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DARBA VISPARIGS RAKSTUROJUMS
levads

Metala mikro-/nano- struktiiras un metala nanostruktlras saturo$i kompozitmateriali
misdienas tiek izmantoti Joti plasa zinatnu un tehnologiju klasta. Brivo elektronu svarstibas un
rezonanses efekti Jauj tiem mijiedarboties ar elektromagnétisko starojumu — absorbét un izstarot
gaismu dazados spektra apgabalos, kas ir atkarigi no metalisko struktdru formas un izmériem. Si
ipasiba padara metala mikro-/nano- strukttras arkartigi nozimigas virkné fizikas un tehnikas
nozaru, kas nodarbojas ar gaismas manipulaciju, pieméram fotonika [1], plazmonika [2, 3], saules
bateriju [4, 5] vai rentgenstaru masku [6, 7] izstradé. Metala mikro- un nano-struktiras tiek
izmantotas ari nano-elektronika[8], biomedicina [9] un mikroelektromehaniskajas sistémas [10].

Metodes, ar kuram tiek izgatavotas mikro- un nano-méroga iekartas, apzimée ar jédzienu
mikro- un nano- litografija. Elektronu stara litografija (EBL) ir viena no plasak izmantotajam mikro-
/nano- litografijas metodém, kuras izskirtspéju difrakcijas limits neierobezo tik izteikti ka optiskas
litografijas metodes. Tomér EBL ir saméra sareZgits un dargs vairaku solu process, kas sevi iek|auj
rezista slana uzklasanas, apstarosanas, attistiSanas un kodinasanas solus. Pédéjos gados ir
paradijusas vairakas uz elektronu stara iedarbibu balstitu mikro- un nano- litografijas metodes,
kuram nav nepiecieSams rezista slanis un/vai kodinasana [11,12,13]. Dazadam metala mikro-
/nano- struktlru iegGsanas metodém ir savas prieksrocibas, trikumi un pielietojumu nisas.

Lidz ar to, jaunu mikro- un nano- litografijas metozu izstrade un pilnveidosana ir svarigs
uzdevums, kas var pavért jaunus metala struktdiru pielietojumus virkné zinatnu un tehnologiju
nozaru.

Sis promocijas darbs ir veltits mijiedarbibas izpétei starp fokusétu elektronu starojumu
un metalu saturo$u kompozitmaterialu vai tiru metalu virsmam, lai attistitu uz elektronu starojumu
balstitu mikro-/nano- litografijas metodi, kas neizmanto kodinasanu vai rezista slani. Darba ir
pétitas a-AsS,/Ag dubultslanu, dazadu tiru metalu (Al, Ag, Cu, Cr, Mo) un formas atminas materiala
nitinola virsmas. Darba ir sniegts detalizéts apraksts par apstarosanas parametru ietekmi uz ieglto
mikro- vai nano- struktru formu un izmériem.



Darba mérkis un uzdevumi

Darba mérkis ir mikro- un nano-struktidru iegsana ar fokuséta elektronu starojuma palidzibu uz
metalu, metalu sakauséjumu un metalus saturoSu kompozitmaterialu virsmam.
Lai sasniegtu darba mérki, tika izvirziti sekojosi uzdevumi:

1.

Izgatavot pétamos paraugus, uzputinot Ag/a-AsS; dubultslanu un dazadu metalu (Ag, Al, Cu,
Cr, Mo) planas kartinas uz dazadam (BK7 stikla, kristaliska Si(111) un PMMA plastmasas)
pamatném;

Pétit, ka apstarosana ar fokusétu elektronu staru izmaina paraugu virsmas reljefu atkariba
no elektronu stara parametriem;

Izpétit, ka apstaro$ana ar fokusétu elektronu staru mikro- un nano- méroga ietekmé Ag/a-
AsS; dubultslanu virsmas elektrisko vadamibu;

Meklét likumsakaribas starp dazadu metalu (Ag, Al, Cu, Cr, Mo) fizikalajam Tpasibam un uz
$o metalu virsmam iegtto nanostruktiru formu un izmériem;

Izpétit, ka apstaroSana ar elektronu staru ietekmé Cr plano kartinu kodinasanas atrumu
kodinataja, kas ieglts 50 ml 2% NaOH skiduma izskidinot 15 g KsFe(CN)s;

Izgatavot NiTi plano kartinu paraugus, kuri istabas temperattira atrodas kristaliska stavoklr,
martensita faze;

Parbaudit, vai uz NiTi plano kartinu virsmas ar fokusétu elektronu staru iegltajas
nanostruktlras ir iespéjams novérot formas atminas efektu.

Pétijjumu metodika

St darba gaita tika pielietotas sekojosas metodes:

Skenéjosa elektronu mikroskopija;

Atomspéku mikroskopija;

Rentgenstaru difraktometrija;

Energijas dispersiva rentgenstaru spektroskopija;
Konfokala lazerskenéjosa mikroskopija.

Aizstavamas tézes:

1.

Ag/a-AsS; plano kartinu apstaro3ana ar fokusétu elektronu staru izraisa mikro-/nano-
struktlru veidosanos, kuru izmérus nosaka stara parametri, bet struktiru veido3anas
mehanisms ir izskaidrojams ar elektriskas un termiskas mijiedarbibas sajaukumu.

Metalisku plano kartinu (Al, Ag, Cr, ...) apstarosana ar fokusétu elektronu staru izraisa mikro-
/nano-struktdru veido$anos, kuru augstumu nosaka stara parametri, ka ari metala kusanas
temperatura.

Cr plano kartinu apstarosana ar elektronu staru izraisa apstaroto un neapstaroto apgabalu
kodinasanas selektivitati, ar kodinasanas atruma samazinasanos apstarotajos apgabalos.
Fokuséta elektronu stara iedarbiba uz NiTi planajam kartinam izraisa mikro-struktiiru
veidosanos, kuram piemit da)éjs ,,formas atminas” efekts.



Darba novitate

St darba rezultatiem piemit zinatniska novitate un tie ir publicéti starptautiskos,
recenzétos Zurnalos. Darba rezultata pirmoreiz:

1. uz Ag/a-AsS; dubultslanu un dazadu metalu (Al, Ag, Cu, Cr, Mo) virsmam ar fokusétu
elektronu staru viena fabrikacijas soli iegitas mikro-/nanostruktdras un ar AFM noteikts to
izmérs atkariba no elektronu stara parametriem;

2. uz Ag/a-AsS; dubultslanu virsmas novérota neparastu, Ag saturo$u gredzena formas
apgabalu veidosanas ap ar fokusétu elektronu staru apstarotajiem punktiem un apgabaliem;

3. irnovérota sakariba starp metalu fizikalajam Tpasibam (kusanas temperatiru un magnétisko
uznémibu) un uz to plano kartinu virsmas ar fokusétu elektronu staru iegtito nanostrukttru
izmériem (augstumu un platumu);

4.  ir novérota un izmérita izteikta BK7 stikla un PMMA plastmasas, kas parklatas ar loti planu
Cr slani, pamatnu deformacija fokuséta elektronu stara ietekme;

5. uznitinola virsmas ar fokusétu elektronu staru viena fabrikacijas soli iegitas nanostruktiras,
kas demonstré formas atminas efektu reversgéjot elektronu stara izraisito virsmas
deformaciju.

Darba struktiira

Sis darbs tika veidots ka disertacija un sastav no piecam dalam. Pirma dala ir ievads, kura ir
aprakstita témas aktualitate, mérkis un veicamie uzdevumi. Otra dala ir veltita teorijas apskatam
par mikro- un nano- litografijas metodém ar uzsvaru uz elektronu stara litografiju, ka ari formas
atminas materialu darbibas pamatiem. TreSaja dala ir aprakstitas darba gaita izmantotas metodes
un iekartas. Ceturta dala satur informaciju par darba gaitd veiktajiem pétijumiem un to
rezultatiem. Ta ir sadalita piecas apaksnodalas atbilstosi darba iekJauto publikaciju témam. Pirmas
divas apaks$nodalas ir veltitas nanostruktiru veidosanai ar fokusétu elektronu staru uz Ag/AsS;
dubultslanu virsmam. TreSaja apaksnodala nanostruktiru veidosana tiek pétita uz tiru metalu
virsmam. Ceturtaja apakSnodala ir aprakstita Cr kodinasanas atruma izmainas péc apstarosanas
ar elektronu staru, bet piektaja apaksnodala uz nitinola virsmas tika iegtas nanostruktdras ar
formas atminas TpasSibam. Piekta nodala ir noslégums, kur ir apkopoti darba secinajumi, tézes un
autora publikaciju saraksts.

Promocijas darba apjoms ir 112 lappuses, tekstu papildina 64 zim&jumi un 9 tabulas.

Pétijumu rezultatu aprobacija

Darba sniegtie rezultati ir publicéti 5 SCOPUS un Web of Science datubazés indekséjamu Zurnalu
rakstos, 6 konferencu tézu krajumos un ir prezentéti 4 starptautiskas un 2 vietéja méroga
konferencés.



ATSEVISKU DARBA NODALU TSS IZKLASTS
1. nodala - levads

ST nodala satur isu promocijas darba témas aktualitites aprakstu, darba mérki un
uzdevumus, ka ari darba struktdras un novitates aprakstu.

2. nodala - Literatdras parskats

ST nodala ir veltita darba teorétiskas dalas izklastam. Nodalas sakuma ir apskatiti
elektronu starojuma un vielas mijiedarbibas iesaistitie mehanismi un novérojamas paradibas. Talak
tiek sniegts detalizéts apraksts par darba izmantotajam mikro- un nano- struktdru iegtsanas
metodém - fizikalo tvaiku nogulsnésanu, elektronu stara litografiju un skenéjos$as zondes
litografiju. Tsuma tiek apskatitas ari citas mikro-/nano- litografijas metodes. Nodalas beigas ir
apskatits formas atminas efekta mehanisms un nitinola kristaliska struktdra.

3. nodala - Pétijumos izmantotas metodes un iekartas

Praktiskas dalas izklasts ir iesakts ar pétijjumos izmantoto metozu un iekartu aprakstu.
Planas kartinas Saja darba tika iegltas ar fizikalas tvaiku nogulsnésanas metodi, izmantojot
sekojosas uzputinasanas iekartas: ,,BakyymHbili YHUBepcanbHbii Moct BYM-5”, , Kurt Lesker Lab18”
un ,Mantis Nanosys500”. Paraugu apstarosana ar elektronu staru un elektronu mikroskopijas
attélu uznemsana tika veikta divos sken&joso elektronu mikroskopu (SEM) modelos: , Tescan VEGA
Il LMU” un ,Tescan MAIA3”. Atomspéku mikroskopijas (AFM) mérijumi un eksperimenti ar
skenéjosas zondes litografiju tika veikti ar atomspéku mikroskopu ,,Park NX10”. Paraugu kimiskais
sastavs tika noteikts ar elektronu mikroskopam pievienoto elektronu energijas dispersijas
rentgenstaru spektroskopijas (EDXS) moduli ,,Oxford Instruments INCA X-act”. Paraugu kristaliska
struktlra tika noteikta ar rentgendifraktometru ,Rigaku Smartlab”. Konfokalais lazerskenéjosais
mikroskops ,Leica TCSP-5” tika izmantots lai novérotu Cr plano kartinu optiskas caurlaidibas
izmainas slapjas kodinasanas laika.

4. nodala - Pétijumu rezultati un diskusija

Pétijumu rezultati ir iedaliti piecas apakSnodalas. Katra no tam ir veltita atseviskam
pétijumam un sevi ietver konkréta eksperimenta aprakstu, rezultatus un to diskusiju.
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4.1. Nanostruktaru veidoSana uz a-AsS/Ag dubultslanu virsmam ar fokusétu elektronu staru

Si darba pirmajos pétijumos tika apskatita a-AsS;/Ag dubultslanu reakcija uz fokusétu
elektronu starojumu. Jau iepriek$ no elektronu mikroskopa attéliem bija zinams, ka fokuséta
elektronu starojuma rezultata uz dubultslanu virsmas veidojas punktveida struktiras. ST pétijuma
meérkis bija noteikt $o struktru izmérus un to atkaribu no elektronu stara parametriem.

Pétijuma pirmaja eksperimenta uz BK7 stikla pamatnes tika uzputinats 400 nm bieza Ag
plana kartina (Kurt Lesker Lab18, DC magnetrons, 40 nm/min). Uz Ag virsmas tika uzputinata 90
nm bieza amorfa halkogenida (a-AsS:) plana kartina (BYI-5, termiska izputina$ana, 600 nm/min).
Apstarosanai ar elektronu staru tika izmantots SEM Tescan VEGA Il LMU ar sekojoSiem stara
parametriem: paatrinosais spriegums U = 30 kV, elektronu stara strava | = 2 pA un diametrs d = 14
nm, bet apstarosanas laiks t mainits robezas 20 — 90 s. Apstarosana tika veikta punktu rezZima.
Parauga apstarotie apgabali tika skenéti ar AFM.

AFM mérijumu rezultati ir apkopoti 1. zZiméjuma. Apstarotajos virsmas punktos ir
izveidojusas nanoméroga struktiiras (nanopunkti), kuru izmérs pieaug, palielinot apstaro$anas
laiku. Nanopunktu augstuma H un platuma pie pus-augstuma WHH (no anglu val. Width at Half-
Height) atkariba no elektronu stara dozas D intervala lidz 5,5 pJ ir lineara. Elektronu stara doza tika
aprékinatakaD=1x U x t.

Izvértéjot iegltos rezultatus, pétijumu tika nolemts turpinat, veicot Iidzigu
eksperimentu. Otraja eksperimenta parauga apstaroSana ar elektronu staru tika veikta rastra
skenésanas rezima pa 2,5 x 2,5 pm lidz 20 x 20 um lieliem laukumiem, vienlaikus veicot EDXS
mérijumus ar INCA X-act moduli, lai novérotu parauga kimiska sastava izmainas apstarosanas laika.
Elektronu stara parametri skenésanas laika bija sekojosi: U =30kV; 1 =300 pA; d=210nmunt=1
— 10 min. Rastra skenéSanas periods bija 1,5 s. AsS slana biezums Soreiz tika palielinats lidz 360
nm. Ta ka pirma eksperimenta laika tika novéroti elektriska ladina uzkrasanas efekti parauga, saja
eksperimenta BK7 stikla pamatne tika aizstata ar kristaliska Si(111) pamatni.

2. Zim&juma ir apkopoti 2. eksperimenta AFM mérijumu rezultati. Rastra skenétajos
apgabalos dazus desmitus nm augsti pacélumi, kurus turpmak sauksim par mikro-kvadratiem. Uz
rastra skenéto apgabalu malam virsmas profila augstums ir nedaudz lielaks, neka skenéta laukuma
vidd. Ap rastra skenétajiem kvadratiem ir novérojami vairakus mikronus plati virsmas ,,uzblidumi”.
Palielinot elektronu stara dozu uz laukuma vienibu, mikro-kvadratu virsmas augstums, pieaug lidz
50 — 60 nm, kur tas sasniedz piesatinajumu. Talaka elektronu stara iedarbiba izraisa papildu
struktliru augSanu gar mikro-kvadrata malam.
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1. zim.: a) Nanopunktu AFM mérijumu 3D attéls uz dubultslanu sistémas (BK7 stikla pamatne / Ag

(400 nm) / AsSz (90 nm)). b) Nanopunktu skérsgriezumu salidzindjums péc apstaro$anas laika. c)
Nanopunktu augstuma un platuma pie pus-augstuma atkariba no elektronu stara dozas.
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2. Zim.: a) Mikrokvadratu AFM mérijuma 3D attéls uz dubultslanu sistémas (Si pamatne / Ag (400
nm) / AsS; (360 nm)) parauga virsmas péc 5 min ilgas apstaro$anas. b) Mikrokvadratu AFM
mérijumu Skérsgriezumu salidzinajums dazadiem apstarosanas laikiem. c) Mikrokvadratu vidéja
augstuma atkariba no elektronu stara dozas uz laukuma vienibu.
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3. zim.: EDXS dati par kimiska sastava izmainam parauga rastra skenésanas laika. Parauga uzbave
— Si pamatne / Ag (400 nm) / a-AsS; (360 nm).
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3. ZIm&juma ir paraditi EDXS dati skenésanas laika no dazada izméra rastra skanésanas
laukumiem. Mazakaja skené$anas laukuma (6,25 um?) Ag signala stiprums 10 minutes ilga
apstarosanas laika pieauga aptuveni par 5-7 atomu %. Si pamatnes signala stiprums $aja laika
perioda samazinajas par 6-8 atomu %, ko var skaidrot ar dubultslana biezuma palielinasanos. As un
S signalu stiprums taja pasa laika palielinajas par aptuveni 1 atomu %. Palielinot parauga rastra
skenéjamo laukumu, kimiska sastava izmainu atrums samazinas, kas lauj secinat, ka tas ir atkarigs
no elektronu stara jaudas uz laukuma vienibu.

No eksperimenta EDXS datiem, tika secinats ka mikro- un nano- struktdru veidosanas a-
AsS,/Ag dubultslanos elektronu stara ietekmé balstas uz Ag parvietosanos elektronu stara virziena.
No zinatniskas literatdras ir zinams, ka Ag un amorfo, uz séra balstito halkogenidu kontakt-slanos
veidojas superjoniska vaditaja Ag.S starpslanis, kas varétu izskaidrot Ag jonu augsto mobilitati. Ap
fokusétu elektronu staru raditais elektriskais lauks Skiet visticamakais skaidrojums Ag jonu
migracijai elektronu stara virziena, ka ilustréts 4. ziméjuma.

4. zim.: Nanopunktu veido$anas modelis Ag/a-AsS; dubultslani fokuséta elektronu stara ietekmé.
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4.2. Nanostruktaru modificéSana uz a-AsS;/Ag dubultslanu virsmam ar C-AFM metodi

Si pétijuma mérkis bija parliecinaties par Ag izvietojumu ap ar elektronu staru iegiitajam
struktlram uz a-AsS,/Ag virsmas, mérot virsmas elektrisko vadamibu nanoméroga. Sim nolikam
Park NX10 atomspéku mikroskops tika parslégts stravas-AFM, jeb C-AFM reZima, kad starp
mikroskopa zondi un paraugu kontakta reZzima tiek pielikts spriegums un mérijuma laika tiek mérita
ari strava starp zondi un paraugu. Balstoties uz iepriek$éja pétijuma datiem, tika gaidits, ka ar
elektronu staru apstarotajos punktos/apgabalos bls novérojama augstaka virsmas elektriska
vadamiba.

Dubultslanu paraugs tika sagatavots analogiski iepriek3éja pétijuma otrajam
eksperimentam. Uz Si pamatnes tika uzputinats 400 nm biezs Ag slanis. Péc tam, uz Ag slana
virsmas tika uzputinats 360 nm biezs a-AsS; slanis. A-AsS,/Ag dubultslana paraugs tika apstarots
elektronu mikroskopa Tescan VEGA LMU Il divos reZimos — punktu un rastra skenésanas rezima.
Elektronu stara paatrinosais spriegums U visos gadijumos bija vienads ar 30 kV. Punktu reZima 6
punkti tika apstaroti ar dazadam elektronu stara stravas vértibam, attalums starp apstarotajiem
punktiem bija vismaz 10 um, apstarosanas laiks t visiem punktiem bija vienads ar 320 s. Elektronu
stara stravai | un stara diametram d maksimalas izmantotas vértibas attiecigi bija 39 pA un 80 nm.
Rastra skenésanas reZima viens parauga apgabals (2,5 x 2,5 um) 600 s tika skenéts ar elektronu
staru, kura stravas un diametra vértibas attiecigi bija 44 pA un 79 nm. C-AFM mérijumu laika
pielikta sprieguma vértiba tika uzskatita par pozitivu, ja negativais ladins tika pielikts AFM zondei.
Maksimalais stravas stiprums starp zondi un paraugu bija ierobeZots lidz 10 nA. Skenésanas
frekvence uz vienu Iiniju abos virzienos bija 0,7 Hz un viena skenésanas reizé tika skenétas 256
linijas.

Punktu reZzima apstaroto apgabalu AFM mérijumi paradija, ka uz a-AsS,/Ag dubultslana
virsmas apstarotajiem punktiem ir izveidojusas struktaras, kuru formu Seit sauksim par ,vulkana”
formu (skat. 5. zim.). AtSkirtba no iepriekséja pétijuma pirma eksperimenta ir taja, ka 3eit
nanopunktu virsotné ir izveidojies , krateris”, ko varétu saistit palielinatu elektronu stara stravas
stiprumu. Vél viena atskiriba ir novérojama uzblidusaja dubultslana virsma 2—2,5 um radiusa ap
nanopunktu. Lidzigs virsmas uzblidums tika novérots ap iepriek$éja pétijuma iegltajiem
mikrokvadratiem. Starp virsmas uzbliduma diametru un elektronu stara stravas vértibu tika
novérota pozitiva korelacija (skat. 6. zim.), bet vulkana formu augstums neuzradija ievérojamas
atskiribas atkariba no elektronu stara stravas vértibas.
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6. Zim.: Elektronu stara stravas un virsmas uzbliduma radiusa atkaribas grafiks.
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C-AFM meérijumi tika uzsakti vairakkart skenéjot vienu no apstarotajiem parauga
punktiem ar pakapeniski pieaugosu pielikto spriegumu. So mérijumu rezultati ir attéloti 7.
Zim&juma. Pirmajos mérijumos lidz 3 V pieliktajam spriegumam, vulkana virsotné/krateri tika
novérota elektriska strava pA méroga (skat. 7.e zim.). Negaidita karta, vaja elektriska strava fA
méroga tika novérota 1-2 um attaluma no vulkana formas centra. Sis attdlums atbilst virsmas
uzbliduma apgabalam (skat. 7.f zim.). Sis elektriski vadosais virsmas apgabals veido gredzena formu
ap vulkana struktdru. Turpmak teksta $adi apgabali tiks saukti par ,konduktivajiem gredzeniem”.
Kad spriegums tika palielinats lidz 3,6 V, ievérojami palielinajas ari stravas stiprums, kas sasniedza
nA mérogu. Vulkana virsotné stravas stiprums sasniedza 10 nA limitu (skat. 7.d zim.). Konduktiva
gredzena apgabala $aja mérijuma tika novérota ari neliela virsmas profila augstuma palielinasanas
(skat. 7.a zZim.), ka arm konduktiva gredzena radiusu intervals izpletas Ilidz 0,5-3 um. Nakosaja
meérijuma pieliktais spriegums tika samazinats par paris soliem (lidz 2,4 V) lai salidzinatu stravas
vértibas ar otro skenéSanas reizi. Konduktiva gredzena apgabald stravas stiprums pieauga
(daudzviet sasniedzot 10 nA limitu) neskatoties uz pielikta sprieguma samazinasanos un tika
novérota papildus virsmas profila augstuma palielinasanas/deformacija. Tas liecina, ka pielikta
sprieguma ietekmé parauga virsmas elektrovaditspé&ja palielinas, ko var skaidrot ar pozitivu Ag jonu

Analogiski C-AFM mérijumi tika veikti arl uz mikrokvadrata, kas tika iegits ar rastra
skenésanu. Pavisam skenésana tika veikta 8 reizes. Pirmajas piecas skenésanas reizés spriegums
tika pakapeniski palielinats, I1dz strava saka sasniegt 10 nA limitu. Talakajas skenésanas reizés
pielikta sprieguma polaritate tika apgriezta preté&ja virziena, lai parbauditu vai sprieguma izraisitas
izmainas virsmas profila augstuma un elektriskaja vadamiba ir iespéjams izdzést. ST eksperimenta
rezultati ir apkopoti 8. un 9. zZim&juma. lzradijas, ka uz dubultslana virsmas C-AFM mérijumu
rezultata izaugusas struktdras ir iesp&jams ,sadzit” atpakal parauga virsma un izdzést virsmas
vadamibu, ja dubultslana virsmu pietiekami ilgi skené ar pozitivi uzladétu AFM zondi. Ag
koncentracija dazados mikrokvadratu apgabalos tika noteikta ar EDXS metodi (skat. 1. tabulu).
EDXS meérijumu rezultati sakrit ar virsmas elektriskas vadamibas sadaljjumu. Visaugstaka Ag
koncentracija tika novérota gar virsmas uzbliduma malam ap mikrokvadratu.

1. tabula: a-AsS,/Ag dubultslana virsmas rastra skenéta apgabala - mikrokvadrata EDXS mérijumu
rezultati. KJadu intervali tika aprékinati 99,5% konfidences intervala.

Mérijuma vieta Ag (atomu %) As (atomu %) S (atomu %)
Mikrokvadrata centrs 61,12+0,70 13,56+0,32 25,3240,50
3 um radiusa ap mikrokvadrata | 62,34+0,45 13,1340,40 24,54+0,34

centru (virsmas uzblidums ap
mikrokvadratu)
Kontrole (neapstarota virsma) 59,60+0,52 14,1740,42 26,2410,34
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7. Zim.: C-AFM attéli no pirma uz a-AsS;/Ag dubultslana virsmas skenéta punkta. Elektronu stara
strava un stara diametrs apstarosanas laika attiecigi bija 12 pA un 60 nm. (a) Virsmas augstuma
radialie profili. (b,c) Virsmas 3D AFM attéli, respektivi péc 1. un 5. skenésanas reizes.

(d) Stravas mérijumu radialie profili pilna méroga. (e,f) Stravas mérijumu radialo profili pA méroga,
respektivi vulkana un virsmas uzbliduma apgabalos.
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8. zZim.: Pirmie 4 mérijumi no a-AsS:/Ag dubultslana virsmas rastra skenéta apgabala C-AFM
mérijumu rezultatiem par virsmas augstumu z(x,y) un elektriskas stravas stiprumu I(x,y).
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9. zim.: P&déjie 4 mérijumi no a-AsS;/Ag dubultslana virsmas rastra skenéta apgabala C-AFM
mérijumu rezultatiem par virsmas augstumu z(x,y) un elektriskas stravas stiprumu I(x,y).
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Saja pétijuma iegiito nanostruktlru uzblve izradijas sare7gitaka neka tas sakuma tika
gaidits. To varétu izskaidrot ar vismaz divu konkuréjosu efektu mijiedarbibu. Darba autora
piedavatais teorétiskais modelis punkta reZima apstarotam a-AsS;/Ag paraugam ir ilustréts 10.
ZIméjuma. Ag.S ir superjonisks vaditajs, kas veidojas Ag un AsS; reakcijas rezultata. Viens no
konkuréjosajiem efektiem ir Ag jonu kustiba negativi l1adéta elektronu stara virziena elektriska
lauka ietekmé. Tas |autu izskaidrot 7. Ziméjuma novéroto vadamibu struktdras centra. ,,Konduktivo
gredzenu” veidoSanos ap apstarotajiem apgabaliem varétu skaidrot ar Ag jonu sadursmém ar
augstas energijas elektroniem no elektronu stara, ko apzimésim ar jédzienu ,termiskie efekti”.
Darba autors apsvéra teoriju par Ag jonu termisko difaziju, bet aprékiniliecina, ka ar doto elektronu
stara jaudu, temperatilras paaugstinasanas stara krisanas punkta nevar parsniegt 33 K.

—_— Ag+j0nu kustiba elektriska lauka ietekme
—> AgJr jonu kustiba termisko efektu ietekme

Elektronu
a) Stars b)
AsS, ‘.__,; :? AsS,
Ag,S P \=w Ag,S
Ag Ag
Si

Ag depoziti —

<)

Ag,S

Ag—\/ Ag

[

10. Zim.: a-AsS:/Ag dubultslana (ar Ag.S starpslani) un elektronu stara/C-AFM mijiedarbibas
piedavata modeja shéma. a) Ag jonu parvietosanas elektriska lauka un termisko efektu ietekmé
elektronu stara apstaro$anas laika. b) a-AsS,/Ag dubultslanis péc apstarosanas ar elektronu staru.
c) Ag jonu parvieto3anas elektriska lauka ietekmé C-AFM mérijumu laika. d) a-AsS./Ag dubultslanis
péc C-AFM meérijumiem.
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4.3. Nanostruktaru veidoSana uz dazadu metalu virsmam ar fokusétu elektronu staru

lepriek3éjo pétijumu gaita ar Ag / amorfo halkogenidu dubultslaniem tika veikti
eksperimenti ar dazadiem halkogenida slanu biezumiem, ieskaitot nulli. Izradijas, ka fokuséta
elektronu stara iedarbibas rezultatd nanostruktiras veidojas ari uz tiras Ag virsmas. Si pétijuma
meérkis bija ar fokusétu elektronu staru iegit nanostruktiras uz dazadu metalu virsmam, noteikt to
izmérus un atrast likumsakaribas starp struktlru izmériem un to iegGSanas parametriem — stara
stravas, apstaro3anas ilguma, apstarotas virsmas materiala.

500 nm biezas Ag, Al, Cr, Cu un Mo planas kartinas tika uzputinatas uz Si(111) pamatném
ar DC magnetronu izputinasanas metodi Kurt Lesker Lab18 uzputinasanas sistéma. Plano kartinu
apstarosana ar elektronu staru tika veikta punktu rezima un istabas temperatira Tescan VEGA I
LMU skengjosaja elektronu mikroskopa. Analogiski iepriek$éjiem pétijumiem, kontrolétie
elektronu stara parametri bija paatrinosais spriegums U, elektronu stara strava |, elektronu stara
diametrs d un apstarosanas laiks t. Energijas doza D, kas tika pievadita katram apstarotajam
punktam, tika aprékinata ka D = U x | x t. Visos $1 pétijjuma eksperimentos U bija vienads ar 30 kV
un t bija robezas no 10 Iidz 120 s. | bija robezas no 6 lidz 17 pA un d (ka funkcija no ) bija robeZas
no 14 lidz 20 nm. Paraugu uzblve un eksperimenta shéma ir ilustréta 11. zZiméjuma

U — Paatrino§ais spriegums

Elektronu I — Elektronu stara strava

stars t — ApstaroSanas laiks

¢« — Elektronu stara diametrs

Al/Ag/Cu/Cr/Mo (500nm)

Si pamatne

11. zZim.: Metala plano kartinu paraugu uzblves un elektronu stara apstarosanas procediras
shéma.

P&c apstarosanas SEM, uz plano kartinu virsmam tika veikti AFM mérijumi ar Park NX10
iekartu bez-kontakta rezima (NC-AFM). Apstarotajos punktos izaudzétajam nanostruktiram
(nanopunktiem) galvenie méritie parametri (skat. 12. zZim.) bija nanopunktu augstums H un
nanopunktu platums pie pus-augstuma WHH (no anglu val. ‘Width at Half Height’). Nanopunktu
platums pie pamatnes netika mérits, jo nanopunktu pamatném bija nogazes forma un tam bija
grati viennozimigi noteikt robezu.
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12. zim.: AFM mérijumos noteiktie nanopunktu parametri.

13. Ziméjuma ir paradits, ka mainas nanopunktu izmérs uz Ag virsmas mainoties
apstarosanas laikam. Péc 10 s ilgas apstarosanas (U = 30 kV; | = 17 pA; d = 20 nm) nanopunktu
augstums ir apméram 140 nm, bet palielinot apstarosanas laiku lidz 120 s, nanopunktu augstums
pieaug virs 400 nm.

14. Ziméjuma ir apkopoti rezultati par nanopunktu augstuma H atkaribu no elektronu
stara pievaditas energijas dozas D dazadu metalu virsmam. Elektronu stara doza tika reguléta
mainot apstaro$anas laiku robezas no 10 lidz 120 s. Vislielakais nanopunktu augstums (gandriz 500
nm) tika noveérots uz Al planas kartinas virsmas.

Lai varétu objektivi salidzinat dazadus metalus, tika izvéléta noteikta elektronu stara
dozas vértiba (D = 5 W), kur H(D) grafiki vél ir saméra lineari. Nanopunktu augstums dazadiem
metaliem H(D = 5 ) tika attélots grafikos atkariba no dazadam metalu fizikalajam 1pasibam. Ta
rezultata tika novérota likumsakariba starp nanopunktu augstumu H un metala kusanas
temperatdru, kas ir attélota 15. Zziméjuma. Uz metalu virsmam ar zemaku kuSanas temperatiru
veidojas augstaki nanopunkti. To var izskaidrot ar to ka metaliem ar zemaku kusanas temperattru
piemit vajakas starp-atomu saites. Tadejadi Sados metalos ir vieglak dislocét un parvietot metalu
jonus un veidot no tiem virsmas struktiras (nanopunktus).

16. zZiméjuma ir apkopoti dati par nanopunktu platumu pie pus-augstuma atkaribu no
elektronu stara energijas dozas uz dazadu metalu virsmam. Elektronu stara apstarosanas parametri
ir identiski 14. zZiméjuma aprakstitajiem parametriem. Nanopunktiem uz Al, Ag, Cu un Mo virsmas
WHH vértiba atrodas robezas no 100 lidz 200 nm, bet nanopunktiem uz Cr virsmas $aja zina ir
ievérojamas atskiribas — to WHH vértiba atrodas robezas no 200 lidz 550 nm.

WHH vértibas pie D = 5 WJ tika atliktas uz grafikiem pret dazadam metalu fizikalajam
Tpasibam. Ta rezultata vieniga korelacija tika atrasta starp nanopunktu WHH un metala
magnétiskajam Tpasibam. 17. Zim&jums attélo nanopunktu WHH atkaribu no metalu magnétiskas
uznémibas. No pétijuma izmantotajiem metaliem, Cr piemit visaugstaka magnétiska uznémiba, kas
korelé ar paaugstinatam nanopunktu WHH vértibam uz Cr virsmas.
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13. zim.: a) 3D AFM attéls un b) AFM attélu skérsgriezumi nanopunktiem uz Ag virsmas. Elektronu
stara apstaro$anas parametri: U =30kV; 1 =17 pA; d=20nm; t=10-120s.
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14. Zim.: Nanopunktu augstuma H atkariba no elektronu stara dozas D uz dazadu metalu virsmam.
Konstantie elektronu stara parametri bija U = 30 kV, | = 6 pA un d = 20 nm. Apstarosanas laiks tika
mainits robezas no 10 lidz 120 s.
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15. zim.: Nanopunktu augstuma (pie D = 5 pJ) atkariba no metala kusanas temperatiras.
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16. zZim.: Nanopunktu platuma pie pus-augstuma WHH atkariba no elektronu stara dozas D uz
dazadu metalu virsmam. Konstantie elektronu stara parametri bija U =30 kV; | =6 pA; d =20 nm.
Apstarosanas laiks t tika mainits robezas no 10 lidz 120 s.
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17. zZim.: Nanopunktu platuma pie pus-augstuma (pie D = 5 W) atkariba no metala magnétiskas
uznémibas.
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Elektronu stara diametra ietekme uz nanopunktu H un WHH tika pétita apstarojot virkni
punktu uz Ag planas kartinas virsmas, mainot elektronu stara diametru d un pargjos stara
parametrus uzturot konstantus. Stara diametrs tika mainits palielinot attalumu no parauga lidz
elektronu stara avotam un fokus&jot elektronu staru uz parauga virsmas. i eksperimenta rezultati
ir attéloti 18. zim&juma. Palielinot stara diametru (defokus€jot elektronu staru), nanostruktdru
augstums samazinas, bet to platums pie pus-augstuma nemainas.
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18. zZim.: Nanopunktu augstuma H un platuma pie pus-augstuma WHH atkariba no elektronu stara
diametra d. Elektronu stara parametri: U =30kV; | = 18 pA; t = 60 s. Paraugs: 500 nm biezs Ag slanis
uz Si(111) pamatnes.

Nanopunktu augsanas mehanisms uz metala virsmam fokuséta elektronu stara ietekmé
pagaidam vél nav viennozimigi skaidrs. Darba autors uzskata, ka galvenais mehanisms, kas izraisa
nanopunktu augsanu, ir pozitivi ladétu metala jonu parvietoSanas elektriska lauka ietekmé, kas
veidojas ap negativi ladétu elektronu stara fokusu. Vél viens mehanisms, kas varétu dot pienesumu
nanopunktu augsanai, ir primaro un sekundaro elektronu izraisitie termiskie efekti un starp-atomu
saiSu parrausana, kas metala virsmu apstarotaja punktd var padarit plastiskaku un vieglak
deformé&jamu. Ir janem véra ari iespéjamais oglekla piesarnojums apstarotajas metala virsmas
vietas. Var piebilst arT to, ka $aja pétijuma novérota nanopunktu augSana sava zina atgadina
Marangoni efektu, lai arf tas attiecas uz Skidrumiem un elektronu staram $aja eksperimenta
nepietiek jaudas lai kausétu metalu klasiska izpratné.
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4.4. Nanostruktiaru veido$ana uz Cr planajam kartinam uz stikla pamatnes ar fokusétu elektronu
staru un slapjo kodinasanu

Saja pétijuma galvenais mérkis bija izpétit ka apstaro$ana ar elektronu staru ietekmé Cr
plano kartinu slapjas kodinasanas atrumu. Ja elektronu starojums var izraisit kodinasanas atruma
izmainas, tad iepriek$éja pétijuma iegltas nanostruktiras batu iespéjams modificét ar slapjas
kodina$anas palidzibu. Sim pétijumam Cr kodinatajs tika izgatavots 50 ml 2 % NaOH $kiduma
izskidinot 15 g KsFe(CN)s sals. Turpmak teksta 3is kodinatajs tiks apziméts ka ,KsFe(CN)s/NaOH
Skidums”. Cr planas kartinas ar dazadu biezumu (20, 70, 150 un 500 nm) tika uzputinatas uz BK7
stikla pamatnes Kurt Lesker Lab18 uzputinasanas iekarta ar magnetronu izputinasanas metodi.
Uzputina$anas atrums bija apméram 1,55 A/s. Stikla pamatne tika izvéléta tapéc, lai planajam
kartinam batu iesp&jams veikt optiskas caurlaidibas mérijumus slapjas kodinasanas laika. Ar Rigaku
Smartlab XRD iekartu tika noteikts, ka Cr planas kartinas ir amorfas. To kristaliskums bija aptuveni
4%.

So pétijumu var iedalit divu veidu eksperimentos - Cr plano kartinu virsmas profila
izmainu mérijjumos ar AFM un optiskas caurlaidibas mérijumos kodinasanas laika. Pirmaja
gadijuma plano kartinu paraugi punktu rezima tika apstaroti ar elektronu staru izmantojot Tescan
Vega LMU Il skenéjoso elektronu mikroskopu. Visos apstaroSanas eksperimentos elektronu stara
paatrinosais spriegums U bija vienads ar 30 kV. Mainigie elektronu stara parametri bija
apstarosanas laiks t, elektronu stara strava | un elektronu stara diametrs d, kas ir atkarigs no I.
Paraugu apstaroto apgabalu virsmas profils tika izmérits izmantojot Park NX10 AFM bezkontakta
rezima. Tad paraugi uz noteiktu laiku (1 - 4 min) tika ievietoti KsFe(CN)s/NaOH skiduma. P&c
kodinasanas paraugi nekavéjoties tika noskaloti destiléta Gden1, nozavéti un uz tiem tika atkartoti
AFM meérijumi.

19. zim.: Uz BK7 stikla pamatnes uzputinatas 150 nm biezas Cr planas kartinas virsmas 3D AFM
attéls, kura ir tikusi apstarota ar elektronu staru punktu reZima ar sekojosiem parametriem: | = 11
nA, d =580 nm, t =5 min.
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P&c apstarosanas ar elektronu staru, uz Cr planajam kartinam uz BK7 stikla pamatnes ar
AFM mérijumu palidzibu tika novérotas diezgan interesantas struktdras, kuru 3D attéla piemérs ir
redzams 19. Ziméjuma. Apstarosanas rezultata uz Cr planas kartinas virsmas izveidojas apméram
280 nm augsts un vairakus mikronus plats pacélums ar nelielu krateri ta virsotné un dazus desmitus
nanometru dzilu ieplaku/gravi ap to. Ir jaatzimé, ka salidzinot ar iepriek$éja pétijuma iegitajam
nanostruktlram, $aja gadijuma apstaroSana tika izmantotas par 2-3 kartam lielakas elektronu stara
stravas vertibas.

20. ZIm&juma ir attélota Cr (150 nm uz BK7 stikla pamatnes) planas kartinas virsmas
evolicija apstarosanas laika. Grafiki parada AFM mérijumu liniju profilus atkariba no apstarotajam
punktam pievadita ladina, kas tika aprékinats ka | un t reizinajums. ApstaroSanas procesa sakuma,
uz Cr planas virsmas tika novérota Iidz 80 nm dzilas ieplakas veidoSanas, bet turpinot apstarosanu,
ieplaka sak izplesties un tas centra sak paradities pacélums. Ja apstarosana tiek turpinata, tad
pacéluma augstums un radiuss turpina palielinaties, kamér ieplaka saglabajas gar pacéluma malam
ar dazus desmitus nm dzilJumu. Pacélumu virsotnés - punktos, kur elektronu stars saskaras ar
paraugu, tika novérotas nelielas iedobes - krateri.
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20. zZim.: AFM attélu Skérsgriezumi uz stikla pamatnes uzputinatas 150 nm biezas Cr planas kartinas
virsmas apstarotajiem apgabaliem ar dazadu pievadita ladina daudzumu. Elektronu stara
parametri: | = 11-15 nA, d = 580 nm, t = 30-300 s.
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Péc intrigejosajiem rezultatiem, kuri tika iegtti uz 150 nm biezas Cr planas kartinas, tika
nolemts izpétit Cr slana biezuma ietekmi uz struktlru veidoSanos. Ta eksperimenta rezultati ir
apkopoti 21. Zim&juma. Izradijas, ka paraugos ar visbiezako Cr slani (500 nm) pacélumu augstums
bija viszemakais (aptuveni 250 nm), kamér paraugos ar planakiem Cr slaniem (20 un 70 nm)
pacélumu augstums parsniedza 700 nm. Uz paraugiem ar 20 nm Cr slani uz pacélumu virsotném
tika novérotas konusa formas struktiras. No 21. ziméjuma redzamajiem rezultatiem var secinat,
ka par struktlru veido$anos elektronu stara ietekmé 3ajos paraugos pamata ir atbildiga stikla
pamatne, jo 21.a zZim&juma 750 nm augstas struktdras veidojas ar tikai 20 nm biezu Cr slani.
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21. Zim.: AFM attélu Skérsgriezumi Cr planajam kartinam uz stikla pamatnes ar dazadu biezumu un
dazadiem apstarosanas laikiem. Plano kartinu biezumi: a) 20 nm, b) 70 nm, c) 150 nm un d) 500
nm. Elektronu stara parametri: | = 14-15 nA, d = 730 nm, t = 1-10 min.

Lai parbauditu hipotézi par to, ka elektronu stara ietekmé deforméjas stikla pamatne,
nevis Cr plana kartina, eksperiments tika atkartots aizvietojot BK7 stikla pamatni ar PMMA
plastmasas pamatni un Si pamatni (skat. 22. zim.). Péc 1 min ilgas apstarosanas (I = 11 nA) uz 150
nm biezas Cr kartinas virsmas uz Si pamatnes netika novérotas nekadas profila izmainas. Péc 5 min
ilgas apstarosanas uz Cr virsmas paradijas aptuveni 2 um plata un 15 nm augsta kratera formas
struktra, kuras forma nedaudz atgadina struktiras, kuras iepriekséjos eksperimentos tika
novérotas uz pacélumu virsotném (skat. 19. un 20. zZim.). Péc 10 min ilgas apstaroSanas kratera
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formas struktdras augstums un platums attiecigi palielinajas Iidz 35 nm un 3 um. Uz PMMA
plastmasas pamatnes uzputinata parauga virsmas elektronu stara apstarosanas rezultata veidojas
uz BK7 stikla pamatnes iegitajam lidzigas formas, bet ievérojami lielaku izméru (20-40 um platas
un 2-4 um augstas/dzilas) struktdras. Struktlru izméru atskirtbu var skaidrot ar to, ka PMMA
plastmasu ir daudz vieglak izkausét un deformét neka BK7 stikla pamatni, ka rezultata virsmas
deformacijas process ir daudz izteiktaks. Sis eksperiments apstiprinaja hipotézi, ka elektronu stara
ietekmé notiek stikla pamatnes deformacija. Virsmas izpleSanas ir izskaidrojama ar negativa ladina

uzkrasanos nevadosa parauga ieksSiené un negativi ladéto dalinu atgrasanos.
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22. zZim.: a) Uz PMMA plastmasas pamatnes un b) Si pamatnes uzputinatu 150 nm biezu Cr planas
kartinu, kas apstarotas ar elektronu staru, AFM attéli. Elektronu stara parametri: | = 11 nA, d = 640
nm, t = 1-10 min.

23. Zimé&juma ir paradita 120 nm biezas Cr kartinas uz stikla pamatnes lazera gaismas (A
= 633 nm) caurlaidibas izmaina kodinasanas laika dazados laukumos, kas apstaroti ar atskirigu
ladina daudzumu uz laukuma vienibu. Visos gadijumos kodinasanas atrums, kas korelé ar parauga
optiskas caurlaidibas pieauguma atrumu, samazinas péc 3 min un faktiski apstajas péc 6—7 min.
Kodinasanas atruma vértiba tika novértéta projicéjot taisnes kodinasanas laika apgabala no 25 lidz
150 s, kur optiskas caurlaidibas grafiki ir salidzinosi linedri un pieaug visstraujak. TaiSnu slipums
korelé ar kodinasanas atrumu un pienemot, ka stikla pamatne ir pilnigi caurspidiga, Cr planas
kartinas biezums ir 120 nm un planas kartinas optiska caurlaidiba ir lineari atkariga no tas biezuma,
més varam aprékinat maksimalo Cr kodinasanas atrumu atkariba no pievaditas elektronu stara
dozas (skat. 2. tabulu). Kontrolparauga kodinasanas atrums bija 0,612 nm/s, bet apgabala ar
vislieldko elektronu stara dozu kodinasanas atrums samazinajas lidz 0,444 nm/s, kas atbilst
maksimala kodinasanas atruma sarukumam par aptuveni 27,5 %. Kodinasanas atruma
samazinasanos var skaidrot ar Cr atomaras strukttras parkarto$anos/kristalizaciju elektronu stara
ietekmé, kas izmaina atomaro saiSu sarausanai nepiecieS$amo energiju. Jaatzimg, ka kontrolparaugs
sasniedz maksimalo kodinasanas atrumu visstraujak. 25 lidz 150 s apgabala projicéta taisne
kontrolparauga gadijuma krusto x asi visagrak (12,8 s) neskatoties uz to, ka $T taisne ir visstavaka.
Apstaroto apgabalu gadijuma §T taisne krusto x asi robezas no 18,0 lidz 15,1 s. So novérojumu var
izskaidrot ar to, ka uz Cr virsmas elektronu stara inducétas oglidenrazu molekulu disociacijas
rezultata veidojas plans oglekla slanis, kas darbojas ka kodinasanas maska un uz dazam sekundém
aizkavé Cr virsmas kodinasanu. No 23. zZiméjuma redzamajiem datiem var secinat ari to, ka
elektronu stara iedarbibas rezultata dala no Cr slana klist nekodinama. Salidzinot ar
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kontrolparaugu, parauga maksimala optiska caurlaidiba apgabala ar 18 C/cm? elektronu stara dozu
samazinajas par 1,5 %, bet apgabala, kas apstarots ar 180 C/cm? elektronu stara dozu, maksimala
optiska caurlaidiba samazinajas par aptuveni 14 %. Visvienkarsak So novérojumu var izskaidrot ar
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23. Zim.: 120 nm biezas Cr planas kartinas optiska caurlaidiba atkariba no kodinasanas laika
KsFe(CN)s/NaOH skiduma un elektronu stara pievadita ladina uz laukuma vienibu. Elektronu stara
apstarosanas parametri: | = 2-3 nA, d = 640 nm un t = 1-10 min. Apstarosanas rezims: rastra
skenésana pa 10x10 um lielu kvadratveida laukumu.

2. tabula: 23. Zimé&juma redzamo grafiku analizes dati. Cr kodinasanas atrums KsFe(CN)s/NaOH
Skiduma tika estiméts, pienemot, ka Cr planas kartinas optiska caurlaidiba ir tiesi proporcionala tas
biezumam, kas pirms kodinasanas ir vienads ar 120 nm, un BK7 stikla pamatnes optiska caurlaidiba
ir 100%.

Taisne y(x) =ax+b Taisney=c
apgabala 25s<x<150s apgabala 600 s <x<800s
Elektronu Taisnes | Taisnes krustpunkts | Estimétais Cr | Taisnes krustpunkts
stara doza slipums | ar x asi kodinasanas ary asi
a x(y=0) =-b/a atrums y(x=0) = ¢
0 C/cm? 0,0051 | 12,80s 0,612 nm/s 0,9952
18 C/cm? 0,0046 17,98 s 0,552 nm/s 0,9852
90 C/cm? 0,0042 17,05s 0,504 nm/s 0,9240
180 C/cm? 0,0037 | 15,11s 0,444 nm/s 0,8534
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24., 25. un 26. Ziméjuma ir paraditi dazadi apstarotu Cr plano kartinu virsmas profili uz
stikla pamatnes pirms un péc kodinasanas. 24. Ziméjuma virsmas apstarosanas parametri bija |oti
lidzigi iepriek$éja pétijuma izmantotajam vértibam. 1 minati ilgas kodinasanas rezultata ievérojami
uzlabojas nanopunkta augstuma/platuma attieciba. 25. un 26. Zim&juma Cr planas kartinas tika
apstarotas ar lielakam stravas vértibam un tika kodinatas tik ilgi, kamér paraugi kluva optiski
caurspidigi. Sajos gadijumos var secinat, ka dala no apstarota parauga bija kluvusi kodinataja
neskistosa. To varétu izskaidrot ar stikla pamatnes izpleSanos un Cr atomu diftziju stikla pamatné.
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24. zim.: AFM attélu Skérsgriezumi 150 nm biezai, ar elektronu staru apstarotai Cr planajai kartinai
uz stikla pamatnes pirms un péc 1 minati ilgas slapjas kodinasanas KsFe(CN)s/NaOH 3kiduma.
Elektronu stara parametri: | =10 pA,d =19 nm, t=60s.
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25. zim.: AFM attélu skérsgriezumi 150 nm biezai, ar elektronu staru apstarotai Cr planajai kartinai
uz stikla pamatnes pirms un péc 4 minates ilgas slapjas kodinasanas KsFe(CN)s/NaOH skiduma.
Elektronu stara parametri: 1 =11 nA, d =580 nm, t=60s.

400

= = ' pirms kodinasanas
m— pEc 4 minites il
100 pec. miniites ilgas
kodinaSanas

y (nm)

PR

T T T T T
-10 -5 0 5 10
X (pm)
26. zim.: AFM attélu skérsgriezumi 150 nm biezai, ar elektronu staru apstarotai Cr planajai kartinai
uz stikla pamatnes pirms un péc 4 minates ilgas slapjas kodinasanas KsFe(CN)s/NaOH skiduma.
Elektronu stara parametri: | =11 nA, d =580 nm, t =300 s.
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4.5, Reversivu nanostruktiru veidosana uz nitinola plano kartinu virsmam ar fokusétu elektronu
staru

ST pétijuma galvenais mérkis bija izveidot nanostruktiiras uz nitinola plano kartinu
virsmas (I1dzigi ka tas tika darits iepriek$éjos pétijumos) un parbaudit vai Sajas nanostruktaras ir
novérojams formas atminas efekts. NiwoxTix (45 < x < 70) plano kartinu paraugi tika sagatavoti uz
kristaliskam Si(111) pamatném, kas bija uzkarsétas lidz 650 °C, vienlaicigi uzputinot Ni un Ti no
atseviskiem magnetronu avotiem. Uzkarséta pamatne tika izmantota tadé), ka uzputinasanu veicot
bez pamatnes karsésanas, NiTi planas kartinas atradas pilnigi amorfa stavokli bez kristalisku fazu
klatbdtnes. Uzputinasana tika veikta izmantojot Mantis Nanosys500 uzputinasanas iekartu.

Uzputinato NiTi plano kartinu paraugu fazu sastavs tika noteikts izmantojot Rigaku
Smartlab rentgendifraktometru un to atomarais sastavs tika noteikts ar elektronu mikroskopam
Tescan MAIA3 pievienoto EDXS detektoru INCA X-act. NiTi plano kartinu paraugos, kuros bija
pietiekami maza Ti atomu koncentracija (Ti < 55%), vieniga novérota kristaliska faze istabas
temperatira bija austenits B2 (skat. 27. zim.). NiTi plano kartinu paraugos ar augstaku Ti atomu
koncentraciju tika novérota ievérojami sarezgitaka fazu struktdra, ka tas ir attélots 28. ziméjuma
redzamaja NisoTiso planas kartinas difraktogramma. Seit redzamie difrakcijas piki liecina par B19’
martensita un virknes citu intermetalisku kristalisko fazu (Ti, Ti:Ni, TiNis, TisNis) klatbatni. Ir
jaatzimé, ka 27. un 28. ziméjumos attélotajas difraktogrammas redzamais amorfais fons liecina, ka
NiTi planas kartinas nav pilnigi kristaliskas.
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27.zim.: Uz Si(111) pamatnes svaigi uzputinatas NissTis7 planas kartinas rentgendifraktogramma.
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28. zZim.: Uz Si(111) pamatnes svaigi uzputinatas NisoTiso planas kartinas rentgendifraktogramma.

Péc ieglto paraugu diagnostikas meérijumu pabeigSanas tika sakti nanostruktdru
veidoSanas eksperimenti. NiTi plano kartinu virsma vairakas vietas tika apstarota ar fokusétu
elektronu staru punktu reZima. Visos apstarotajos punktos elektronu stara parametri bija
konstanti: U=30kV,t=60s, | =12 pAund =20 nm. Elektronu stara parametri tika izvéléti atbilstosi
4.3 apaksnodala aprakstitaja pétijuma izmantotajiem parametriem, lai atvieglotu rezultatu
salidzinasanu uz dazadu materialu virsmam. Apstarotie parauga virsmas apgabali tika noskenéti
izmantojot Park NX10 atomspéku mikroskopu bez-kontakta reZima. Péc tam paraugi tika uzkarséti
lidz 100 °C un AFM mérijumi apstarotajos apgabalos tika atkartoti vélreiz.

Uz paraugiem, kuri istabas temperattira atradas vienkarsa austenita faze, AFM mérijumi
pirms un péc parauga sildisanas neuzradija nanostruktiiru formas vai izméru izmainas un ar
elektronu staru izveidoto nanostruktiru izméri bija salidzinami 4.3 apak$nodala aprakstito
nanostruktlru izmériem. Uz paraugiem, kuru kristaliska struktGra istabas temperatira bija
martensita un citu fazu sajaukums, tika novérota daudz plataku nanostruktiru veido$anas un to
formas un izméru izmaina péc parauga uzsildisanas lidz 100 °C. Talak apskatisim NisoTiso paraugu,
kura difraktogramma ir attélota 28. zZiméjuma, jo uz §1 parauga tika novérotas vislielakas
nanostruktlru tilpuma izmainas péc parauga sildisanas. Galvenie AFM mérijumu rezultati uz
NisoTiso planas kartinas virsmas ir apkopoti 29. zZiméjuma. Fokuséta elektronu stara ietekmes
rezultata uz NisoTieo planas kartinas virsmas izveidojas aptuveni 150 nm augsti un 800 - 1200 nm
plati nanopunkti (skat. 29.a zim.). Salidzinot ar iepriekSéjos pétijumos ieglitajiem nanopunktiem uz
metalu virsmam (skat. 13., 16. un 24. zim.), 3o nanopunktu platuma pie pus-augstuma WHH vértiba
ir ievérojami lielaka, neskatoties uz to, ka elektronu stara parametri apstaroSanas laika bija |oti
lidzigi. Péc uzkarsésanas lidz 100 °C, nanopunktu WHH vértiba samazinajas lidz aptuveni 290 nm,
kas ir daudz tuvaka vértiba iepriekséjos pétijumos iegltajam vértibam, bet to augstums saglabajas
nemainigs (skat. 29.b zim.). Nanopunktu tilpums péc uzkarsésanas samazinajas no 7,152E-20 lidz
8,464E-21 m3, kas atbilst tilpuma sarukumam par 88%. Acimredzot nanopunktu tilpums
samazinajas formas atminas efekta iedarbibas rezultata.
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29. zZim.: Uz NiaoTiso plano kartinu virsmas izveidoto nanostruktiru AFM mérijumu dati. a, b, 5 x5

um lielu parauga virsmas laukumu attéli (a) pirms un (b) péc parauga sildisanas lidz 100 °C. (c), Abu
iepriekséjo attélu videjo rindu skérsgriezumu profili.

30. Zimé&juma ir ilustréts darba autora piedavatais modelis formas atminas efektam
nanomeéroga, kas tika novérots $aja eksperimenta. Kad NisoTieo plana kartina tiek uzputinata uz 650
°C karstas Si pamatnes, ta atrodas austenita faze. Péc uzputinasanas NisoTiso plana kartina atdziest
[idz istabas temperatiirai un pariet dvinota martensita B19’ fazé. Saja bridi plana kartina saglaba
atmina savu formu, kas atbilst plakanai, lidzenai virsmai. Kad fokuséts elektronu stars apstaro
NiaoTiso planas kartinas virsmu, uz tas sak veidoties nanopunkti virsmas izpleSanas rezultata.
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Nanopunkts augsanas procesa deformé un uzvelk uz augSu daJu no apkartéja materiala, ka
rezultata nanopunkta platuma vértiba ir daudz augstaka neka uz vienkarSu metalu virsmam.
Deformétais materials atdvinojas, bet nanopunkta centralaja apgabala augstas energijas elektronu
ietekmé notiek atomu saiSu parrausana un atomaras struktiras parkartosanas, ka rezultata
materials zaudé formas atminas 1pasibas. Uzsildot NiaoTiso plano kartinu lidz 100 °C, atdvinotais
martensits atgriezas austenita fazé un atglst formas atmina palikuso formu (lidzenu virsmu), bet
nanopunkta centralais apgabals, kas ir zaudgjis formas atminas Tpasibas, paliek bez izmainam.
Seit vajadzétu pieminét ari oglekla piesarnojuma problému elektronu mikroskopos.
Ogludenrazu daudzumu vakuuma sistémas ir iespéjams samazinat, bet to nevar novérst pilniba.
OgladenraZzu galvenie avoti ir vakuuma kamera ievietotie paraugi un vakuumsiknos izmantotas
ellas. Darba autors uzskata, ka Saja darba ar elektronu staru iegitas struktiiras neveidojas
ogludenraZzu nosésanas rezultata uz parauga virsmas, jo tads mehanisms nelautu izskaidrot uz
NiaoTiso plano kartinu virsmas novéroto formas atminas efektu. Tomér ir jaatzist, ka nav iespéjams
pilniba izslégt oglekla piesarnojuma klatbltni ar elektronu staru iegitajas mikro- un nano-

struktdras.
Austentts
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30. zZim.: Piedavata modela shéma nanoméroga eksperimentali novérotajam formas atminas
efektam.
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PROMOCIJAS DARBA REZULTATI UN SECINAJUMI

Veicot promocijas darba izvirzitos uzdevumus, tika iegiti sekojosi rezultati:

1.

Fokuséta elektronu starojuma iedarbiba uz metalu (Al, Ag, Cu, Cr, Mo, NiTi) un kompozitu
(Ag/a-AsSz) planajam kartinam izraisa mikro-/nano- struktiru veido$anos, kuru izmérs ir
atkarigs no kusanas temperatiras un stara parametriem.

Uz Ag kartinu virsmas, apstaro$anas laika palielina$ana no 10 lidz 120 s izraisa mikro-struktdru
augstuma palielinasanos no 140 lidz 400 nm, bet stara diametra palielinaSana no 20 lidz 60 nm
samazina struktdiru augstumu no 300 lidz 120 nm.

Elektronu stara iedarbiba uz Ag/a-AsS, dubultslanu sistému izraisa Ag jonu termo- un elektro-
difaziju AsSz slani, kas palielina ta elektrovadamibu. Pieliekot sistémai aréju elektrisko lauku,
tas elektrovadamibu ir iespéjams mainit atkariba no lauka polaritates.

Paaugstinoties metalu (Al, Ag, Cu, Cr, Mo) kuSanas temperatdrai, ar elektronu staru ieglto
struktdru augstums samazinas no 240 nm uz Al (Tx = 660 °C) lidz 150 nm uz Mo (T« = 2623 °C)
virsmas, kas saistits ar augstakas energijas nepiecieSamibu starp-atomaro saisu sarausanai.
Apstarojot Cr planas kartinas ar 180 C/cm? lielu elektronu stara dozu, to kodina$anas atrums
neorganiska $kidinataja samazinas par 27% (no 0,612 nm/s lidz 0,444 nm/s).

NiaoTiso planas kartinas, kas uzputinatas uz lidz 650 °C uzkarsétas Si pamatnes, elektronu stara
iedarbibas rezultata veido mikro-/nano-struktiras, kuru uzkarsésana lidz 100 °C izraisa to
tilpuma samazinasanos par 88%.
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GENERAL DESCRIPTION OF THE WORK
Introduction

Nowadays, metal micro-/nano- structures and metal nanostructures containing
composite materials are used in a wide variety of science and technology fields. Oscillations of free
electrons and their resonance effects allow them to interact with electromagnetic field —to absorb
and emit light in various regions of the spectrum, which are dependent on the shape and size of
metallic structures. This property makes metallic micro-/nano- structures extremely significant for
various physical and technical applications, which are reliant on manipulation of light, for example
in photonics [1], plasmonics [2], 3], fabrication of solar cells [4, 5] or X-ray masks [6, 7]. Metal
micro- and nano- structures are also used in nano-electronics [8], biomedicine [9] and
microelectromechanical systems [10].

Methods, which are used to fabricate micro- and nano- scale devices, are denoted by
term micro- and nano- lithography. Electron beam lithography (EBL) is one of more widely used
micro-/nano- lithography methods, whose resolution is not as strongly limited by diffraction
compared to optical lithography. However, EBL is a rather complicated and expensive multi-step
process, which includes coating, irradiation, development of resist layer, as well as the etching
step. In recent years there have appeared several on EBL-based micro- and nano- lithography
methods, which do not require a resist later and/or etching [11, 12, 13]. For different fabrication
methods of metal micro- and nano- structures there are different advantages, disadvantages and
application niches.

Due to this, development and improvement of new methods of metal micro- and nano-
structures is an important task, which may open new possibilities for applications of metal
structures in a row of science and technical fields.

This thesis is dedicated to research of interactions between focused electron beam and
surfaces of metal containing composites or pure metal, in order to develop an electron irradiation-
based micro-/nano- lithography method, which doesn’t use etching or resist layer. Surfaces of a-
AsSz/Ag bilayers, several pure metals (Al, Ag, Cu, Cr and Mo) and shape memory material nitinol
were studied in this work. Detailed description is given about the effect of irradiation parameters
on the shape and size of the obtained structures.
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Aims and tasks

The aim of this work is to obtain micro- and nano- structures by focused electron beam irradiation
on surfaces of metals, metal alloys and metal-containing composite materials.
In order to achieve the aim of this work, the following tasks were defined:

1.

To fabricate samples for research by sputtering thin films of Ag/a-AsS; bilayers, various
metals (Ag, Al, Cu, Cr, Mo) on various (BK7 glass, crystalline Si(111) and PMMA plastic)
substrates;

To investigate how irradiation by focused electron beam changes the surface relief of the
sample, depending on the parameters of the electron beam;

To investigate how irradiation by focused electron beam affects electrical conductivity of
Ag/a-AsS; bilayer surface at micro- and nano- scale;

Search for correlations between physical properties of various metals (Ag, Al, Cu, Cr, Mo)
and shape/size of nanostructures, which were obtained on their surface.

To investigate how irradiation by electron beam affects the etching speed of Cr thin films in
an etchant, which was obtained by dissolving 15 g of KsFe(CN)es in 50 ml of 2% NaOH solution.
To fabricate thin film samples of NiTi, which are in crystalline state and martensite phase at
room temperature.

To test if the nanostructures, which were obtained by focused electron beam on NiTi thin
film surface, can exhibit shape memory effect.

Research methodology

The following methods were used in this work:

Scanning electron microscopy;
Atomic force microscopy;

X-ray diffractometry;

Energy dispersive X-ray spectroscopy;
Confocal laser scanning microscopy.

Thesis defence:

1.

Irradiation of Ag/a-AsS; thin films by a focused electron beam results in formation of micro-
/nano- structures, whose size depends on the beam parameters, but the mechanism of
structure formation can be explained by a mixture of electrical and thermal interactions;
Irradiation of metallic thin films (Al, Ag, Cr ...) by a focused electron beam results in
formation of micro-/nano- structures, whose height depends on beam parameters, as well
as melting point of metal;

Irradiation of Cr thin films by a focused electron beam results in etching selectivity of
irradiated and unirradiated regions, with etching speed decrease in irradiated regions;
Irradiation by a focused electron beam on NiTi thin films results in formation of
microstructures which can exhibit a partial “shape memory” effect.
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Novelty of research:

The results of this work possess a scientific novelty and are published in internationally peer-
reviewed journals. As a result of this work, for the first time:

1.  micro-/nano- structures were obtained by a focused electron beam on the surfaces of Ag/a-
AsS; bilayers and various metals (Al, Ag, Cu, Cr, Mo) in a single fabrication step and their size,
depending on electron beam parameters was measured by AFM;

2. formation of unusual, Ag-containing ring-shaped regions was observed on the surface of
Ag/a-AsS; bilayers, around the surface points and regions, which were irradiated by electron
beam;

3. a connection was observed between physical properties of metals (melting point and
magnetic susceptibility) and the size of nanostructures, which were obtained on the surface
of those metals by focused electron beam;

4.  asignificant deformation due to focused electron beam irradiation of BK7 glass and PMMA
plastic substrates, which were coated by thin Cr layer, was observed and measured;

5.  nanostructures were obtained on nitinol surface, in a single fabrication step by focused
electron beam, which demonstrated shape memory effect by reverting the electron beam
induced deformation.

Structure of the work

This work has been written as a dissertation and consists of five chapters. The first chapter is
introduction, in which the relevancy, aims and tasks of the work are described. The second chapter
is dedicated to theoretical description of micro- and nano- lithography with emphasis on electron
beam lithography, as well as the basics of shape memory materials. The third chapter describes
the methods and devices, which were used in this work. The fourth chapter contains information
about the studies of this work and their results. It is divided into five subchapters by the topics of
publications of this work. First two subchapters are dedicated to formation of nanostructures by
focused electron beam on surfaces of Ag/a-AsS; bilayers. In the third subchapter formation of
nanostructures is studied on pure metal surfaces. The fourth subchapter describes how Cr etching
speed changes after irradiation by electron beam and in the fifth subchapter, micro-/nano-
structures with properties of shape memory effect were obtained. The fifth chapter is the closing,
containing conclusions, thesis statements and a list of author’s publications.

The thesis consists of 112 pages, 64 illustrations and 9 tables.

Approval of research results

The results of the work were published in 5 SCOPUS and Web of Science indexed journal articles,
in 6 conference thesis collections and presented at 4 international and 1 local conferences.
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BRIEF DESCRIPTION OF EACH CHAPTER
Chapter 1 - Introduction

This chapter contains a brief description of the relevancy of this work’s topic, the aims
and tasks, as well as a description of the structure and novelty of this work.

Chapter 2 — Theoretical background

This chapter is dedicated to the description of work’s theoretical basics. At the
beginning of the chapter there are described mechanisms and observable phenomena of electron
beam and matter interactions. After that, an in-depth description is given about the methods of
micro- and nano- structure fabrication, which were used in this work — physical vapour deposition,
electron beam lithography, scanning probe lithography. Other micro-/nano lithography methods
are also briefly mentioned. At the end of this chapter, there is a description about shape memory
effect and crystalline structure of nitinol.

Chapter 3 — Methods and equipment

The practical part is started with a description of methods and equipment, which were
used in this work. Thin films were obtained by physical vapour deposition method, using the
following sputtering devices: “BakyymHblii YHUBepcanbHbili Moct BYM-5”, “Kurt Lesker Lab18” and
“Mantis Nanosys500”. The irradiation by electron beam and electron beam image acquisition was
performed in two models of scanning electron microscopes (SEM): “Tescan VEGA Il LMU” and
“Tescan MAIA3”. The measurements of atomic force microscopy (AFM) and experiments with
scanning probe lithography were performed with atomic force microscope “Park NX10”. The
chemical composition of the samples was measured by SEM module of electron energy dispersive
X-ray spectroscopy (EDXS) “Oxford Instruments INCA X-act”. The crystalline structure of the
samples was determined by X-ray diffractometer “Rigaku Smarlab”. Confocal laser scanning
microscope “Leica TCSP-5” was used to observe the changes in optical transmittance of Cr thin
films during wet etching.

Chapter 4 — Results and discussion

The results of this work are divided into five subchapters. Each of those is dedicated to
a separate study and includes the description of the experiment, its results and discussion.
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4.1. Formation of nanostructures on surfaces of a-AsS,/Ag bilayers with a focused electron beam

In the first two studies of this work, it was studied how focused electron beam affects
a-AsS,/Ag bilayers. It was already known for SEM images that dot-like structures form on bilayers
as a result of focused electron beam irradiation. The aim of this study was to determine the shape
and size of those structures and their dependence on electron beam parameters.

In the first experiment of this study, an Ag thin film with 400 nm thickness was sputtered
on BK7 glass substrate (Kurt Lesker Lab18, DC magnetron, 40 nm/min). A 90 nm thin amorphous
chalcogenide (a-AsS2) layer was sputtered on top of Ag surface (BYN-5, thermal evaporation, 600
nm/min). Irradiation by electron beam was done in SEM Tescan VEGA Il LMU with the following
beam parameters: accelerating voltage U = 30 kV, current and diameter of electron beam was | =
2 pA and d= 14 nm respectively, but irradiation time t was changed in range of 20 — 90 s. Irradiation
was done in point mode. The irradiated regions of the samples were scanned with AFM.

The results of the AFM measurements are compiled in figure 1. In the irradiated surface
points there have been formed nanoscale structures, whose size expands by increasing irradiation
time. In electron beam dose D interval up to 5,5 wJ, the height H and the width at half-height WHH
of nanodots is increasing linearly with increasing D value, which was calculated as D=1x U x t.

By considering the obtained results, it was decided to continue the study by performing
a similar experiment. In the second experiment, irradiation of the sample was done in a raster
scanning mode across 2,5 x 2,5 um to 20 x 20 um large areas, while performing EDXS
measurements with the INCA X-act module in order to observe changes in chemical composition
of the sample during an irradiation. The following electron beam parameters were used during the
irradiation: U =30 kV, | =300 pA, d =210 nm and t = 1 — 10 min. Raster scanning period was 1,5 s.
The thickness of AsS: layer this time was increased up to 360 nm. Since during the first experiment
there were observed some charge accumulation effects in the sample, in this experiment a BK7
glass substrate was substituted with a crystalline Si(111) substrate.

The results of the second experiment’s AFM measurements are compiled in figure 2. In
the raster scanned areas, there have appeared a few tens of nm high elevations, which we will call
micro-squares. Along the edges of scanned areas, the height of surface profile is slightly higher,
compared to the centre area of the raster scans. Around the raster scanned squares, there are
observable several microns wide “bulges” of the surface. By increasing electron beam dose per
area, the height of micro-square’s middle areas does increase up to 50 — 60 nm, where it reaches
saturation. Further electron beam irradiation results in additional structure growth along the edges
of the micro-squares.
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Fig. 1. a) 3D image of AFM measurements on bilayer system (BK7 glass substrate / Ag (400 nm /
AsSz (90 nm)). b) Comparison of cross-sections of nanodots by irradiation time. c) Dependence of
height and width at half height of nanodots on the dose of electron beam.
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Fig. 2. a) 3D image of the micro-square AFM measurements on bilayer system (Si substrate / Ag
(400 nm) / AsSz (360 nm)) after irradiation for t = 5 min. b) Micro-square cross-section comparison
of AFM measurements for different irradiation times. c) Dependence of the average height of
micro-squares on electron beam dose per unit area.
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Fig. 3. EDXS data about the changes in chemical composition of the sample during the raster
scanning. Sample composition — Si substrate / Ag (400 nm) / a-AsS; (360 nm).
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Figure 3 shows the results of EDXS measurements from various areas of raster scanning
during the scans. In the smallest scanned area (6,25 um?) the strength of Ag signal increased by 5-
7 atomic % during 10 minutes of irradiation. The signal from Si substrate decreased by 6-8 atomic
% during this time period, which could be explained by the thickness increase of the bilayer. The
signals of As and S increase by about 1 atomic % in this time period. By increasing the area of the
raster scanned areas, the speed of changes in chemical composition of the sample decreased,
which leads to conclusion that it depends on the electron beam power per unit area.

From the EDXS data of the second experiment, it was concluded that micro- and nano-
structure formation in a-AsS,/Ag bilayers is based on Ag movement in the direction of the electron
beam. From scientific literature it is known, that in contact-layers of Ag and amorphous, sulphur
based chalcogenides there forms an interlayer of a super-ionic conductor AgsS, which could the
high mobility of Ag ions. The electric field around the focused electron beam seems like the most
likely explanation for Ag ion migration towards electron beam, as it is illustrated in figure 4.

Fig. 4. The model of nano-dot formation in Ag/a-AsS; bilayer under the influence of a focused
electron beam
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4.2. Modification of nanostructures by C-AFM method on surfaces of a-AsS2/Ag bilayers

The aim of this study was to confirm the distribution of Ag around the structures, which
were obtained by focused electron beam irradiation on the surface of a-AsS;/Ag surface, by
measuring electrical conductivity of the surface in nanoscale. For this purpose, Park NX10 AFM was
switched to current-AFM or C-AFM mode, where a voltage is applied between the sample and
contact-mode probe and the current between surface and probe was measured during a scan.
Based on the data of the previous study, it was expected to observe increased surface conductivity
in the irradiated points/areas of the bilayer samples.

The bilayer sample was fabricated in the same way as in the second experiment of the
previous study. A 400 nm thick Ag layer was sputtered on a Si substrate. After that, a 360 nm thick
layer of a-AsS; was evaporated on top of the Ag surface. The sample of a-AsS/Ag bilayer was
irradiated in SEM Tescan VEGA LMU Il using two modes — point and raster scanning mode.
Accelerating voltage U was equal to 30 kV in all cases. In point mode, 6 points were irradiated with
varying values of electron beam current, the distance between the points was at least 10 pum,
irradiation time t for all the points was equal to 320 s. The maximum values for beam current | and
beam diameter d respectively were 39 pA and 80 nm. In raster scanning mode, a single area of the
sample (2,5 x 2,5 um) was scanned was scanned for 600 s with an electron beam, whose current
and diameter values were 44 pA and 79 nm, respectively. During the C-AFM measurements, the
value of applied voltage was considered to be positive, if the negative charge was applied to the
probe of AFM. The max voltage between the sample and the probe was limited to 10 nA. Scanning
frequency per one line in both directions was 0,7 Hz and there were 256 lines in a single scan.

AFM measurements of a-AsS,/Ag bilayer areas, which were irradiated in point mode,
show that electron beam irradiation resulted in formation of structures, whose shape we will
describe as a “volcano” (figure 5.). A difference form the first experiment of the previous study is
that a “crater” is formed on the top of the nanodot, which could be explained by increased electron
beam current during the irradiation. One more difference is the bulged area in 2-2,5 pm radius
around the nanodot. Similar bulges of the surface were observed around the micro-squares in the
previous study. There was observed a positive correlation between the diameter of bulges and the
values of electron beam current, but the height of the volcano-shaped structures did not show
significant changes depending on the beam current value.
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Fig. 5. An AFM image (top) and a cross-section’s schematic (bottom) of an irradiated point on the

a-AsS,/Ag bilayer. The values of electron beam current and diameter respectively were 20 pA and
60 nm.
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Figure 6. The correlation graph between the electron beam current value and the radius of the
bulge around the irradiated points.
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C-AFM measurements were started by scanning one of the irradiated areas multiple
times, while incrementally raising the applied voltage. The results of those measurements are
shown in figure 7. In the first few measurements up to 3 V voltage, an electric current in pA range
was observed in the crater part of the volcano (fig. 7.e). Unexpectedly, a weak electric current in
fA range was also observed 1-2 um away from the volcano. This distance corresponds to the edges
of bulge area (fig. 7.f). This conductive area takes a shape of a ring around the volcano. From now
on in the text, such areas will be denoted by term “conductive rings”. When the voltage was
increased up to 3,6 V, the strength of the electric current increased considerably, reaching nA
range. On the top area of volcano the value of current reached the 10 nA limit (fig. 7.d). During this
scan, there was also observed a minor increase of the surface profile height in the area of
conductive ring (fig. 7.a). Also, the radial range of the conducting ring increase to 0,5-3 um. In the
next measurement, applied voltage was decreased by a few steps (down to 2,4 V) in order to
compare the values of electrical current with the second measurement. In the area of conductive
ring, the average current increased even more (reaching 10 nA limit in many places) despite the
decrease of the applied voltage and there was observed additional growth/deformation of the
surface profile height. It shows that electrical conductivity of the sample increases as a result of
applied voltage, which can be explained by movement of positive Ag ions towards the negatively
charged AFM probe.

Similar C-AFM measurements were done on the micro-square, which was obtained by
raster scanning. Scanning measurements were repeated 8 times in total. In the first five
measurements the applied voltage was incrementally increased until the measured current started
reaching the 10 nA limit. In the rest of the measurements the polarity of the voltage was reversed
in order to check if the voltage-induced changes could be undone. The results of this experiment
are shown in figures 8 and 9. As it turns out, the structures which had grown on the bilayer surface
during C-AFM scans can be “pushed” back into the surface and the electrical conductivity can be
erased, if the surface of the bilayer sample is scanned with a positively charged AFM probe for long
enough. EDXS method was used to determine Ag concentration in various regions of the micro-
square (see 1. table). The results of EDXS measurements coincide with the distribution of electrical
conductivity of the surface. The highest Ag concentration was observed along the edges of the
bulge around the micro-square.

Table 1. Results of the EDXS measurements on the raster scanned area — micro-square on the
surface of a-AsS2/Ag bilayer. Error margins were calculated in 99,5% confidence interval.

Place of the measurement

Ag (atomic %)

As (atomic %)

S (atomic %)

Centre of the micro-square 61,12+0,70 13,56%0,32 25,32+0,50
3 um radius around the centre of | 62,34+0,45 13,1340,40 24,5410,34
the micro-square (the bulge

around the micro-square)

Control (unirradiated surface) 59,60+0,52 14,1740,42 26,2410,34
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Figure 7. C-AFM images from the first scanned point on the surface of a-AsS,/Ag bilayer. The values
of electron beam current and diameters were 12 pA and 60 nm respectively. (a) Radial profiles of
the surface height. (b,c) 3D AFM images after the first and fifth measurements, respectively. (d)
Radial profiles of electrical current in the full range of the measurement. (e,f) Radial profiles of
electrical current in pA range in the regions of volcano top and surface bulge, respectively.
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Figure 8. The first four measurements from the C-AFM scan results about the surface height z(x,y)
and electric current I(x,y) on the raster scanned area of the a-AsS,/Ag bilayer.
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The composition of nanostructures, which were obtained in this study, turned out to be
more complex than it was initially anticipated. This could be explained by interactions of at least
two competing effects. A theoretical model for an a-AsS,/Ag sample that’s been irradiated in point
mode, is illustrated in figure 10, as proposed by the author of this work. Ag2S is a super-ionic
conductor, which forms as a result of reaction between Ag and AsS.. One of the competing effects
is the movement of Ag ions towards the negatively charged electron beam under the influence of
electrical field. This would allow to explain the observed conductivity around the centre of
structures which were shown in figure 7. The formation of the conductive rings around the
irradiated regions could be explained by collisions with high-energy electron from the electron
beam, which will be denoted by term “thermal effects”. The author considered a theory about
thermal diffusion of Ag ions, but calculations suggest that with the present power of electron
beam, the increase of temperature at the impact point of the beam cannot exceed 33 K.

—_— AgJr ion movement due to electric field

—_— AgJr ion movement due to thermal effects

Electron
Beam

oy Ag deposits w__

© d)
AsS,
Ag,S Ag,S

e ~—_ e ~—~—
e

Figure 10. The schematic of the proposed theoretical model for interactions between the a-AsSz/Ag
bilayer (with an Ag.S interlayer) and an electron beam/C-AFM scans. a) Movement of Ag ions under
the influence of electric field and thermal effects during electron beam irradiation. b) a-AsS./Ag
bilayer after irradiation with an electron beam. ¢) Movement of Ag ions under the influence of
electric field during C-AFM measurements. d) a-AsS2/Ag bilayer after C-AFM measurements.



4.3. Formation of nanostructures of the surfaces of various metals by a focused electron beam

During the previous measurements with amorphous chalcogenide / Ag bilayers, the
experiments were conducted for various thicknesses of the chalcogenide layer, including zero. As
it turned out, nanostructures can be formed by focused electron beam even on a clean Ag surface.
The aim of this study was to obtain nanostructures by a focused electron beam irradiation on
surfaces of various metals, to determine their size and to search for regularities between the size
of the structures and the conditions of their formation — beam current, irradiation time, material
of the irradiated surface.

500 nm thick Ag, Al, Cr, Cu and Mo thin films were sputtered on Si(111) substrates with
DC magnetron sputtering method in Kurt Lesker Lab18 sputtering system. Irradiation of thin films
with electron beam was performed in point mode at room temperature in SEM model Tescan VEGA
Il LMU. Similarly to the previous studies, the controlled parameters of the electron beam were
accelerating voltage U, beam current I, beam diameter d and irradiation time t. Energy dose for
each irradiated point was calculated as D = U x | x t. In all the experiments of this study, U was
equal to 30 kV and t was in range from 10 to 120 s. The value of | was in range from 6 to 17 pA and
d (as a function of 1) was in range from 14 to 20 nm. The structure of the samples and the setup of
the experiment are illustrated figure 11.

U — Accelerating voltage
[ — Electron beam current
Electron

beam t — Irradiation time

d— Electron beam diameter

Al/Ag/Cu/Cr/Mo (500nm)

Si wafer

Figure 11. The structure of the metal thin film samples and the setup of electron beam irradiation
procedure.

After irradiation in SEM, AFM measurements on the thin film surfaces were performed
with Park NX10 AFM model in non-contact (NC-AFM) mode. The main measured parameters, for
the structures (nanodots) which had grown in the irradiated points, were the height H and width
at half-height WHH of the nanodots (fig. 12). The width of the nanodots at their base was not
measured at their base due to it being a slope, therefore determination of exact width there was
problematic.

57



WHH

H — Nanodot's Height
WHH — Nanodot's Width
at Half-Height

(¥ fast

Figure 12. Parameters of the nanodots, as determined in AFM measurements.

Figure 13 shows how the size of the nanodots on Ag surface change by increasing the
irradiation time. After 10 s of irradiation (U =30 kV; | =17 pA; d = 20 nm) the height of the nanodots
is approximately 140 nm, but by increasing irradiation time up to 120 s, their height increases over
400 nm.

Figure 14 compiles the results about the dependence of H on beam dose D for surfaces
of various metals. D was adjusted by changing irradiation time in the range from 10 to 120 s. The
highest H value (almost 500 nm) was observed on the surface of Al thin film.

In order to objectively compare various metals, there was chosen a certain value of
electron beam dose (D = 5 W) where H(D) graphs are comparatively linear. The height of nanodots
for various metals at H(D = 5 W) was graphed against various physical properties of said metals. As
a result, there was observed a correlation between H and melting point of metal, as it is shown in
figure 15. Higher nanodots are formed on metal surfaces with a lower melting point. This can be
explained by lower melting point metals having weaker atomic bonds. As a result, in such metals
it is easier to dislocate and move metal ions, forming them into surface structures (nanodots).

Figure 16 compiles the data about WHH of the nanodots depending on beam dose for
surfaces of various metals. Electron beam parameters are identical to the ones used in figure 14.
For nanodots on Al, Ag, Cu and Mo surfaces, WHH values are in range from 100 to 200 nm, but for
nanodots on Cr surface a considerable difference is observable here — their WHH value is in range
from 200 to 550 nm.

WHH values at D = 5 pJ were graphed against various physical properties of metals. As
a result, the only correlation we managed to find was between WHH and magnetic properties of
metal. Figure 17 shows dependence of WHH on magnetic susceptibility of metal. Out of the metals
used in this study, Cr possesses the highest magnetic susceptibility, which correlates with
heightened WHH values on Cr surface.
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Figure 13. a) 3D AFM image and b) cross sections of AFM images for nanodots on Ag surface.
Electron beam parameters were: U=30kV; =17 pA; d=20nm; t=10-120s.
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Figure 14. Dependence of nanodot height H on electron beam dose D for surfaces of various
metals. Constant electron beam parameters were U = 30 kV, | = 6 pA and d = 20 nm. Irradiation
time was changed in range from 10 to 120 s.
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Figure 15. Dependence of nanodot height H (at D = 5 pJ) on melting point of metals.
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Figure 14. Dependence of nanodot width at half-height on electron beam dose D for surfaces of
various metals. Constant electron beam parameters were U = 30 kV, | = 6 pA and d = 20 nm.
Irradiation time was changed in range from 10 to 120s.
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Figure 17. Dependence of nanodot width at half-height H (at D = 5 pJ) on melting point of metals.
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The influence of electron beam diameter d on H and WHH values of nanodots was
investigated by irradiating a series of points on a surface of Ag thin film, by changing d value and
keeping other parameters constant. Beam diameter value was controlled by changing the distance
between the sample and the electron beam gun and focusing the electron beam on the surface of
the sample. The results of this experiment are shown in figure 18. By increasing the beam diameter
(defocusing the beam), the height of nanodots is decreased, but their WHH values does not change.
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Figure 18. Dependence of nanodot height H and width at half height WHH on the diameter d of
the electron beam. The parameters of the electron beam: U =30kV; | = 18 pA; t =60 s. The sample:
500 nm thin Ag film on Si(111) substrate.

The growth mechanism of nanodots on metal surfaces under influence of a focused electron beam
is not yet completely clear. The author of the work considers the main mechanism of nanodot
growth to be the movement of positively charged metal ions under the influence of electric field,
which is formed around negatively charged focus of the electron beam. Another mechanism, which
could contribute to the growth of nanodots, is thermal effects and breaking of inter-atomic bonds
by primary and secondary electrons, which could make metal surface more plastic and more easily
deformable around the impact point of electron beam. It could also be noted, that the nanodot
growth is quite similar to Marangoni effect, although it applies to liquids and in this study the
power of electron beam is insufficient to melt metal in classical understanding.
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4.4 Formation of nanostructures on Cr thin films on glass substrate by a focused electron beam
and wet etching.

The aim of this study was to inspect how irradiation by electron beam affects the wet
etching speed of Cr thin films. If electron irradiation can affect the etching speed, then
nanostructures from previous study could be modified by wet etching. In this study, the Cr etchant
was made by dissolving 15 g of KsFe(CN)s salt into 50 ml of 2 % NaOH solution. In further text this
etchant will be denoted as KsFe(CN)s/NaOH solution. Cr thin films with varying thickness (20, 70,
150 and 500 nm) were sputtered by DC magnetron sputtering on BK7 glass substrates in Kurt Lesker
Lab18 thin film deposition system. Sputtering speed was approximately 1,55 A/s. A glass substrate
was chosen to allow measurements of optical transmittance of the Cr thin films during the process
of wet etching. With Rigaku Smartlab XRD system it was determined that Cr thin films were in
amorphous phase. Their crystallinity was approximately 4 %.

This study can be divided into two types of experiments — measurements of changes in
surface profile height by AFM and measurements of optical transmittance during the etching. In
the first case, thin film samples were irradiated with electron beam in point mode by using SEM
model Tescan Vega LMU I1. In all experiments accelerating voltage was equal to 30 kV. The variable
parameters were irradiation time t, electron beam current | and electron beam diameter d, which
was dependent on |. The irradiated areas of the sample were measured by AFM Park NX10 in non-
contact mode. After that, the samples were dipped into KsFe(CN)s/NaOH solution for some amount
of time (1 — 4 min). After etching, samples were immediately rinsed with distilled water, dried and
had the AFM measurements repeated on them.

Figure 19. 3D AFM image of a 150 nm thin Cr film on BK7 glass surface, which was irradiated with
electron beam in point mode with the following parameters: | = 11 nA; d = 580 nm, t = 5 min.
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After irradiation with an electron beam, AFM measurements revealed rather interesting
structures on the surface of Cr thin films, whose example can be seen in figure 19. As a result of
irradiation, there was formed approximately 280 nm high and several microns wide elevation with
a small crater on its top and a few tens of nanometres deep depression around it. It should be
noted, that compared to the structures obtained in previous studies, this time the beam current
was increased by 2-3 orders of magnitude.

Figure 20 demonstrates how the surface of the sample (150 nm of Cr on BK7 glass
substrate) evolves during irradiation. The graphs show line profiles of AFM measurements,
depending on the total charge delivered to the impact point of electron beam, which was
calculated as multiplication of beam current and irradiation time. In the beginning part of
irradiation there forms up to 80 nm deep depression at the point of beam impact, but by continuing
irradiation, depression widens and in its centre an elevation starts forming. As irradiation is
continued, the height and width of elevation continues to increase, while depression remains
around its edges with a depth of few tens of nm. At the peak of the elevation — at the impact point
of the electron beam, there is observed a small hollow — crater.
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Figure 20. AFM image cross-sections for the irradiated points with various amounts of charge on
150 nm thin Cr film on BK7 glass substrate. Electron beam parameters: | = 11-15 nA, d =580 nm, t
=30-300s.
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After the intriguing results, which were obtained on 150 nm thin Cr film, a decision was

made to research how Cr layer thickness affects the formation of structures. The results of that
experiment are compiled in figure 21. It turned out that on samples with the thickest Cr layer (500
nm) the height of elevation was the lowest (around 250 nm), while on samples with the thinnest
Cr layers (20 and 70 nm) the height of elevations exceeded 700 nm. On samples with 20 nm Cr
layer there were observed cone-like structures on top of the elevations. Considering the data from
figure 21, it can be concluded that structure formation under influence of electron beam happens
mainly because of the glass substrate, since in figure 21.a. it can be seen that 750 nm high structure
was formed with merely 20 nm of Cr layer.
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21. Cross-sections of AFM images for Cr thin films of varying thickness on BK7 glass

substrate, which were irradiated for varying amounts of time. Thicknesses of thin films: a) 20 nm,
b) 70 nm, c) 150 nm and d) 500 nm. Electron beam parameters: | = 14-15 nA, d =730 nm, t = 1-10

min.
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In order to test the hypothesis about electron beam induced deformation affecting the
glass substrate instead of Cr layer, the experiment was repeated with BK7 glass substrate being
replaced by PMMA plastic and Si wafer (see fig. 22). After 1 min long irradiation (I = 11 nA) of 150
nm thin Cr layer on Si substrate no changes in surface height were observed. After 5 minutes of
irradiation, there appeared approximately 2 um wide and 15 nm high crater-shaped structure,
whose shape is rather similar to the ones observed on the peaks of elevations in previous
experiments (see figs. 19 and 20). After 10 min of irradiation the width and height of crater-shaped
structure increased up to 3 um and 35 nm, respectively. On PMMA plastic substrate sample the
obtained structures were of similar shape as on BK7 glass, but their size was considerably greater
(20-40 um width and 2—-4 um height/depth). The differences in the size of those structures could
be explained with PMMA plastic being easier to melt and deform compared to BK7 glass, which
results in deformation process being more pronounced. This experiment confirmed the hypothesis
that electron beam induces a deformation of glass substrate. The surface expansion can be
explained with accumulation of negative charge within the non-conductive sample and repulsion
of negative charges.
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Figure 22. AFM image cross-sections of 150 nm thin Cr films on a) PMMA plastic and b) Si substrate
after irradiation with electron beam. Beam parameters: | = 11 nA, d = 640 nm, t = 1-10 min.

Figure 23 shows how laser light (A = 633 nm) transmittance of a 120 nm thin Cr film
changes during a wet etching process, depending on the amount of irradiation charge per area
unit. In all cases the etching speed, which correlates with the speed of increase in optical
transmittance, decreases after 3 min and practically stops after 6—7 min. The value of the etching
speed was estimated by projecting lines in time region from 25 to 150 s, where graphs of optical
transmittance increase the fastest and are relatively linear. The slope of those lines correlates with
the etching speed and if we assume, that glass substrate is completely transparent, the thickness
of Cr layer is 120 nm and that dependence between thickness and optical transmittance of Cr thin
film is linear, we can calculate the max etching speed of Cr layer, depending on electron beam dose
(see table 2). Etching speed of control sample was 0,612 nm/s, but in area with the highest
irradiation dose etching speed dropped to 0,444 nm/s, which corresponds to a decrease of etching
speed by approximately 27,5 %. The decrease of etching speed could be explained by
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reorganization/crystallization of atomic structure of the Cr layer under influence of electron beam,
which increases energy required to break atomic bonds. It should be noted, that control sample is
the first to reach the max etching speed. In the case of control sample, the projected line in 25 to
150 s region crosses x axis at 12,8 s despite it being the steepest of lines. In the case of irradiated
areas, this line crosses x axis in interval from 18,0 to 15,1 s. This observation could be explained
with formation of a thin carbon layer on Cr surface as a result of electron beam breaking down
hydrocarbon molecules present in the vacuum chamber. This carbon layer acts as an etching mask
and delays Cr etching by a couple of seconds. From the data presented in figure 23, it can be
concluded that part of Cr layer, which has been irradiate by electron beam becomes insusceptible
to etching. Compared to the control sample, the max optical transmittance in area irradiated with
18 C/cm? is decreased by 1,5%, but in the area irradiated with 180 C/cm? it decreased by about 14
%. The simplest explanation for this observation would be electron radiation-induced diffusion of
Cr ions into the glass substrate.
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Figure 23. Optical transmittance of a 120 nm thin Cr film depending on the etching time in
KsFe(CN)s/NaOH solvent and on the amount of charge per area unit delivered by electron beam.
Parameters of electron beam irradiation: | = 2-3 nA, d = 640 nm and t = 1-10 min. Mode of
irradiation: raster scanning across 10x10 um large square-shaped area.
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Table 2. The data of graph analysis in figure 23. Cr etching speed in KsFe(CN)s/NaOH solvent was
estimated under assumptions that optical transmittance of Cr thin film is directly proportional to
its thickness, which is equal to 120 nm before etching and that optical transmittance of the BK7
glass substrate is equal to 100 %.

Liney(x)=ax+b Liney=c
in region 25s<x<150s in region 600 s <x <800 s
Dose of Line’s Intersection of the | Estimated Cr | Intersection of the line
electron slope line with the x axis etching speed | with they axis
beam a x(y=0) = -b/a y(x=0) =c
0 C/cm? 0,0051 | 12,80s 0,612 nm/s 0,9952
18 C/cm? 0,0046 | 17,98s 0,552 nm/s 0,9852
90 C/cm? 0,0042 | 17,05s 0,504 nm/s 0,9240
180 C/cm? 0,0037 | 15,11s 0,444 nm/s 0,8534

In figures 24, 25 and 26 there are shown surface profiles of various irradiated areas for
Cr thin films on glass substrate, before and after etching. In figure 24 the irradiation parameters
were very similar to the ones used in the previous study. 1 minute long etching noticeably
increased height/width ratio of the nanodot. In figures 25 and 26 Cr thin films were irradiated with
higher beam current values and were etched while samples became optically transparent. In these
cases it can be conclude that part of the sample has become completely insusceptible to etching.
It can be explained by diffusion of Cr atoms into the expanding glass substrate.
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Figure 24. Cross section of an AFM image for an irradiated point on a 150 nm thin Cr film on glass
substrate, before and after 1 minute of wet etching in KsFe(CN)s/NaOH solvent. Electron beam
parameters: | =10 pA,d=19nmandt=60s.
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Figure 25. Cross section of an AFM image for an irradiated point on a 150 nm thin Cr film on glass
substrate, before and after 4 minutes of wet etching in KsFe(CN)s/NaOH solvent. Electron beam
parameters: 1 =11 nA,d=580nmandt=60s.
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Figure 25. Cross section of an AFM image for an irradiated point on a 150 nm thin Cr film on glass
substrate, before and after 4 minutes of wet etching in KsFe(CN)s/NaOH solvent. Electron beam
parameters: | =11 nA, d =580 nm and t = 300 s.
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4.5 Formation of reversible nanostructures on the surface of nitinol thin films by a focused
electron beam

The main aim of this study was to fabricate nanostructures on the surface of nitinol thin
films (in a similar manner as it was done in the previous studies) and to test if there can be observed
a shape memory effect in those nanostructures. NiwoxTix (45 < x < 70) thin film samples were
prepared by magnetron sputtering of Ni and Ti from separate magnetrons on Si(111) substrates,
which were heated up to 650 °C. Heating of the substrate was done because the samples which
were sputtered at room temperature were in completely amorphous phase, with no presence of
crystalline phases. Sputtering was performed using Mantis Nanosys500 system.

The phase composition of the sputtered samples was determined with XRD Rigaku
Smartlab and their atomic concentration was measured with EDXS detector INCA X-act of SEM
Tescan MAIA3. In the samples with sufficiently small Ti atomic concentration (Ti < 55%), the only
observed phase at room temperature was austenite B2 (see fig. 27). In NiTi samples with higher Ti
atomic concentration there was observed noticeably more complex phase composition, as it can
be seen from the X-ray diffraction pattern of NisoTiso thin film shown in figure 28. The observable
diffraction peaks show presence of B19’ martensite and a presence of several other intermetallic
phases (Ti, TizNi, TiNis, TizNis). It should be noted, that the presence of amorphous background in
diffraction patterns from figures 27 and 28 show that NiTi thin films are not completely crystalline.
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Figure 27. X-ray diffraction pattern of freshly sputtered Nis3Tis7 thin film on Si(111) substrate.

70



o
L]
)
1000 = . 5
= =
@ &
% 800 B
E _ 5
. ~ L
£ a =z &
Z 600 = = _ _ 3
g =1 E 3 e B
3 - - : —
. 2 5 t @
= = |
400 T Z g
Z = =
200 =
20 25 30 35 40 45 50 55 60 65 70 75 80
20(%)

Figure 28. X-ray diffraction pattern of freshly sputtered NisoTiso thin film on Si(111) substrate.

After finishing the diagnosis measurements of the samples, the experiments of
nanostructure formation were started. The surface of NiTi thin films in several places was
irradiated with a focused electron beam in point mode. In all the irradiated points electron beam
parameters were constant: U = 30 kV, t =60 s, | = 12 pA and d = 20 nm. The electron beam
parameters were chosen to be similar to the ones used in the study described in subchapter 4.3 in
order to make comparing results for various surfaces easier. The irradiated areas were scanned
with AFM Park NX10 in non-contact mode. After that, the samples were heated to 100 °C and the
AFM measurements were repeated.

On the samples, which were in a simple austenite phase at room temperature, AFM
measurements before and after heating did not show any changes in shape or size of the nanodots
and their size was similar to the ones obtained during study described in subsection 4.3. On the
samples, whose crystalline structure was a mixture of martensite and other phases, there was
observed formation of much wider nanostructures and a change of their size and shape after
heating sample to 100 °C. Further we will examine the NisTiso sample, whose X-ray diffraction
pattern is shown in figure 28, since the greatest changes in volume after heating were observed
for nanostructures on this sample. The main results of AFM measurements on the surface of
NiaoTiso thin film are compiled in figure 29. Under the influence of a focused electron beam, 150
nm high and 800 - 1200 nm wide nanodots were formed were formed on the surface of NisoTieo
thin film (fig. 29.a). Comparing it with nanodots from previous studies about nanodot formation
on metal surfaces (figs. 13, 16 and 24), the WHH value of these dots is noticeably higher despite
very similar irradiation conditions. After heating the sample to 100 °C, the WHH value of the
nanodots decreased to around 290 nm, which is much closer to previously discussed values, while
the height of the nanodot remained unchanged (fig. 29.b). The volume of the nanodots decreased
from 7,152E-20 to 8,464E-21 m? after heating, which corresponds to an 88% decrease in volume.
Obviously the volume of the nanodots decreased as a result of shape memory effect.
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Figure 29. AFM measurement data about nanostructures formed on NiTiso surface. a,b, Images
of 5 x 5 um large areas (a) before and (b) after heating the sample to 100 °C. (c) Cross-sections of
both aforementioned images.

In figure 30 there is illustrated author’s proposed model for the shape memory effect
in nanoscale, which was observed in this experiment. When NiaoTigo thin film is sputtered on up to
650 °C heated Si substrate, it exists in an austenite phase. After sputtering, NisoTieo thin film cools
down to a room temperature and shifts to twinned martensite phase B19’. In that moment thin
film saves its shape in memory as a flat, even surface. When a focused electron beam irradiates
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the surface of NisoTiso thin film, nanodots start forming on it as a result of surface expansion. In the
process of growth, nanodot deforms and lifts up a part of surrounding material, which results in
the obtained structure being wider compared to the ones on simple metal surfaces. The deformed
material undergoes detwinning, but in the central area of structure atomic bonds are broken and
reordered under influence of high energy electrons, which results in the loss of shape memory in
that area. By heating the NisTiso thin film up to 100 °C, the detwinned martensite returns to
austenite phase, reverting itself to the shape from its memory (flat surface), but the central area
has lost its shape memory and remains unchanged.

Here it should be mentioned about the problem of carbon contamination in electron
microscopes. The amount of hydrocarbons in vacuum systems can be reduced, but it can’t be
completely prevented. The main sources of hydrocarbon contamination are oils of vacuum pumps
and samples which are inserted into vacuum chamber. Author believes that in this work, the
structures obtained by electron beam do not form as a result of hydrocarbon landing on the surface
of samples, since such mechanism would not allow to explain the shape memory effect observed
on the surface of NisTiso thin films. However, it must be said that the presence of carbon in the
obtained structures cannot be completely excluded.
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Irradiation
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Figure 30. Schematic of the proposed model for the experimentally observed shape memory effect
in nanoscale.
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RESULTS AND CONCLUSIONS
By completing the tasks of this work, the following results were obtained:

1. The exposure with a focused electron beam on surfaces of metal (Al, Ag, Cu, Cr, Mo, NiTi) and
composite (Ag/a-AsS;) thin films result in formation of micro-/nano- structures, whose size is
dependent on melting point and parameters of the beam.

2. On the surface of Ag films, the increase of irradiation time from 10 to 120 s results in increase of
structure height from 140 to 400 nm, but the increase of beam diameter results in a decrease of
structure height from 300 to 120 nm.

3. The exposure with an electron beam on an Ag/a-AsS; bilayer system results in thermal and
electric diffusion of Ag ions within the AsS layer, which increases its electric conductivity. By
applying an external electric field to the system, its electric conductivity can be changed depending
on the polarity of the field.

4. By increasing the melt point of metals (Al, Ag, Cu, Cr, Mo), the height of structures, obtained by
electron beam, decrease from 240 nm on Al (T« = 660 °C) to 150 nm on Mo (T« = 2623 °C) surface,
which is connected to the necessity for higher energy for breaking inter-atomic bonds.

5. The etching speed of Cr thin films in an inorganic solvent decreases by 27% (from 0,612 nm/s to
0,444 nm/s) after irradiation with 180 C/cm? large electron beam dose.

6. Micro-/nano- structures, which decrease their volume by 88% after heating to 100 °C are formed
by electron beam irradiation on the surface of NisoTieo thin films, which were sputtered on up to
650 °C heated Si substrate.

74



Atsauces
References

[1] Y.P. Liu, K. Tom, X. Wang, C.M. Huang, H. Yuan, H.T. Ding, C.H. Ko, J.K. Suh, L. Pan, K.A. Persson
un J. Yao. ,Dynamic control of optical response in layered metal chalcogenide nanoplates”, Nano
Lett. 16 (2016) 488.-496. Ipp.

[2] P.K. Maharana, R. Jha. ,,Chalcogenide prism and graphene multilayer based surface plasmon
resonance affinity biosensor for high performance”, Sensors Actuators B 169 (2012) 161.-166. Ipp.

[3] N.C. Lindquist, P. Nagpal, K.M. McPeak, D.J. Norris, un S.H. Oh. ,Engineering metallic
nanostructures for plasmonics and nanophotonics”. Rep. Prog. Phys. 75, 036501 (2012), 61. Ipp.

[4] X.G. Mbyuise, M.W. Dlamini un G.T. Mola. ,,Metal nano-composite induced light trapping and
enhanced solar cell performances”. Physica B: Condensed Matter 622 (2021. g. dec.), 413321.

[5] C.P. Muzzillo. ,,Metal nano-grids for transparent conduction in solar cells”. Solar Energy
Materials and Solar Cells 169 (2017. g. sept), 68-77 Ipp.

[6] E. Lavallée, D. Drouin un J. Beauvais. ,Resistless electron beam lithography technique for the
fabrication of x-ray masks”. 17th European Conference on Mask Technology for Integrated Circuits
and Microcomponents. lzdevis U. F. W. Behringer. 4349. séjums. International Society for Optics
un Photonics. SPIE, 2001, 10.—12. Ipp.

[7] R. K. Debnath, A. G. Fitzgerald un N. Nusbar. ,,Electron beam fabrication of masks in amorphous
metalchalcogenide bilayers”. Journal of Physics: Conference Series 26 (2006. g. febr.), 211.—214.
Ipp.

[8] E.E. Elemike, D.C. Onwudiwe, L. Wei, L. Chaogang, Z. Zhiwei. ,Noble metal-semiconductor
nanocomposites for optical, energy and electronics applications”. Solar Energy Materials and Solar
Cells 201 (2019. g. okt.), 110106.

[9]S. Zhan, J. Jiang, Z. Zeng, Y. Wang un H. Cui. ,,DNA-templated coinage metal nanostructures and
their applications in bioanalysis and biomedicine”. Coordination Chemistry Reviews 455 (2022. g.
mar.), 214381.

[10] S.S. Je, J.C. Harrison, M.N. Kozicki, B. Bakkaloglu, S. Kiaei, J. Chae. ,In situ tuning of a MEMS
microphone using electrodeposited nanostructures”. J. Micromech. Microeng. 19 (3) (2009),
035015.

[11] A. G. Fitzgerald. ,The origin of electron beam patterning in silver/amorphous chalcogenide
bilayers”. Journal of Materials Science 50.6 (2015. g. janv.), 2626.—2633. Ipp.

[12] P. Roediger u. c. ,Crystallinity-retaining removal of germanium by direct write focused
electron beam induced etching”. Journal of Vacuum Science & Technology B 29.4 (2011), 41801.
Ipp.

[13] E. M. Clausen u. c. ,Positive and negative “resistless” lithography of GaAs by electron beam
exposure and thermal Clz etching”. Applied Physics Letters 57.10 (1990), 1043.—1045. Ipp.

75



