted onto the sample holder in the
vacuum chamber. The detector was placed at a backscattering angle of 170°. An
ORTEC ULTRA-series detector was covered by an aluminium collimator with two
holes of 2 mm in diameter partially covered by polymeric foil. The recorded spectra of
backscattered ions were stored and analysed using the NEC RC43 Analytical Software
4.5 software package. For a detailed analysis of recorded experimental spectra, we
used the SIMNRA 6.06 code.

For the present experiment, PC and PP foils (purchased from Goodfellow [16]) of
thicknesses 6 um and 4 um, respectively, were used. The thicknesses were verified by
weighing a segment cut from each foil on a microbalance and using the equation p¢
=m/Sp, where p is the density of the PC and PP foils, m is the mass of the segment, and
S, is the area of the segment, to determine the thickness ¢ in mg/cmz. The very
accurate area S, of each segment was determined using image analysis of a
photograph of the segment provided by a microscope. This technique used the ratio
between the two extreme contrast positions. The final thicknesses were found to be
0.35+0.02 mg/cm” for PP and 0.72:£0.03 mg/cm” for PC.

RESULTS AND DISCUSSIONS

The experimental stopping powers S were deduced from the energy difference
between the energies of ions backscattered from the Au foil recorded by the covered
and the uncovered parts of the detector. The comparison of Au signal position in the
backscattered spectrum of 6.8 MeV C ions and in the spectrum of backscattered ions
penetrating the polypropylene foil is shown in Fig. 2.

5000 e
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Collimator

3000 H

e, . .
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P, I ,

g 4| with PP foil ’

N Vg ;

y N
>, 4 ;|
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FIGURE 2. The experimental spectrum of C ions backscattered from the Au/C substrate and
penetrating the thin foil of PP at 6.8 MeV.
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Two Au signals in the backscattered energy spectrum are seen in Fig. 2. The first
signal, which has a leading edge at channel 871, is from the ions backscattered
directly from the Au layer to the detector and the second signal at lower channel 531
is from the ions backscattered from the Au layer and slowed down in PP foil placed in
front of the detector. The difference of channels Ac is related to the energy loss AE
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through the relation AE = aAc, where a is the first term from the linear energy
calibration. Then the stopping force S of the ions can be directly obtained by dividing
the energy loss by the thickness of the foil using Eq. 1 [11]:

AE
S=% (1)
where AFE is the energy loss in the foil and Az is the thickness of the foil. Owing to the
different energies of the incoming and outgoing ions, it is necessary to define the
mean energy (or average energy) for which the energy loss will be extracted. The
mean ion energy E,,is determined using Eq. 2:

AE
Bombimy

, 2

where E; is the energy of the ions backscattered from the Au layer. The energy of
backscattered ions is deduced from the formula E; = KE, where E is the incident ion
energy and K is the kinematic factor expressing the change of incident ion energy after
scattering on gold [18].

The average uncertainties of the determined stopping power S in our measurements
are estimated to be about 3.7% for PP; the procedure of evaluation of uncertainties
was as used in [12]. These uncertainties include the deviation of the foil thickness of
2%, the homogeneity of the foil 3% (the deviation of the foil homogeneity was
obtained from Goodfellow) and the extraction of the energetic edge position from the
RBS spectrum 1%. The uncertainties for PC are about 4.4% (including the deviation
of the foil thickness 3%, the homogeneity of the foil 3% and the determination the
position of the edge 1%). The comparison of the experimentally determined stopping
powers S (expressed in MeV/mg/cm?) and the theoretical values simulated by the
SRIM 2010 for the Li ions are presented in Fig. 3.

5.0 -

PP - experment
4,5 4 - PP - simulation
4 PC - experiment

S 401 - PC - simulation
‘;o 3,51 EEEETI
B2 Liiyii-r .
% TI1.  iHTy
2301 Tl 1
- I
2,51 TIEtE-

2

72000 35I00 40|00 45I00 50|00 55I00 60|00
E_[keV]
FIGURE 3. The stopping powers of Liions in the mean energy range of 3.8-5.4 MeV for PC and 3.7—
5.2 MeV for PP compared to the theoretical predictions made by the SRIM 2010.
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PP foil has a lower density (0.9 g/cm®) than PC foil (1.2 g/em’). It was expected,
that the stopping powers for PC will be lower than the stopping powers in PP. The
measured stopping powers of Li ions in the mean energy range of 3.8-5.4 MeV in PC
are in good agreement with the SRIM simulation, the differences being within 0.1—
1.6%. The measured stopping powers of Li ions in the mean energy range of 3.7-5.2
MeV in PP are lower than the simulated values, the differences being within 0.5—
2.8%. The experimental stopping power results for the C ions compared to the results
of the SRIM 2010 are shown in Fig. 4.

127 = PP - experment

,,,,,,,,, PP - simulation
w —a— PC - experiment
B PC - simulation

% 0] T
2 lﬂﬂﬂﬂﬂ
2 o
=
& | I
R

5000 5500 6000 6500 7000 7500 8000 8500 9000
E_[keV]

FIGURE 4. The stopping powers of Cions in the mean energy range of 5.6-6.9 MeV for PC and 6.8—
8.0 MeV for PP to the theoretical predictions made by the SRIM 2010.

The measured stopping powers of C ions in the mean energy range of 5.6-6.9 MeV
in PC are in good agreement with the calculation for mean energy <5.9 MeV. For
mean energy >5.9 MeV, the stopping powers are significantly lower than those
calculated, the differences being within 0.2-2.1%. The measured stopping powers of
6.8-8.0 MeV C ions in PP are lower compared to the values from the SRIM 2010, the
differences being within 3.6-6.1%. The differences between the experimental and
simulated values in PP foil were caused by the possible inhomogeneity of this
polymeric foil. When comparing the stopping power data for C and Li ions, better
agreement between the experimental and simulated data is found for Li ions.
Comparing the different foils, better agreement between simulated and experimental
data of stopping powers is observed for the PC foil. The differences between
experimentally determined S and simulated in SRIM 2010 in our experiment are lower
than that reported in the study of Li stopping powers in PP and PC in [9], which was
about 6%.

The energy straggling values Q for backscattered ions in PC and PP foils were
obtained from the approximate relation in Eq. 3 [13]:

2
S,
Q; {S/J Qf +07, 3)

i
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where Q; and Qr are the variances of RBS signals for direct and slowed down beams,
respectively, (see Fig. 2) calculated in the common manner [19]. Srand S; are the ion
stopping powers at the entrance and exit of the polymer foil, respectively. The
straggling experimental data have been compared with the computed values based on
the theoretical predictions of the Bohr theory Q5 in the SIMNRA 6.06 program.

Figure 5 shows the reduced energy straggling (£2/¢2g) values of Li ions in PP as a
function of the mean energy E,,. The line drawn for ratio equal to 1 in Fig. 5 shows
full compliance between the experimental and theoretical values. The deviations
between the measured data and the Bohr results are 1-24%.

Li into PP

0.0 T T T T T T T T
3600 3800 4000 4200 4400 4600 4800 5000 5200

E [keV]
FIGURE 5. The reduced energy straggling €/Qg for Liions in PP versus the mean energy.

The results of the straggling measurements for Li ions in PC are shown in Fig. 6.
The deviations between the measured data and the Bohr results are 1-16%. Energy
straggling determined for Li in PP and PC foils in our work is in better agreement with
SIMNRA simulation comparing to data presented in paper [9]. In [9] are deviations
between the measured data and the Bohr results in PC and PP foils about 2-96% and
0.1-25%, respectively.
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FIGURE 6. The reduced energy straggling €/Qp for Liions in PC versus the mean energy.

Figure 7 shows the results of the energy straggling measurements for C ions in PP.
The deviations between the measured data and the Bohr results are 2-27%. The
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measured energy straggling of C ions in PC foil are shown in Fig. 8. The deviations
between the measured data and the Bohr results are 3-36%. It is shown in Figs. 7 and
8 that the energy straggling of C ions in polymeric foils differs more significantly in
comparison with Bohr theory.
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FIGURE 7. The reduced energy straggling ©/Qg for Cions in PP versus the mean energy.
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FIGURE 8. The reduced energy straggling €/Qg for Cions in PC versus the mean energy.

When comparing the energy straggling data for the C and Li ions, we observed
better agreement between the experimental and simulated data for Li. If we compare
the different foils used, the best agreement between the simulated and experimental
data of energy straggling was observed for Li ions in the PC foil. Energy straggling
increases significantly for the heavier C ions, which could be related to the additional
processes of polymer foil degradation that take place during heavy ion impact in the
polymeric structure. The differences can be explained by the chemical changes,
modification of the foil structure [19] or multiple ion scattering. Use of the Bohr
theory for energetic straggling of ions was based on three assumptions: (i) the velocity
of the projectile is much greater than that of the orbital electrons of the target atoms;
(i1) the energy loss is very small in comparison to the total energy of the projectile;
and (iii) the target atoms are randomly distributed and no channeling is involved in the
penetration process [20]. All assumptions are well fulfilled for Li ions. In the case of
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C ions, the Bohr theory limitation could be connected to the higher discrepancy
between experimental values of energy straggling and Bohr straggling data.

CONCLUSION

The experimental method based on an indirect transmission technique has been
proposed and tested to measure energy loss and straggling in thin PC and PP foils. In
this study, we have successfully set up a simple detecting system based on a half-
covered detector to measure the energy loss of ions in matter. Experimental stopping
power and straggling data have been obtained in thin PC and PP foils for heavy ions,
specifically Li and C. The experimentally obtained stopping power data are in very
good agreement with the SRIM 2010 calculations for Li ions. For C ions in PP foils,
we have observed slightly underestimated experimental data. The energy straggling of
the Li ions is in good agreement with Bohr’s theory, and the energy straggling of C
has significant fluctuations from the theoretical data due to the possible degradation
processes caused by heavy ion interactions in polymeric foils, i.e. chemical changes,
modification of the foil structure [18] or multiple ion scattering.
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