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Toos kasutatavad lithendid

AFM — Aatomjou mikroskoop - Atomic force microscope

SEM — Skaneeriv elektronmikroskoop - Scanning electron microscope
QTF — Kvarthelihark - Quartz tuning fork

JKR — Johnson-Kendell-Roberts

DMT - Derjaguin-Miiller-Toporov

SFA — Pinnajoudude modteseade - Surface force aparatus
QCM — Kuvartskristalli mikrokaal - quartz crystal microbalance
FFM — Ho6rdejou mikroskoop — Friction force microscope
TOS — teravik kiiljel - tip-on-side

TOT — teravik peal - tip-on-top

FDM — Tardunud tilga mudel - Frozen droplet model



1. Sissejuhatus

Triboloogia on teadusharu, mis tegeleb omavahel kontaktis olevate liikuvate kehade
uurimisega energia dissipatsiooni, materjali kulumise, adhesiooni, lubrikantide mdju ja
hoordejoudude seisukohalt. Kogutud teadmised on olnud abiks juba vanadel egiptlastel
piramiidide ehitusel ning ka tidnapdeval on mitmeid rakendusi, kus triboloogiaalased
teadmised aitavad t00 efektiivsusele kaasa. Nende seas on nditeks automootorite liikuvate
osade materjali ning kuju valik ja 6li valik lubrikandina, mehaanilise kidekella hammasratta-
slisteem, spordis suuskade libisemise parandamine Oige suusamédirde valikuga jne. Kuigi
makroskoopilisel tasemel triboloogiat on uuritud juba aastatuhandeid, on nanoskaalas
triboloogia uurimisega tegeletud ainult viimased monikiimmend aastat ning siiani on jaanud
veel mitmeid vastamata kiisimusi.

Kéesolev t60 keskendub triboloogia valdkonnas eelkdige hodrdejoudude ja
kontaktpindalade uurimisele ning nendevaheliste seoste kindlakstegemisele. On teada, et kuigi
makroskaalas on nad omavahel soltumatud, siis nanoskaalas soltuvad hodrdejoud
kontaktpindalast. Nanoskaalas on hodrdejoudude mootmine ja tdese kontaktpindala
madramine keeruline tilesanne, mille lahendamine nduab mittetriviaalseid ldhenemisi, nagu
niidatakse kiesolevas toos. Uheks kdige sobivamaks viisiks nanoskaalas hddrdejdudude
uurimiseks on nanostruktuure manipuleerides. Kristallilistel nanoosakestel voib esineda vaga
selgelt madratletud kontaktpind alusega. Sfaarilisi ja juhusliku kujuga osakesi saab kasitleda
kui tiksikuid véljaulatuvaid pinnaosi. Magistritoos manipuleeritakse erineva kujuga kulla ja
hobeda nanostruktuure, et uurida nanoskaalas hodrdejoudude sdltuvust osakese kujust.
Kontaktpindala médramiseks kasutatakse erinevaid ldhenemisi.

Too koosneb kolmest suuremast osast. Peatiikis ,,Teoreetiline ililevaade® tutvustatakse
triboloogia, tipsemalt kontatkpindalade ja hodrdejoududega seotud seaduspérasusi ja nende
karakteriseerimiseks véljatootatud mudeleid. Lisaks tutvustatakse erinevaid katsevahendeid
triboloogiandhtuste  uurimiseks ja  nanomanipulatsioonide  ldbiviimiseks.  Teises,
»Eksperimentaalne osa®, tutvustatakse lugejale selle konkreetse t60 raames kasutatud
katseseadmeid ja katsemeetoodikat. Tdiendavalt antakse {ilevaade uuritavatest objektidest.
Osas, ,,Tulemused ja diskussioon avaldatakse katsetulemused ja tehakse nendest jareldused

jargenvate katsete planeerimiseks.



2. Too eesmirk

Magistritod eesméark oli uurida nanoskaalas fundamentaalseid seaduspérasusi hoordejou
kohta, leida korrelatsioon kontaktpindalade ja nendele vastavate hodrdejoudude vahel ning
uurida staatilise hdordejou sdltuvust nanoosakese morfoloogiast. Selle jaoks oli vaja piistitada
jargmsed vaheeesmérgid:

e Leida seos hulktahuliste kullananoosakeste morfoloogia ja staatiliste hoordejoudude
vahel nende manipuleerimisel ranioksiidalusel skaneeriva elektronmikroskoobi (SEM)
sees.

e Teha kindlaks seos sfdarili-laadsete hdbedananoosakeste staatiliste hdordejoudude ja
kontaktpindalade vahel, neid skaneerivas elektronmikroskoobis manipuleerides.

e Arvutada sfadri-laadsete hobedaosakeste kontaktpindalad ja staatilised hdordejdud,
kasutades erinevaid mudeleid ja analiiiisida saadud tulemusi

e Uurida nanohantlite kditumist manipuleerimisel nende veeremise, libisemise ja
poorlemise korral.

e Arvutada nanohantlite kontaktpindala Derjaguin-Miiller-Toporov (DMT) mudeli ja

tardunud tilga mudeli (FDM) abil ning analiiiisida saadud tulemusi.



3. Teoreetiline iilevaade

Selles peatiikis antakse esmalt iilevaade hodrdejoududest ja nende fundamentaalsetest
alustest nanoskaalas. Lisaks tutvustatakse kontaktmehaanika levinumaid mudeleid ja
seletatakse tdnapdeval enimlevinumate hdordejou mddtmisvahendite ja

nanomanipuleerimisseadmete t66pShimatet.

3.1. Kuivhéordumise seadused makro- ja nanoskaalas

Kuivhoordumine ehk Coulombi hddrdumine on protsess, kus kaks keha on omavahel
kontaktis ja need liiguvad kokkusurutult tiksteise suhtes. Kuivhdordumisel pole siisteemile
lisatud méardeained libisemise holbustamiseks, mis vihendaks hodrdetegurit. Seda protsessi
mojutavad vdga paljud erinevad asjaolud, mille seas on nditeks elastsed ja plastsed
deformatsioonid kontaktis olevate kehade pinnal ja selle ldhedal, interaktsioonid kulunud
osakestega, mikroldhede teke, elektronide ja foononite ergastamine ning keemilised
reaktsioonid [1]. Vaatamata kdikidele nendele erinevatele protsessidele on kuivhddrdumine
esmases ldhenduses kokkuvoetav ainult kolme lihtsa seadusega, mis olid esialgu avastatud
Leonardo da Vinci poolt 15. sajandi 16pus ja 16. sajandi alguses ning hiljem taasavastatud

Guillaume Amotonsi poolt 1699. aastal. Kokkuvotvalt, Kkutsutakse avastatud sdltuvusi

kuivhddrdumise seadusteks [2]:

e HoOOrdumine on proportsionaalne rakendatud normaaljouga
e HoSrdumine on soltumatu kontaktpindalast

e HOGOrdumine on niiliselt sGltumatu liitkumise kiirusest

Need kehtivad suurepdraselt makrotasemel ning mitmed insenerialased rakendused ongi
nende pohjal loodud. Nanoskaalas objektide puhul kdik need seaduspérasused aga kehtima ei
jaa. Vaadates objektide pindu suurendusega, on enamasti voimalik tuvastada ka pealtndha
siledatel pindadel struktuuride karedust. Seetdttu on pinnad omavahel kontaktis ainult
iiksikute pinnast véljaulatuvate punktidega ja nende pindala nimetatakse tdeliseks
kontaktpindalaks. See on suurusjarke viiksem kui néiline kontaktpindala, mis on
makroskoopiliselt vaadeldes kogu kontaktis oleva ala pindala. Hoordejoud on

proportsionaalsed toelise kontaktpindalaga. Kui suurendada kehale mdjuvat normaaljoudu,
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siis koos sellega on ka rohkem viljaulatuvaid pinnaosasid omavahel kokku surutud ja
kehadevaheline toeline kontaktpindala on suurem, mis omakorda pohjustab suuremat

hodrdejoudu.
3.1.1. Hoordejoud

Objektidevahelist hodrdejoudu saab jagada kaheks. Kui objekt on paigal, siis m&jub
pinna ja objekti vahel staatiline hddrdejoud [1]. Keha liikumapanemiseks on vaja see joud
tiletada. Staatiline hddrdejoud on proprotsionaalne kehale mdjuva normaaljouga.

Fs = w5k 1)
Fn on kehele mdjuv normaaljoud ja ps on staatiline hodrdetegur, mis soltub kontaktisolevate
objektide materjalidest ja on sdltumatu kontaktpindalast ja pindade karedusest. Staatiline
hoordejoud on ajast soltuv  [3], pohjustatuna adhesioonijoududest, nagu van der Waalsi - ja
kapillaarjoud ning kontakti kdigus toimunud deformatsioonidest [4]. Kui staatiline hdordejoud
on iiletatud, hakkab keha liikkuma ning selle litkumise sdilitamiseks on vaja pidavalt joudu
rakendada. See joud kulub kineetilise hodrdejoud iiletamiseks, mis on samuti
proportsionaalne normaaljouga.

Fr = Wy (2)
uk on kineetiline hdordetegur, mis on ka sdltumatu kontaktpindalast ja pinnakaredusest.
Kineetiline hddrdetegur on monevorra viiksem kui staatiline hdodrdetegur, seetottu kulub ka
keha liitkumapanemiseks rohkem joudu kui liikumise sdilitamiseks. Nii staatilist kui ka
kineetilist hodrdejoudu saab kdige lihtsamal juhul modelleerida Prandtl-Tomlinson mudeliga
[5] [6] (joonis 1).

VWY

Joonis 1. Prandtl-Tomlinson mudel, kus masspunkt liigub vélise jou toimel perioodilises
potentsiaalivéljas. [Prandtl, 1928 ja Popov, 2009]




Selles mudelis kirjeldatakse osakese litkumist perioodilises potentsiaalivéljas:

mx'=F —nx — N sinkx 3
kus x on osakese koordinaat, m on selle mass, F on viline joud, n on sumbetegur, k on
lainearv ja N on perioodilise jou amplituud. Selle mudeli jargi peab esmalt rakendama
osakesele joudu, et ta lilkuma hakkaks. Selle jou minimaalne védrtus on vordne staatilise
hodrdejouga. Litkumise séilitamiseks on vaja vahem joudu, kuna siisteemile on juba antud osa
liikumiseks vajalikust energiast inertsi kujul. Oma lihtsuse tottu on Prandtl-Tomlinson
mudelit kasutatud vdga mitmete triboloogiliste ndhtuste modelleerimiseks, kuid see ei sobi

nditeks juhtudel, kus tegemist on ka osakeste kulumise voi deformatsiooniga.

3.2. Adhesioon

Erinevatest materjalidest objektide vahel mdjub nork joud, mis pohjustab nende kehade
vastastikust tdombumist. Seda nimetatakse adhesiooniks ning see on véga oluline mitmetes
rakendustes, nditeks liim ja kleeplint ning soovimatu liikuvate osadega rakendustes, kuna see
pohjustab kulumist. Adhesioonijoudu tuleb arvestada kui on tdidetud iiks jargmistest
tingimustest [1]:

e Keha pind on véga sile, nditeks arvuti kovaketta magnetketas.

e Uks kontaktisolevatest objektidest on viiga pehme, niiteks kumm vdi bioloogilised

objektid.

e Tegemist on viga viikeste siisteemidega, mille korral kogu keha ruumalal mdjuvad
joud  muutuvad  viiksemaks  adhesioonijoududest.  Niiteks saab  tuua
nanoelektromehaanilised siisteemid.

Kuna selles t66s késitletakse nanoosakesi, on adhesioon selle t66 raames védga oluline ja

jargnevates peatiikkides vaadeldakse adhesioonimehhanisme natuke ldhemalt.

3.2.1. Van der Waalsi joud

Elektriliselt neutraalsete objektide voi kehade, kus nendevaheline kaugus on samas
suurusjargus selle mootmetega, vahel toimub adhesioon enamasti van der Waalsi joudude
toimel. Van der Waalsi joududeks nimetatakse mitmeid erinevaid dipoolide vahel aset

leidvaid interaktsioone, mis vdivad mdjuda nii molekulide ja aatomite vahel kui ka iihe



molekuli eri osade vahel. Pohilised interaktsioonid, millest van der Waalsi joud koosnevad on
tdmbejoud: Keesom’i joud [7], Debye joud [8], London’i dispersioonijdud [9] ja tdukejoud,
mis vastavalt Pauli keeluprintsiibile [10] takistab molekulide enda sisse kokkuvarisemist.
Jargneb liihike iilevaade, mida van der Waalsi jou iiksikud komponendid endast tdpsemalt

kujutavad.

Diipol-diipol interaktsioon ehk Keesomi joud

Kuigi valdav osa molekulidest on elektriliselt neutraalsed, vdib neil esineda piirkondi,
milles  domineerivad {ihemérgilised enamuslaengukandjad. See pohjustab molekulis
diipolmomendi indutseerimise. Kui ldhendada iihele sellisele molekulile teist positiivse
laenguga molekuli, voi kui tegemist on diipoliga, siis selle positiivne ots iiritab esimest
diipolit poorata nii, et tema negatiivne osa oleks suunatud teise molekuli poole. Sellist
timberorienteerumist takistavad termilised fluktuatsioonid, mis pohjustavad diipolide suvalist
paiknemist vilise laengu puudumisel. Nende kahe vastastikuse efekti koosmojul toimub
diipolide orienteerumine ning diipolide omavaheline tdombumine ehk diipol-diipol

interaktsioon, mida nimetatakse ka Keesomi jGuks ( joonis 2).

+H e~ ---==-=-- +H =

Joonis 2. Diipol-diipol interaktsioon kahe soolhappemolekuli vahel. Esimese molekuli negatiivne ots
tombub teise molekuli positiivse otsa poole.

Debye joud

Kui ldhendada laengut molekulile, millel puudub staatiline diipolmoment, siis on
voimalik nende vahel tombejou tekkimine, mis on tingitud molekulis laengute
timberjaotumisest vilise laengu tottu (joonis 3). Sellise indutseeritud diipoli tombejoud soltub
molekulide polariseeritavusest. Debye joud ei saa toimida ainult aatomite vahel ja erinevalt
Keesom’i joust on molekulidevaheline temperatuurisdltuvus palju véiksem, kuna

indutseeritud diipol saab laengu iimber vabamalt liikuda kui timber teise diipoli.
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+H Cl- (@) 0

+H B - +0 O~

Joonis 3. Debye interaktsioon tekib, kui mittepolaarsele molekulile 1dhendada polaarne molekul.
Soolhappemolekul kutsub hapnikumolekulis esile laengute iimberjaotumise, mille 1dpptulemusel on
hapnikumolkekul ajutiselt polaarne.

Londoni dispersioonijoud

Voimalik on ka tdmbejou esinemine kahe mittepolaarse molekuli vahel. Seda ei saa
seletada klassikalise fiitisika raames, vaid selle seletust saab leida kvantmehaanikast. Aatomit
saab ette kujutada positiivse tuumana, mille timber tiirlevad elektronid sagedusega 10*°-10%
Hz. See tdhendab, et igal ajahetkel on kogu aatom polaarne, kuid polaarsuse suund vahetub
viaga kiiresti. Ldhendades kahte sellist ostsilleeruvat aatomit, hakkavad nad iiksteist
mojutama. Tombuvatel molekulide orientatsioonidel on suurem esinemistdendosus kui
toukuvatel. Seetdttu on Londoni joud ka keskmistatult tdmbejoud, mida on niha joonisel 4.
Samuti on Londoni joud vordelised interakteeruvate elektronide arvuga. Kodikdest van der
Waals joududest on Londoni joud kdige olulisemad, kuna kdik materjalid on polariseeritavad,

aga Keesomi ja Debye interaktsiooni esinemiseks on oluline diipolide olemasolu.

Joonis 4. Londoni dispersioonijoud esinevad kahe mittepolaarse molekuli vahel, kui neid léhendada.
Uhe molekuli elektronpilve negatiivne osa tombub teise molekuli elektronpilve positiivse osa poole.
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3.2.2. Lennard-Jones’i potentsiaal [11] [12]

Van der Waalsi jou komponentide véljaarvutamine voib mdnel juhul osutuda viga
ajakulukaks ja seetottu on mdnikord mdistlikum kasutada pisut ebatdpsemat, kuid oluliselt

lihtsamat liahendust. Uks selline ldhendus on Lennard-Jones’i mudel, kus osakestevaheline

interaktsioon toimub Lennard-Jones’i potentsiaali kaudu [1].

12 6
u=el() -2()] @
Valemis on toodud osakestevaheline potentsiaalne energia U, kus r, on kaugus U
miinimumis, r on osakestevaheline kaugus ja € on potentsiaalivédlja miinimumvéartus. Valemi
osa, mis on astmel 12, on tdukejoud, mis mojuvad viga lithikeses ulatuses. Astmel 6 olev
komponent on tdmbejoud, mis on domineerivad suuremas ulatuses. Lennard-Jones’i
potnetsiaali arvutamine on lihtne meetod osakestevahelise energia leidmiseks, kuid tuleb

arvestada, et see mudel arvutab energiat Idpmatuseni ning piirvdédrtuste madaramine on vajalik.

Graafiline kujutis Lennard-Jones’i potentsiaalist on ndha joonisel 5.

Osake 1' Osake 2'

- | B

Osake 1 Osake 2

1

Osake 1"

Interaktsiooni energia

. Osake 2"

Aatomite vaheline kaugus (d/d7)

Joonis 5. Graafiline kujutis Lennard-Jones’i potentsiaalist, kus osakesed 1 ja 2 on energeetiliselt kdige
soodsamas positsioonis. Viiksemal aatomite vahelisel kaugusel on domineerivamad tdukejoud,
osakesed 1’ ja 2’ proovivad liksteisest eemale litkuda. Kui osakesed on iiksteisest kaugemal kui

minimaalse energiaga positsioon, on olulisemad tdmbejoud, nagu on néha osakeste 1°* ja 2”’puhul.
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3.3. Pinnakareduse méju hodrdejoule (adhesioonile)

Hoordejou véaadrtuse erinevust eri pindadel piiiitakse tihti seletada pinnakareduse abil.
Igapdevaelust on levinud teadmine, et karedamal pinnal on hddrdejoud suuremad ja siledad
pinnad libisevad paremini. Samas, enamike rakenduste puhul on hddrdumine pinnakaredusest
soltumatu, kui pole tegu viga sileda voi vdga kareda pinnaga [13]. Nanoskaalas sellised
seaduspérasused ei kehti. Vaatame ldhemalt kontaktis olevaid pindu. Joonisel 6a on kontakt
kahe makroskoopilise objekti vahel, kus kontaktis olev pindala on defineeritud objektide enda
modtmetega. Vaadates iihte osa pindadest ldhemalt, on vodimalik ndha makroskoopiliselt
siledatel objektidel pinnakaredust. Joonisel 6b on néha, et reaalselt on kontaktis ainult iiksikud
viljaulatuvad pinnaosad. On vodimalik eristada niilist ja toelist kontaktpindala, millest
viimane on suurusjarkudes viiksem esimesest. Eclmistest peatiikkidest on teada, et
molekulide vahel esineb adhesioon ning mida rohkem molekule on kontaktis, seda suurem on
adhesioon. Seetdttu on nanoskaalas siledate pindade vahel suurem hoordejoud kui karedate
pindade vahel. Osade rakenduste teostamiseks, nagu naiteks superhiidrofoobsed pinnad, oleks
vaja valmistada hierarhiliselt erineva karedusega pindu maksimaalse efekti saavutamiseks
[14].

Joonis 6. a) Niiline kontatkpindala makroskoopilisel juhul. Kontaktpindala on vordne kontaktis
olevate kehade pindalaga. b) Reaalne kontaktpindala nanoskaalas kontakti korral. Reaalne kontaktpind
on vordeline kontaktis olevate viéljaulatuvate pinnaosadega.

Nanotriboloogia tegeleb tdeliste kontaktpindalade uurimisega, kas iiksikute pinnast
véljaulatuvate osade vahel vo0i objektidega, mis on véiksemad voi vorreldavad iiksiku
vdljaulatuva pinnaosaga makroskoopilises kontaktis, et paremini mdista hdodrdumise
fundamentaalseid aluseid. Sellisel juhul arvutatakse tavaliselt kontaktpindalad vastavalt

kontaktmehaanika mudelitele, mida tutvustatakse jargmises peatiikis.
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3.4. Kontaktmehhaanika [1]

Lisaks kehadevaheliste joudude iseloomustamisele on oluline ka kehade enda kuju muutus
kontakti korral. Selle analiiiisimiseks on loodud mitmed mudelid - Hertz, Johnson-Kendell-
Roberts (JKR), DMT, millest antakse iilevaade selle peatiiki raames. Kontaktisolevate
osakeste kujumuutus soltub ka nende omadustest. Jirgnevalt tuleb {ilevaade suurustest, mis

mojutavad deformatsiooni kontaktalas.

3.4.1. Aine elastseid ja plastseid omadusi kirjeldavad suurused [1]
[15]

Rakendades talale pikisuunas tdombe- voi tdukejoudu, ta kas pikeneb voi litheneb
pikkuse Al vorra. Talale mdjuva pikisuunalise jou ja tala ristldike jagatist nimetatakse

mehhaaniliseks pingeks. See avaldub:

o=- (5)

A
ja sellega kaasnev deformatsioon on pikkuse muudu jagatis tala esialgse pikkusega:

= (6)

lo
kus o on mehaaniline pinge, F on rakendatud joud, A on tala ristldige, € on deformatsioon, Al
on tala pikkuse muut ja Iy on tala esialgne pikkus. Mehhaanilise pinge ja deformatsiooni
vahel avaldub jargmine seos:

o =Ee (7)
E on aine elastsusmoodul. Kui keha pikeneb iihes suunas, siis samal ajal peab ta teistes
suundades vdhenema. Seda muutust iseloomustatakse Poissioni koefitsendi v abil, mis on
ainele omane konstant. Poisson’i koefitsendi védrtused varieeruvad O0-i (kergesti
kokkusurutav) ja 0.5-e (kokkusurumatu) vahel. Kui joud mojub risti tala pikiteljega, siis
esineb nihkedeformatsioon. Seda on voimalik avaldada elastsusmooduli ja Poisson’i

koefitsendi abil jargmiselt:

R
T 2(14v) (8)

G

voimalik avaldada aine vastupidavust hiidrostaatilisele joule iseloomustavat parameetrit -

mahumoodulit;
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E
K= 3(1+2v) ©)

Igat aine mehaanilised omadused saab tdielikult iseloomustada valides iikskoik missugused

kaks védrtust kolme defineeritud mooduli ja Poisson’i koefitsendi vahel.

3.4.2. Hertz’i mudel [1]

Jargnevalt iseloomustame kontakti kahe objekti vahel sdltuvalt nende geomeetriast.
Uks lihtsamaid ja levinumaid kontaktmehaanika mudeleid on Hertz’i mudel, mille graafilist
piistitust on ndha joonisel 7. See iseloomustab kontakti kahe tahke objekti vahel. Meie
vaatame ldhemalt olukorda, kus iiks objekt on jiik ja sfdiriline ning teine on elastne pind
(samavéadrne on ka olukord, kus pind on jiik ja sfdér elastne). Kui sfdéri ja pinda omavahel
kokku suruda, siis jéik sfdér tungib pinda, mis hakkab elastselt deformeeruma. Pinnapunktide
nihe avaldub jargnevalt:

u=d-1 (10)

2R

Vastavalt Hertz’i kontaktmudeli réhujaotusele [16] on vdimalik avaldada kontaktraadius
a=+VRd (11)
ja vastav kontaktpindala on:
A =ma* =nRd (12)
Lisaks on Hertz’i mudelit kasutades voimalik méédrata kontaktpindalasid ka erinevate

geomeetriate korral, nditeks kahe sfaéri kontaktis, pind ja silinder kontaktis jne.

15



O’

Joonis 7. Skeem Hertz’i mudelist, kus kontaktis on kaks sfaéri. Valides iihe sfadri raadiuse 1opmatult
suure, on vOimalik selle mudeli raames modeleerida ka kontatki pinna ja osakese vahel.

3.4.3. Edasiarendatud kontaktmehaanika mudelid

Uheks Hertz’i mudeli suurimaks puuduseks on adhesiooni arvestamata jitmine.
Adhesioon on aga oluliseks komponendiks kontaktmehaanikas kodikide osakeste puhul, mis
on modtmetelt viiksemad kui mikromeeter. Kaks pdhilist gruppi, kes on osalenud nakkuvust

arvestava kontaktmehaanika mudeli viljatootamisel on JKR ja DMT.

3.4.3.1. JKR [17] [18]

Kontaktis oleva elastse sfddri ja jdiga pinna vahel on kontaktpiirkonnas voimalik
maérgata kaela moodustamist, mis on pohjustatud adhesioonijoududest. JKR teooria arvestab
adhesioonijoudusid, leides tasakaalu pindade vaba energia ja deformatsioonide kéigus

kogutud elastse energia vahel. Kontaktraadius on:

a= 3\/2 (F, + 3ynR + /6ynRE, + (3ymR)? ) (13)

Siin y on adhesiooni t60, ehk t66 mis tuleb teha kahe pinna iiksteisest eraldamiseks nii, et

tekiks 2 uut piirpinda. F, on siisteemile rakendatud joud.
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_ RiRp

" Ri+R, (14)
= s (15)
ky =28 (16)
ko =" (17)
Ja seega kontaktpindala JKR mudeli jargi on:
A= n?’\/(g (Fn + 3ynR + /6ynRE, + (3ynR)>? ))2 (18)

Tuleb arvestada, et see mudel arvestab lithikese ulatusega adhesioonijoudusid ainult
kontaktpindala sees. JKR mudel sobib pigem modotmetelt suuremate ja véikse jdikusega

osakeste Kkirjeldamiseks.

3.4.32. DMT [18] [19] [20]

Grupp Derjaguin-Miiller-Toporov ldhenes adhesiooniga kontaktpindala leidmisele
eeldusega, et tdmbejoud esinevad ainult kontaktalast véljaspool. Sarnaselt JKR mudeliga
leitakse tasakaal elastse energia ja vaba pinna energia vahel ning kontaktraadius DMT mudeli

jérgi on:

a= i/g (E, + 2mRy) (19)

ja seega kontatkpindala avaldub kui:
A =nLysRs (20)
DMT mudel sobib pigem viiksemate ja kovemate materjalide omavaheliste interaktsioonide

modelleerimiseks, kus adhesioonijoudusid arvestatakse ainult kontaktpindalast viljaspool.
3.4.3.3. Tabor’i iildistus

JKR ja DMT mudelid jitavad iiksteisest konkureeriva mulje. Tabor avaldas 1977.
aastal dimensioonitu parameetri [21]:

16Ry?
9K2z73

nr = ( 21)
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kus zo on Lennard-Jones’i potentsiaalist tulenev kaugus, kus interaktsioonienergia on
minimaalne. Tabori parameetrit arvesse vottes on voimalik ndha, et JKR ja DMT mudelid on
Maugis [22] mudeli kaks darmust [23]. Tabori koefitsendist jareldub, et kulla ja hdbeda

nanoosakeste manipuleerimise modelleerimiseks on sobilikum DMT mudel.

3.5. Ekperimentaalsed meetodid nanotriboloogia uurimiseks

Triboloogiandhtuste uurimiseks on loodud mitmeid erinevaid katseseadmeid. Nende
to0pohimotete erinevuse tottu on viga erinev katsest saadav informatsioon ja konkreetse
eesmirgi saavutamiseks tuleb valida kdige sobivam voi sobivamad katsevahendid. Jargneb
lihike {ilevaade enimlevinud triboloogiaalaste uuringute ldbiviimiseks kasutatavatest

katsevahenditest.

Surface force aparatus (SFA)

SFA puhul pannakse kontakti kaks tiksteise kohal asuvat koverat atomaarselt siledat
silindrit, paksusega moned mikromeetrid [24]. Enamasti kasutatakse atomaarse sileduse
tagamiseks nende valmistamisel vilgukivi. Vilgukivist silindrid on kinnitatud réniketastele.
Ketaste kokkusurumisel tekib silindrite vahele 16pliku suurusega moddetav timara kujuga
kontaktala [2]. Jargenvalt libistatakse iihte ketast teise suhtes. Normaaljoud registreeritakse
alumise ketta kiilge kinnitatud kaksikkonsoolvedru hilbe abil. Ulemist ketast toetab
terasplaat, mis on kinnitatud 2 vertikaalse kaksikkonsoolvedru kiilge, mida kasutatakse
hoordejoudude modtmiseks kontaktis olevate pindade vahel libisemise ajal. Igasugused pinna
ebatasasused registreeritakse optiliste meetoditega. Molemad katse kidigus ldahendatavad

silindrid on eksperimendi ajal vedeliku sees [25].

Quartz crystal microbalance (QCM)

QCM on seade, mida kasutatakse pohiliselt viga kergete objetkide kaalumiseks. Krim
et al. [26] [27] modifitseerisid katseseadet nii, et oleks voimalik teostada Kkatset, kus
moddetakse hodrdejoudu libisevate pindade vahel. Seadme siidameks on kvartskristall, millel
on vidga vidike sisemine soojuse hajumine selle vonkumisel. Seetottu on selle

resonantssagedus enamasti 5-10 MHz vahel. Resonantssagedus on viga kitsas ja on maératud
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kristalli elastsete omaduste ning massiga. Ostsilleerimist juhitakse pinnale sadestatud
ohukeste metallelektroodide abil. Kui kvartskristall ja katseobjekt panna omavahel kontaktselt
libisema, siis katseobjektilt tulenev lisamass ja adhesioon pohjsutab kvartskristalli
resonantssageduse vihenemist. HO0rdumise kédigus vabaneva energia tottu laieneb ka
resonantssageduse piik. Mdotes samaaegselt nii sageduse nihkumist kui ka vonkeamplituudi
muutusena tekkivat resonantsi laienemist, on voimalik médrata kvartskristalli ja katseobojekti

vahelist hodrdejoudu.

Fricion force microscope (FFM)

FFM, mis on iiks aatomjoumikroskoobi erinevatest modifikatsioonidest, on laialdaselt
kasutusel triboloogia uurimiseks [28]. Enamasti volframist v4i teemantist valmistatud teravik
libistatakse iile pinna. Joud registreeritakse teravikukonsooli paindest ja tulemuseks on
jousilmus, millel on reegline voimalik ndha haara-ja-libise tiitipi liikkumist (joonis 8). Kuigi
FFM vdimaldab teostada hdordejou mddtmist nanosuurusjdrgus kontaktpindaladega, ei ole
vdimalik neid hiljem tipselt visualiseerida ja nende suurust mirata. Uks FFM eeliseid teiste
meetodite ees on see, et terve teraviku puhul on pinnaga kontaktis ainult iiks punkt, mis on
madratud teraviku mootmetega. [12]. Nii on voimalik véltida mitme erineva kontaktala

korraga tekkimist ning saab uurida hodrdumist vaga fundamentaalsel juhul.
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Joonis 8. FFM-ga tehtud lateraaljou modtmised NaCl pinda edasi-tagasi skaneerimisega. a) Teravik

hoiti pinnast kaugemal, teraviku ja pinna vahelise adhesioonijou kompenseerimiseks b) Teravikule

rakendati normaaljdudu. Haara-ja libise tiitipi liikumine véljendub saechambakujulise signaaliga.
[Bennewitz, 2005]
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3.5.1. Nanoosakeste manipuleerimismeetodid

Eelnevalt kirjeldatud meetodid, ainsa erandiga FFM, on sobilikud ainult suurte
pindade iseloomustamiseks. Paljude oluliste triboloogiliste nédhtuste uurimiseks on aga oluline
uurida voimalikult véikest kontaktala. Selle jaoks on sobilikeks katseobjektideks
nanoosakesed, kuna neil on tihti on vdga selgelt defineeritud geomeetria ja atomaarselt siledad
pinnad. Samuti saab sfiddri-laadseid osakesi késitleda kui iiksikuid véljaulatuvaid tippe.
Manipuleerimiskatsed seisnevad nanoosakeste liigutamises pinna peal iihelt asukohalt teisele.
Seda protsessi nimetatakse nanomanipulatsiooniks ja selle teostamiseks on olemas erinevaid
lahendusi, millest enamikul juhtudel on kasutusel aatomjoumikroskoop (AFM). Seetdttu
jargneb ka tilevaade AFM abil manipuleerimisest ja enimlevinud meetoditest selle

teostamiseks.

3.5.2. AFM [29] [30]

AFM t60pohimaote

AFM loodi 1986 aastal Binnig et al. [31] poolt nii juhtivate kui ka mittejuhtivate
pindade topograafia visualiseerimiseks aatomlahutusega. AFM’is lahendatakse katseobjektile
konsooli kiilge kinnitatud teravik. Soltuvalt pinna ja teraviku vahelisest kaugusest mojub
nende vahel kas tduke- vOi tdmbejoud, mis pohjustab konsooli painet vastavalt Hooke’i
seadusele. Konsooli paindest saab joudu médrata konsoolilt peegelduva laserkiire
paiknemisest segmenteeritud fotodioodist koosnevast detektoril. Konsool ise on kinnitatud
piezoelektrilisele liigutusmehhanismile, et tagada teraviku kolmemddtmeline litkumine.
Lisaks pinna topograafia visualiseerimisele, saab AFM’i kasutada ka nanoosakeste

lilgutamiseks.

AFM toomoodid

AFM saab tootada mitmes moodis. Kéesolevas t00s jaotatakse todviisid vonkuvateks
ja mittevonkuvateks. Vonkuva teraviku tooreziimi saab omakorda jaotada kontaktseks ja
mittekontaktseks. Vonkuva puutekontakse tooreziimi puhul vongub teravik pinna kohal

resonantssagedusel ja ldheb oma madalamas asendis kontakti pinnaga. Toatemperatuuril on
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koik pinnad kaetud ohukese veekihiga ja seetdttu voib teravik kergesti kinni jddda. Vonkuva
teravikuga pinna skaneerimisel on teraviku pinnale kinnijddmise oht véike, mis on ka selle
toomoodi pohieeliseks. Lisaks on vidhene objekti ja teraviku rikkumiseoht. Vénkuva
mittekontaktse tooreziimi puhul vongub teravik pinna kohal, aga ei lidhe sellega kontakti.
Tegemist on vihekasutatava meetodiga, kuna teravik voib pinnale kogunenud vedelikukihi
tottu selle kiilge kinni jddda ja seetdttu kannatada saada. Mittevonkuva kontaktse tooreziimi
puhul on teravik kontatkis pinnaga konstantse jouga. Sellise t66moodi eelisteks on korge
lahutus ja tdpne jou kontrollimine, kuid samas on ka suur oht teraviku purunemiseks ja objekti

rikkumiseks.

AFM manipulatsioonid

AFM nanomanipulatsioon koosneb kolmest etapist. Esmalt voetakse pilt uuritavast
alast, et méadrata manipuleerimiseks sobilike osakeste asukohad. Seejdrel on osake

manipuleeritud tihel jargenvalt kirjeldatud viisiidest.

Mittevonkuva teravikuga manipuleerimine

Tip-on-side (TOS) [29] [33] [34]

Intuitiivselt kdige loomulikum viis osakese manipuleerimiseks on seda korvalt liikata.
Mittevonkuv teravik asetatakse osakese korvale ja viiakse kontakti esmalt substraadiga ja
jargnevalt osakesega, mida on kujutatud joonisel 9. Seejdrel liilitakse tagasiside vélja ja
teravikku hakatakse rohkem osakese suunas liigutama ja kui konsooli liikumisest tingitud
lateraalne joud on suurem kui osakese staatiline hodrdejoud, hakkab osake litkuma. Tihtipeale
el lange osakese masskese ja teraviku litkumissuund kokku. Seetdttu voivad osakesed litkkuda
ka teraviku trajektoorist korvale ning monikord ei ole teraviku ja osakese vahelised
adhesioonijoud piisavad osakese ja teraviku vahel kontatki siilitamiseks. Hoordejoudusid

saab hinnata konsooli vadndumisest.
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Joonis 9. Skeem TOS meetodil osakese manipuleerimisest. Roheline nool néitab teraviku liikumise
suunda.

Tip-on-top (TOT) [29] [30]

Teine variant osakese manipuleerimiseks AFM’is on samuti mittevonkuva teravikuga,
mis on asetatud osakese peale voimalikult ldhedale tsentrile. Teraviku tsentreerimine toimub
mittekontaktselt, et viltida osakese enneaegset liikumist. Jargnevalt surutakse teravik vastu
osakest voi mitmest osakesest koosnevat kogumit. See ldhenemine ongi levinum
osakestekogumi manipuleerimiseks. Parast teraviku ja osakese vahelise kontakti saavutamist
hakatakse teravikku liigutama paralleelselt pinnaga ilma tagasisideta, nagu on nédha joonisel
10. Kui teraviku ja osakese vaheline staatiline hodrdejoud liletab osakese ja pinna vahelist
staatlist hodrdejoudu, hakkab osake libisema. Osakese trajektoor ja teraviku trajektoor
langevad TOT meetodil kokku ning osake liigub katkestamatult. Sarnaselt eelmise juhuga

saab hoordejoudusid hinnata konsooli lateraalsest paindest.

Joonis 10. Skeem TOT meetodil osakese manipuleerimisest. Punane nool néitab teraviku ja osakese
liilkumise suunda. Roheline nool niitab AFM teraviku poolt osakesele rakendatud normaaljoudu.
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Vonkuva teravikuga manipuleerimine [29] [35]

Viimane viis osakese manipuleerimiseks on kasutada vonkuvat teravikku (diinaamiline
meetod). Sel juhul vongub teravik resonantssageduse ldhedal ja teraviku ja osakese vahel
mdjub tdukejoud, mis on proportsianaalne teraviku ostsillatsiooniamplituudiga. Enne
manipuleerimist voetakse pilt uuritavast alast (joonis 1la) ja Seejdrel liilitatakse vilja
tagasisideahel vOi suurendatakse vonkeamplituudi nii, et teravik ei joua reageerida topograafia
muutustele ning skaneeritakse ala uuesti. Kui teraviku vonkumisest tingitud joud {iiletavad
osakese ja pinna vahelist staatilist hdordejoudu, hakkab osake liikuma. Viimaks skaneeritakse
ala uuesti, et ndha osakese 16pppositsiooni (joonised 11b ja 11c). Diinaamilise meetodiga on
koige raskem juhtida osakese liikumissuunda. See raskendab meetodi rakendamist osakese
kontrollitud manipuleerimiseks. Diinaamilises reziimis hinnatakse joudu manipuleerimise
kéigus eraldanud energia kaudu [32]. Diinaamilise meetodi rakendamise muudab keeruliseks

veel asjaolu, et teravik ostsilleerub pinnaga risti. Teraviku nurk ja pinna vaheline nurk on

teadmata ja ei ole voimalik médrata osakesele mojuvat jouvektorit.

Joonis 11. AFM pildid enne ja pérast manipuleerimit. Osal A on vdimalik néha kulla osakeste jaotust
alusel. Osal B on néha, kuidas kulla osakesed on liikatud skaneerimisala ddrde parast manipuleerimist,
Sama ala suurendatult on ndhe osal C. [Pildid: Karine Mougin]

AFM’iga manipuleerimise puudused

AFM-i kasutamine osakese manipuleerimiseks on aegandudev, kuna iihe osakese
manipuleerimiseks tuleb seda minimaalselt kolm korda skaneerida. Lisaks puudub vdimalus
reaalajas vaadelda osakese trajektoori. Seda on ainult voimalik hinnata vaadeldes osakese alg-

ja 1dpppositsiooni.
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4. Eksperimentaalne osa

Selles peatiikis tutvustatakse esmalt katsete ldbiviimise meetoodikat, katseseadmeid ja
katsevahendeid. Jargenvalt kirjeldatakse eksperimentide kdigus manipuleeritud Au ja Ag

osakesi ning viimaks kirjeldatakse manipuleerimiskatse kulgu eri tiitipi osakeste puhul.

4.1. Manipuleerimine skaneeriva elektron mikroskoobi sees — iilevaade

meetodist

Kédesoleva t66 raames toimus osakeste manipuleerimine SEM sees eksperimentide
reaalajas jalgimiseks. Korge lahutusega pildid voeti FEI Helios Nanolab SEM’iga. Osakeste
manipuleerimiseks kasutati Kleindiek MM3A-EM polaarkoordinaatidega manipulaatorit.
Katsed koos joumodtmistega viidi 1dbi Vega-1l SBU TESCAN SEM’is. Manipulaatoriks
kasutati XYZ nanopositsioneeri SLC-1720-S SmarAct.

Manipuleerimine SEM sees

Manipuleerimiste teostamisel SEM sees on mitmed eelised. Kdigepealt on juba eelnevalt
mainitud voimalus eksperimente reaalajas jdlgida. See vdimaldab manipuleerimise kaigus
vaadelda osakese asukohta ning vastavalt sellele manipulaatorit liigutada. Manipuleerimine
SEM sees tidhendab, et katse peab toimuma vaakumis. Seetdttu on vdhendatud vee ja muu
mustuse saastav moju katseobjektidele. Samas toob see kaasa ka moned puudused. Kuna
eksperiment toimub vaakumis, siis on suured nduded SEM sees olevatele katsevahenditele ja
—objektidele. Nad peavad olema voolujuhtivad, vaakumisdbralikud ja mitte-magneetilised.
Samuti v3ib elektronkiir mojutada katset ja selle moju on hetkel veel vihe uuritud.

Manipulaatori liigutamiseks on kasutusel kaks reziimi. Skaneerimisreziim pohineb piezo-
kristalli paisumisel ja kokkutdmbumisel elektrivdlja mdjul ning on iisnagi tipne ja sujuv.
Puuduseks on viike skaneerimisulatus (maksimaalselt moned mikromeetrid). Piezo-kristall on
ka vdga habras ning v4ib kergesti puruneda. Samuti talub piezo-kristall kokkutdmbumist ja
venitamist ainult {ihes suunas. Piezoelektrilise efektiga voib kaasneda ka hiisterees, Kus
liigutuse ulatus soltub nii hetkel rakendatud pinge viairtustest kui ka varajasematest pinge
védrtustest, pohjustades liigutuste mittelineaarsust [36]. Hiistereesiga kaasneb tihtipeale ka

piezo-kristalli roomavus, mis viljendub piezo-kristalli positsiooni triivina. Teine
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liilkumisreziim on samme-reziim, kus liikumine toimub mitme jérjestikuse piezo-kristalli
aeglase paisumise ning kiire kokkutdombe ja sellele jargneva libisemise mdjul, mis
saavutatakse manipulaatorile saadetud saehamba kujulise signaaliga. Skaneerimisulatus voib
olla mitu millimeetrit, aga selle reziimi tipsus ja Korratavus on palju kehvem, Kui

skaneerimisreziimis.

Jouméotmised kvartshelihargi (QTF) abil

Joumodtmiste teostamiseks kinnitatakse manipulaatori kiilge QTF [37], mida on ndha
joonisel 12. Eelnevalt tuleb QTF korpus maha lihvida, et pizseda ligi helihargi haaradele. Uhe
haara kiilge liimitakse AFM konsool koos teravikuga. QTF pannakse vonkuma elektrilise
signaaliga resonantssagedusel, mis on vodimalik tianu kvartsile omasele piezoelektrilisele
efektile. Sellise silisteemi omavonkesagedus ja -amplituud sdltuvad teravikule mdojuvast
koormusest. See voimaldab mdota QTF-le mojuvaid joudusid, registreerides
amplituudimuutused katse kdigus. Soltuvalt sellest, kuidas teravik on liimitud QTF kiilge, on
voimalik to6tada normaalreziimis, kus QTF vOngub risti pinnaga ja lateraalreziimis, kus QTF
vongub pinnaga paralleelselt. Normaalreziimis on kergem teravikku oigel korgusel hoida,
kuid saadavate jOuandmete tdlgendamine on raskem ostsilleerimissuuna ja teraviku
litkkumissuuna erinevuse tottu. Lateraalreziimis on tulemuste tdlgendamine lihtsam, kuid
teraviku hoidmine konstantsel kdrgusel on palju keerulisem. QTF’ilt tulevat signaali

voimendatakse Lock-in voimendiga SR830 Stanford Research Systems (joonis 13).

Joonis 9. Pildid kommertsiaalsetest QTF’idest. VVasakpoolsel on heliharki kaitsev korpus maha
lihvitud.
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Voimendi QTF Analoog-digitaal muundur

Joonis 13. Elektriskeem QTF-ist koos vdimendi ja signaali registreeriva analoog-digitaal muunudriga.

Teravik

QTF kiilge voib liimida erinevaid teravikke. Nende valik soltub nii teraviku kui ka
katseobjektide omadustest. Uheks vdimaluseks on kergesti valmistatav voframteravik, mida
saab peenikese volframtraadi elektrokeemilisel soovitamisel [38]. Teine voimalik teraviku
valik on AFM teravik, mis on omaduste poolest jaigem ja millel on tootja poolt garanteeritud
teravus, kuid kuna seda ei saa ise valmistada, on see ka tunduvalt kallim. JGumoGtmiste puhul
kasutati QTF-i kiilge liimitud volfram- kui ka AFM-teravikke. Korglahusega piltide votmisel

kasutati manipuleerimiseks AFM teravikku.

4.2. Katseobjektide kirjeldus

Kéesoleva t60 raames manipuleeriti erinevaid osakesi, mida voib jagada kahte riihma.
Esiteks olid nanoosakesed, mille hulka kuulusid Au hulktahulised osakesed ja Ag sfddri-
laadse morfoloogiaga osakesed. Teine riithm on Ag osakesed, mida kutsutakse nanohantliks,
kuna need koosnevad iihest nanotraadist, mille kummaski otasas on Uks sfddri-laadne

nanoosake, meenutades hantlit.

4.2.1. Nanoosakesed

4.2.1.1. Kulla nanoosakesed

Katsestes kasutatud hulktahulised Au osakesed osteti BBl Solutions’ist
nominaalmddduga 150 nm. Osakestel on selgelt defineeritud tahud ja SEM piltidelt on

voimalik eristada mitmeid erinevaid osakeste morfoloogiaid nagu tetraeeder, pentagonaalne
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dipiiramiid ja ikosaeeder (joonis 14). Nendel osakestel on atomaarselt siledad pinnad, mille
pindala on kergesti arvutatav teades osakeste modtu ja geomeetriat. Lahuses olevad osakesed
kanti siistlaga rénioksiid alusele ja 160mutati enne manipuleerimist temperatuuril 500°C 1h

surfaktantide eemaldamiseks.

Joonis 10. SEM pilt hulktahulistest Au nanoosakestest. Pildilt on vdimalik eristada pentagoonaalset
dipiiramiidi, ikosaeerdilisi ja tetracedrilisi morfoloogiaid [Vlassov et al, 2011].

4.2.1.2. Hobeda nanoosakesed

Pentagonaalsed Ag nanotraadid nominaaldiameetriga 120nm osteti firmast Blue nano.
Jargenvalt sulatati neid osaliselt 532nm Expla NL200 laseriga Riias ja kanti rdnioksiid
alusele. Traadid hakkasid sulama otstest seal asuvate elektrivilja jaotuse maksimumide tottu
[39]. Tulemuseks olid Ag osakesed, mille morfoloogia sdltub laseri to6tingimustest (joonis
15). Madala laserienergiaga moodustavad struktuurid, millest tuleb juttu nanohantlite
peatiikis. Korge laserienergiaga sulas nanotraat kas osaliselt voi tédielikult timarateks
nanoosakesteks Rayleigh-Plateau ebastabiilsuse tottu [40]. Sulamismehhanismi seletamiseks
on 2 teooriat. Esimesel juhul hiippab sulanud nanostruktuur pinnalt lahti, kdvastub ja
maandub tahke osakesena tagasi pinnale [41]. Sellel juhul on osakese kuju sfdari-laadne.
Teine vOimalus on, et osakesed sulavad laseri mdjul ainult hetkeks ja kovastuvad
moodustades tardunud tilgad pinnale. Saadud osakese morfoloogia sdltub pinna ja tilga
vahelisest margamisnurgast ning enamasti moodustub trimmitud sfadr. Seda mehhanismi
nimetati tardunud tilga mudeliks ning seda kasutati hiljem Ag nanoosakeste ja nanohantlite

kontaktpindalade ja staatliste hoordejoudude modelleerimiseks.
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Joonis 11. SEM pilt osaliselt sulanud pentagonaalsetest Ag nanotraatidest.

4.2.2. Nanohantlid

Nanohantlid valmistati samadest Ag nanotraatidest millest Ag sfadridki. Neid saab
sulatades nanotraate madalamate laserienergiatega. Struktuurilt on nanohantlid kaks timarat
nanoosakest, mis on omavahel nanotraadiga ithendatud (joonis 16). Soltuvalt osakestevahelise
nanotraadi pikkusest voib hantel olla kontaktis substraadiga nii keskelt kui otstest pika traadi
korral ja ainult otstest lilhikese traadi korral. Kuna viimasel juhul on kontaktpindala véga
vidike, on tegemist viga sobilike objektidega nanomanipuleerimiseks. Lisaks voimaldab nende

kuju vahet teha libisemise, veeremise ja ja iihe punkti imber poorlemise vahel.

Joonis 12. SEM pildid Ag pentagonaalsete nanotraatide sulamisel moodustunud nanohantlitest. Pildil
b on ndha, et nanohantlite otsad voivad olla sfdéri-laadsed voi ovaalsed.
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4.3. Nanostruktuuride manipuleerimiskatsete kirjeldus

Jargneb iilevaade erinevate nanostruktuuride manipuleerimiskatsete teostamisest, Kirjeldus

tiilipilisest manipuleerimiskatsest ja katsete kdigus tdheldatud isedrasustest.
4.3.1. Nanoosakeste manipuleerimine

Koik individuaalsed nanoosakeste manipuleerimised algasid esialgse tdukega samm-
reziimis, et tletada ajaga kasvavat adhesioonijoudu [42]. Sellele jargneb teraviku
positsioneerimine osakese juurde ja teravikku hakatakse liigutama osakese suunas, et selle
positsiooni muuta. Samas toimub ka jou mOdtmine manipulaator SmarAct
skaneerimisreziimis. Joumdotmistega manipulatsiooni kdigus liigub teravik paralleelselt
substraadi pinnaga sirget trajektoori pidi. Pdrast manipuleerimise 10ppu tdmmati teravik kiire
liigutusega osakesest eemale, et viltida nende omavahelist kinnijddmist. Eksperimentide
kaigus ostsilleerus QTF nii manipuleerumise suunaga risti kui ka samas suunas
manipuleerimise suunaga. Tiiipilist manipuleerimist koos joumdotmsiega on ndha joonisel
17. Piirkond a-b vastab teraviku ldhenemisele osakesele. Joukdvera kasv piirkonna b juures
on podhjustatud teraviku ja osakese vahelisest interaktsioonist ning maksimaalne véirtus
punktis b vastab staatilisele joule pinna ja osakese vahel, mida on tarvis iiletada osakese
liigutamiseks. Kui maksimum on iiletatud, teeb osake vidikse hiippe, vabastades teraviku
lahendades omandatud potentsiaalse energia. Piirkonnas c-e liigub osake iihtlaselt, kineetilise
hoordejou vadrtusega moned nanonewtonid, mis on kooskdlas varasemate tulemsutega [43]
[44], mille kohaselt on kineetiline hdodrdejoud kaduvviike vaakumis. Oluline oli katkestamatu
litkumine, kuna ka lithikese paigalseismise jdrel hakkasid nanoosakesed tugevasti pinna kiilge

jaama. Katsete kulg oli analoogne nii kulla- kui ka hdbedaosakeste korral.
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Joonis 13. Ulemisel pildireal on vdimalik niha SEM pildiseeriat Ag nanoosakestest manipuleerimise
kéigus. Must pidevjoon téhistab teraviku lilkumise suunda ja must katkendjoon teraviku vonkumise
suunda. Sinine nool nditab nanoosakese liikumise suunda. Alumisel graafikul on vdimalik ndha QTF-
sensoriga registreeritud tiilipilist joukdverat.

Hobedaosakeste korral voeti korge lahutusega pildid FEI Helios Nanolab SEM sees, kus
manipulaatoriks oli Kleindiek MM3A-EM. Osake tdugati oma kohalt lahti ja Ag korral jai

sellest rdnioksiid alusele maha jilg, mille alusel oli voimalik kontaktpindala arvutada

4.3.2. Nanohantlite manipuleerimine

Nanohantlite katsed algasid sarnaselt Ag ja Au osakestega tehtud katsetega esmalt
nanohantli lahtitdukamisega iihe kiire jdrsu manipulaatori liigutusega, et vdhendada aja
jooksul suurenenud adhesiooni pinna ja nanohantli vahel. Teravik asus poole nanohantli
korgusel. Tiiipiliselt hakkas nanohantel manipuleerimise kdigus podrlema ithe oma otsa
iimber. Natukene harvemini esines veeremist ligildhedaselt 90° vorra ja veeremist iile pika
maa tdheldati harva. Samuti olid harvad olukorrad, kus staatiline hddrdejoud nanohantli ja
pinna vahel oli nii suur, et osake murdus kohalt nihkumise asemel. Tiiiipilist eksperimenti on
voimalik niha joonisel 18. Pirast staatilise hodrdejou iiletamist veeres nanohantel 90° kraadi
vorra (piirkond a-b). Sellele jargnes poorlemine timber iihe otsa niikaua, kui nanohantel tabas
lahedal olevat nanotraati c-d. Podorlemise kdigus on kineetiline hdordjoud viiksem sensori

detekteerimisvoimest.

30



1000 €
Z 750
]
S s00 |
w
250
0 / k it
0 2.5 5 7.5 10 12.5 15 17.5 20

Time, s

Joonis 14. Ulemisel pildireal on vdimalik niha SEM pilte nanohantli manipuleerimisest. Must
pidevjoon niitab teraviku liikumise suunda, must katkendjoon néitab teraviku vonkumise suunda.
Valge nool téhistab nanohantli litkumise suunda.

Sarnaselt Au ja Ag osakestega tehtud katsetega, voeti ka nanohantlistest korglahutusega pilte

nihkumisjargsete jalgede vaatlemiseks ning staatilise hodrdejou arvutamiseks.
Et kontrollida eeldust jélje pindala suuruse ja kontaktpindala proportsionaalsuse kohta,

manipuleeriti tootlemata Ag nanotraati, mis on pentagonaalse ristldikega [45]. Oli voimalik

néha traadist jadnud jdlje pindala kokkulangemist traadi iihe kiilje pindalaga.
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5. Tulemused ja diskusioon

Selles peatiikis antakse iilevaade andmete tootlusest ning esitatakse eksperimentide kdigus
moddetud ja katseandmetest arvutatud tulemused. Alaldigus diskusioon arutletakse katsetest

selgunud huvitavamaid tulemusi.

5.1. Andmete tootlus
Jargenvalt kirjeldatakse, mis meetodil arvutati hoordejoud Tescan SEM sees tehtud
joumoodtmistega katsetest saadud andmetest ning kuidas arvutati hodrdejoud korglahutusega

SEM Kkatesetest saadud piltidest.

5.1.1. Kontaktpindalade méiramine

5.1.1.1. Kulla kontaktpindala midaramine

Hulktahuliste Au nanoosakeste puhul saab nende kontaktpindalaks lugeda nende iihe tahu
pindala. Korglahutusega SEM-is tuvastatud erinevaid osakese morfoloogiaid ja nendele

vastavad iihe tahu pindala valemid on antud tabelis 1.

2

d — tetraeederi korgus

Tetraeeder

_ V/3d?
~ 4(cos(18°) + cos(54°)

d — kaugus osakese tipust vastaskiilje

Pentagonaalne dipiiramiid keskpunktini osakese ristldikel mooda kahe

pliramiidi eralduspinda
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_ 8J3d?
413+ 4,/5)

d — kaugus kahe vastasserva keskpunktide

A

Ikosaeeder vahel
d?, /2\6 +1
5
A =
©4n5 25
Trimmitud ikosaeeder pentagonaalne tahk 10 2

d — kaugus kahe pentagonaalse tahu vahel

osakese vastaskiilgedel

3/3d*
415 25,

10 5
Trimmitud ikosaeeder heksagonaalne tahk d — kaugus kahe pentagonaalse tahu vahel

osakese vastaskiilgedel

A =
2(

Tabel 1. Ulevaade erinevatest Au osakeste geomeetriatest ja nende tahkude pindalade arvutamise
valemid.

5.1.1.2. Hobeda kontaktpindala midramine

Korglahutusega mikroskoobi piltidest jou arvutamiseks on vaja teada maha jadnud jilje
pindala. Kuna jélje pindala ei olnud enamasti ringikujuline, vaid defineerimata geomeetriaga
kujund, siis ei saanud pindala arvutamiseks kasutada tavalist ringi pindala valemit. Vastasel
korral oleks joudusid osakese ja pinna vahel valesti hinnatud. Pindala leidmiseks kasutati
kartograafia tarkvara OCAD 9. See vOimaldas dra mirkida ebamédirasega kujuga jilje
kontuurjoone ja programm suudab sellise kinnise joonega maidratud ala pindala méiérata.
Vastavalt alaldigus 4.3.2 kirjeldatud pentagonaalsete hdbedananotraatidega tehtud katsetele,

tuleb Ag osakesest jaanud jélje pindalaks lugeda joonisel 19b olevat punktiiriga piiritletud ala.
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Joonis 15. Programmiga Ocad 9 t66deldud SEM pildid. Pildil A on ndha nanoosakest enne
manipuleerimist. Pildil B on nanoosakese manipuleerimisest jéarele jaanud jélg, millele on imber
tdommatud punktiir, mis piiritleb jélje pindala. Lisatud on pindala arvutamise aken. Programmi antud 1
m? on kalibreeritud 1 nm*le.

5.1.2. Jou arvutamine

Joumootmiste sensori kalibreerimine ja jou arvutamine

Joumodtmistega katse viljundiks on andmejada, mis sisaldab infot QTF jousensori
vonkeamplituudi muutumise kohta ajas. Et saada amplituudi muutusest staatilised
hoordejoud, tuleb jousensor kalibreerida teadaoleva joukonstandiga objekti suhtes, mis
kdesoleva t60 puhul on kontatkmoodi AFM konsool, mis on eelevalt kalibreeritud
soojusliku fluktuatsioonide meetodil [46]. Jousensori kalibreerimiseks kinnitatakse see
manipulaatori kiilge ja surutakse sammreziimis referentskonsooli vastu, registreerides nii
QTF-i nihet kui ka vonkeamplituudi (joonis 20). Referentskonsooli poolt jGusensorile
avaldatud joud arvutatakse korrutades omavahel konsooli nihet ja jOukonstati.
Kalibreerimise tulemuseks on seos, kuidas soltub joud konkreetse sensori amplituudist,

mis omakorda vdimaldab katseandmetest arvutada hodrdejoud.
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Joonis 20. Kalibreerimise kéigus registreeritud QTF-i amplituud ja asukoha nihe.

Kontaktpindala jirgi hoordejou arvutamine

Jarele jddnud jalje pindalast, mille kohta on eeldatud, et see on proportsionaalne
kontaktpindalaga, on vdimalik arvutada maksimaalset staatilist hddrdejoudu, mida on tarvis
iiletada, et osakest liigutada:

F=1xA, (23)
kus A on jélje pindala ja T on piirpindade nihkedeformatsiooni tugevus, mis on maksimaalne
nihkepinge, mida saab osakesele rakendada enne kui ta nihkub substraadil. Seda on vdimalik

arvutada valemist

G*

T = 7 (24)
kus Z on empiiriline koefitsent, mis sdltub materjalidest ja on 5-e ning 30-e vahel [47]. G™ on
tthendnihkemoodul

£ o ATVay 27V21-1
G—[Gl+62] (25)

kus v on Poissioni koefitsent ja G on nihkedeformatsioonimoodul.

5.1.3. Tardunud tilga mudel

Ag katseandmete vordlemiseks teoreetiliste vadrtustega kasutati kahte erinevat mudelit.
Esimene neist on peatiikis 3.4.3.2 tutvustatud DMT mudel. Teiseks on FDM, mille kohaselt
arvutatakse kontaktpindala 15igates sfadri pinnaga jargneva valemi jargi:

A = R?%sin? 0, (26)
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kus Re on nanoosakese risti olevate raadiuste geomeetriline keskmine ja 6 on SiO; ja Ag

piirpinna margamisnurk.

5.2. Tulemused

5.2.1. Nanoosakesed

5.2.1.1. Kullaosakesed

Katsetes manipuleeritud 19 hulktahulise Au osakeste liigutamiseks tarviliku staatilise
hoordejou jaotust on voimalik nihe joonisel 21. Tiitipiliselt jai staatiline hodrdejoud 50 ja 750

nN vahele.

Number of events

0 150 300 450 600 750
Force, nN

Joonis 21. Au osakeste liigutamiseks tarviliku staatilise joi jaotus.

Hulktahuliste Au osakeste erinevate pindade pindala arvutamise tulemused ldhtuvalt nende

geomeetriast ja nominaalraadiusest on antud tabelis 2.

Kuju Kontaktpindala nm* Staatiline hodrdejoud nN
Tetraeeder 9473 2768
Pentagonaalne dipiliramiid 3652 1038
Trimmitud ikosaeeder 3474 987
heksagonaalne tahk
Ikosaeeder 2693 765
Trimmitud ikosaeeder 2301 654
pentagonaalne tahk

Tabel 2. Arvutatud kontakpindalad ja staatilise hodrdejou véiartused 150nm nominaalmddduga Au
nanoosakeste jaoks soltuvalt osakese kujust.
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Kuna joumootmisteks kasutatav Tescan SEM lahutus ei olnud piisav manipuleeritava osakese
geomeetria eristamiseks, siis ei olnud voimalik katse kéigus tuvastada osakese kuju. Seetdttu
tuli pérast katset vorrelda mdddetud staatilist hddrdejoudu ja osakese geomeetria pohjal
arvutatud staatilise hoordejou véartusi. Vastavalt tabel 2 ja joonis 21 andmetele on enamik

manipuleeritud osakestest kas ikosaeedrilise voi trimmitud ikosaeedrilise kujuga.

5.2.1.2. Hobedaosakesed

Katsete kadigus teostati joumdotmised 10 Ag sfddri-laadsele nanoosakesele. Nende
liigutamiseks oli tarvis iiletada staatilisi hodrdejoudusid vahemikus 130-1880 nN. Hoordejou

jaotust Ag osakeste jaoks on vdimalik ndha joonisel 22.

Number of events

Force,nN

Joonis 16. Ag osakeste liigutamiseks tarviliku staatilise jou jaotus. X-teljel on staatiline hodrdejoud, y-
teljel on dnnestunud katsete arv vastava jou vairtusega.

Taiendavalt moddeti korglahutusega SEM’is 33 Ag osakesel pdrast manipuleerimist jarele
jaanud jilje kontaktpindala. Nagu eelnevalt mainitud, on Ag osakeste kontaktpindala
arvutamiseks kaks meetodit — DMT mudel ja tardunud tilga mudel. Joonisel 23b vastavalt
paikneb osake enne manipuleerimist tardunud tilga mudelist tuleneva lameda kiilje peal.
Sellepdrast on esmasel manipuleerimisel staatilise hoordejou védrtus kdrge. Sama osakese
teistkordsel manipuleerimisel on jérele jddnud jédlje pindala vdiksem, nagu on néha joonisel
23d. Sel juhul paikneb osake oma iimaral serval ja kontaktpindala tuleb arvutada kasutades

DMT mudelit. Saab jareldada, et osake on veeremisel liikunud tihest asendist teise.
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Joonis 17. a) Osake enne esmast manipuleerimist. b) Osakese jélg pérast esmast manipuleerimist. ¢)
Osake enne teist manipuleerimist. d) Osakese jélg pérast teist manipuleerimist.

Kahel eri meetodil saadud staatilise hoordejou tulemused Ag osakestele on antud joonisel 23.
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Joonis 18. Rini substraadil olevate Ag osakeste staatilise hoordejou védrtuse soltuvus osakese
raadiusest. Eksperimentaalselt jousensoriga moddetud véartused on punase tdpiga, osakese
manipuleerimisest jddnud jilje mootmisel saadud staatilise hoordejou vadrtused on musta rongaga.
DMT mudeliga arvutatud teoreetilised hodrdejou vaédrtused on musta katkendjoonega ja tilga mudeliga
arvutatud vairtused on musta pidavjoonega.

Joonisel 24 on vdimalik néha, et jousensoriga moddetud staatilise hodrdejoud vaartused on
reeglina viiksemad kui pindalast arvutatud jouvéirtused. See on tingitud katse ldbiviimise
metoodikast. Joumodtmistel liikati osake esmalt pinna kiiljest lahti ja jou registreerimise
alustamiseks kulus pérast seda moni minut. Selle aja jooksul jdid Ag osaksed uuesti substraadi
kiilge kinni, kuid kontatkvananemine ei ole piisavalt kiire protsess, et osake saaks vorreldes
varajasemaga sama tugevasti pinna kiilge jddda. Jilje pindala modtmise katses liikkati osake
litsalt oma koha pealt dra ja voeti pilt. Mdnda osakest liikati ka korduvalt. Esmase
liigutamise jdrel arvutatud staatilised hodrdejdud on suurusjirgu vorra suuremad kui

teistkordse liigutamise jérel arvutatud joud.
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5.2.2. Nanohantlid

Joumoddtmised teostati 10 nanohantlile. Moddetud staatilise hodrdejou véartused jdid 200 ja
1750 nN vahele. Lisaks joumdotmistele uuriti ka 24 nanohantli liigutamisel jarele jddnud
jélgede pindalasid korglahutusega SEM’is. Jooniselt 25 on ndha, et nanohantlite puhul on
kokkulangevus kahel meetodil médratud staatliste hodrdejoudude vahel parem kui Ag
nanoosakeste juures ja tulemused on ldhemal tardunud tilga mudeli jargi arvutatud
tulemustele. See tdhendab, et enamik nanohantleid hakkas katse kdigus pdorlema iihe otsa

timber voi nad libisesid manipuleerimise kdigus.
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Joonis 195. Ag nanohantlite kontaktpindala jaotuse séltuvalt otsa raadiusest. Valged nelinugad on
joumootmiste tulemused, lillad nelinurgad on jéljest arvutatud pindalad. Punased ruudud on
toereetilised kontaktpindala véirtused arvutatud tardunud tilga mudeliga ja sinised kolmanurgad on
arvutatud kasutades DMT mudelit.

5.3. Diskussioon

Manipuleerimise jéirel alusele jidnud kontaktpindala jiljed

Nii Ag nanoosakeste kui ka nanohantlite puhul mdddeti nende liigutamisest jarele jaanud
jdlje pindala. Jilje jaamise pdhjused ei ole hetkel veel tdiesti selged. Jdljed voivad olla
manipuleerimise kdigus aluse pinna peale jadnud Ag. See tihendab, et adhesioon Ag osakese
ja pinna vahel on tugevam kui kohesioon Ag osakese sees. Jiljed voivad endast kujutada ka

alusele kontakti tottu tekkinud deformatsiooni. Kontaktmehaanikast on teada, et igasuguse
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kontaktiga kaasneb ja kontaktala deformatsioon. Kui see on mitteelastne, siis deformatsioon ei
taastu ja see voib SEM-is vaadates deformeerimata pinnast eristatav olla. Viimane teooria
jalje tekkimise pohjuseks on keemilised reaktsioonid Ag ja substraadiks oleva SiO, aluse
vahel.

Samas, katsetes oli ndha, et erinevalt Ag-st, ei jita Au osakesed parast manipuleerimist
ndhtavat jéilge alusele. Kuna Au nihkedeformatsiooni moodul on vdiksem Ag omast, siis
peaks pigem Au sosakestest tiikid substraadi kiilge jadma manipuleerimise kdigus. See viitab
sellele, et jalgede pohjus ei ole aine vélise adhesiooni suurem véairtus sisemisest kohesioonist.
Au-st ei pruugi jadda jilge selle tottu, et Au Young’i moodul on vidiksem Ag Young’i
moodulist. See tdhendab, et kontaktil SiO, alusega deformeerub Au kergemini kui Ag, mille
tagajarjel Au korral deformeerub alus vdhem. Seetdttu ei pruugi SiO, alusele jilge jadda.
Viimane pdhjus, miks Au puhul ei jad jdlge substraadile voib olla seotud Au keemilise
inertsusega. Vorreldes Ag-ga on Au keemiliselt passiivsem aine, mistottu on selle
reageerimine substraadiga vihemtdendoline. Seletuse andmiseks kiisimusele, miks Ag puhul
jadb jilg substraadile ja Au puhul mitte oleks vaja 1dbi viia tdiendavaid katseid erinevate
osakestega, millel on erinevad nihkedeformatsiooni moodulid, Young’i moodulid ja

keemilised aktiivsused.

Staatilise ja Kineetilise hoordejou erinevusest

Sarnaselt eelnevate tulemustega oli ldbiviidud katsetes néha suuri erinevusi Kineetiliste ja
staatiliste  hoordejoudude vahel. Osakese pikaajalisel kontaktil substraadiga esineb
kontaktvananemise ndhtus, mille kdigus kontaktpindala suureneb aja jooksul. Pindala kasv
voib olla pohjustatud osakeste diffusioonist materjalide piirpinnal, kuna nanoobjektide vilised
pinnakihid on ,,vedelas* olekus. Diffusioon voib manipulerimise kdigus olla mojutatud ka
elektronkiire poolt. Samuti on vdimalik, et kontaktpindala suurenemine on pdhjustatud
kontaktis olevate materjaliosade deformatsioonist. Kontaktalale koondunud mehhaanilised
pinged vdivad pdhjustada materjalides roomavust, mille tagajdrjel suureneb kontaktpindala.
Tdiendavalt voib kontaktpindala suurenemist pohjustada siisteemi pliiidlus saavutada
voimalikult madalad pinnaenergiad. Selle tagajdrjel vdhendatakse siisteemi kogupindala,

luues osakese ja substraadi vahel suurem kontaktpindala.
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Osakese asend pinnal

Kéesolevas t60s on eeldatud, et hulktahuliste Au osakeste korral on kontakt pinna ja
osakese vahel defineeritud tema tahuga. Denisyuk et al. avaldasid artikli [48], kus nad tostsid
osakesi lihest kohast teise kasutades manipulaatorit ja SEM sees olevat elektrivdlja. Nende
véitel, voib osake paikneda ka kas serval voi isegi tipul. Kéesoleva t66 kdigus ndhtud
pinnajdudude mdju jargi osakesele ja Ag puhul jadnud kontaktpindala jélgede jéargi tundub
nende véide kaheldavana. Kui osake seisab tipul, siis esinevad tugevad adhesioonijoud
osakese tahkude ja aluse vahel, mis peaksid osakese iihe tahu vastu pinda tdombama. Tehtud
magistritod raames ei vaadeldud elektrostaatika moju, seega ei saa esitatud viidet ei timber
lilkata ega kinnitada, kuid Denisyuk et al. avaldatud artikli pohjal voib elektrostaatika

uurimine tulevastes hdordejou madramise katsetes anda huvitavaid tulemusi.

Kullamorfoloogia muutus

Parast 100mutamist vois Au osakeste korral tiheldada servade imardumist, vaatamata
nende l00mutamisel nende sulamistemperatuurist madalamal temperatuuril. On teada, et
nanoosakeste sulamistemperatuur vihenenb koos nende modtmete viahenemisega [49]. Samuti
voib osakese sulamist pdhjustada SEM’i elektronkiir, millega osakest kiiritades antakse
viimasele suurtes kogustes energiat. Osakeste servade osalise sulamise tottu voivad tabelis 1
antud maksimaalsed staatilise hodrdejou véirtused olla tilehinnatud tegelikest katse kdigus

moddetud hodrdejou vadrtustest.

Hobedast nanohantlite tulemustst

Ag nanohantlite korral oli eksperimentaalselt moddetud tulemustel hea kokkulangevus
FDM meetodil arvutatud teoreetiliste véartustega, kuid toereetilised vaértused on mdnevorra
suuremad eksperimentaalsetest. Selle tiheks pdhjuseks voib olla Ag nanohantli sfaari-laadse
otsa kuju suurest erinevusest ideaalsest sfaarist. Teine variant on, et parast sulamist tardub tilk
enne, kui ta on saavutanud oma energeetiliselt kdige soodsama kuju. Viimane seletus on, et
Ag nanotilga méargumisnurk SiO,-1 on suurem kui makroskoopilisel Ag-l. Vastavalt

eksperimentaalsetele vdirtustele voib margumisnurk olla 135-150° vahel.
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SEM sees manipuleerimise puudustest

Manipuleerimiskatsete ldbiviimisega SEM sees kaasnevad ka moned puudused. Koik
katseobjektid peavad olema vaakumsobralikud, et nad rikuks vdimalikult vihe vaakumit SEM
kambri sees. Samuti peavad koik objektid olema ka vaakumkindlad, et nende omadused
vaakumi sees oluliselt ei muutuks. Koik katseobjektid peavad olema voolu juhtivad ja mitte-
magneetilised, kuna vastasel korral vidheneb SEM pildi kvaliteet voi ei olegi voimalik pilti

saada.

Elektronkiire mojust katsele

Nagu eelnevalt mainitud, voib elektronkiir pohjustada osakeste osalist sulamist ja
seega ka morfloogia muutust. Sarnaselt voib elektronkiir mojutada ka substraati. Samuti voib
elektronkiir pohjustada nanostruktuuride ja aluse laadumist. Denisjuk et al. t60s
demonstreeriti osakeste manipuleerimist elektronkiire poolt pdhjustatud elektrostaatiliste
véljade abil. Kuna elektrostaatilise tdmbejou ja adhesioonist tingitud tombejou vahel
eristamine ei ole triviaalne kiisimus, tuleks tulevikus uurida ka elektrostaatika moju SEM-is
manipuleerimisel.

SEM kambris on ka vaakumi korral méningad soovimatud osakesed. Elektronkiir voib
pohjustada nende osakeste depositsiooni alusele ja alusel olevatele struktuuridele. Kuigi
tegemist on tihe uudse sadestusmeetodiga [50], on see protsess SEM sees soovimatu ja voib

mojutada triboloogiliste katsete tulemusi.

Mootemaidramatus

Tehtud magistritdo raames ei ole arvutatud katseandmetele mdoteméadramatusi. See on
jdetud tegemata katseandmete védga suure hajuvuse tottu pdhjustel, mida on raske arvesse
votta kuna hajuvuse iseloom ei ole téiesti selge. Kuna katseseadmete tépsuste arvesse votmine
on aegandudev protsess ja nende panus kogu midramatusesse, arvestades suurt hajumist on

kaduvviike, ei pooratud selles t66s madramatusele suurt tdhelepanu.
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Kokkuvote

Hoordejou seadused nanotasemel erinevad oluliselt makrotasemel hddrdejou
seadustest. Kéesolevas t00s keskenduti hdordejdudude ja kontaktpindala vaheliste seoste
uurimisele erineva morfoloogiaga nanoosakeste niitel.

SEM sees manipuleeriti hulktahulisi Au nanoosakesi, sfaari-laadseid Ag nanoosakesi
ja uudseid Ag nanohantleid, mis koosnevad kahest sfaéri-laadsest tipust, mida {ihendab
keskelt Ag nanotraat. Au ja Ag osakeste puhul kéitusid katseobjektid manipuleerimise kdigus
analoogselt, Ag nanohantlite puhul oli voimalik eristada osakese veeremist, libisemist ja
pOOrlemist Umber iihe punkti. Manipuleerimiskatsete kdigus teostati joumdodtmised
madallahtusega SEM’is ja manipuleerimise jarel substraadile jadnud Ag jélgedest voeti pilte
korglahutusega SEM sees. Au manipuleerimisel substraadile ndhtavat jédlge ei jaanud. Au
staatiliste hodrdejoudede véirtused jaid 50-750 nN vahele, Ag omad 130-1880 nN vahele
ning nanohantlite staatilised hodrdejoud jaid 200-1750 nN vahele.

Au osakeste kontaktpindala leidmiseks voeti arvesse hulktahuliste osakeste
morfoloogiat ja nominaalmdote. Vastavalt katseandmetele ja teoreetiliselt arvutatud
hoordejou ja kontaktpindala vaértustele leiti, et enamik manipuleeritud osakesi oli
ikosaeedrilise voi trimmitud ikosaeedrilise kujuga.

Ag daosakeste ja nanohantlite kontaktpindala ja hdordejou méddramiseks on kaks

meetodit. Esmalt on voimalik 1dbi viia joumdotmisi sarnaselt Au osakestega. Teine variant on
moota Ag manipuleerimisel pinnale jddnud jdlgede pindalad. Vordluseks arvutati
hoordejoudude véirtused ka DMT mudeliga ja tardunud tilga mudeliga. Nii Ag osakeste kui
ka nanohantlite puhul jdid eksperimentaalselt moddetud vidirtused teoreetilist arvutatud
véddrtuste vahele. Nanohantlite puhul on kokkulangevus kahel eri meetodil mdddetud
staatiliste hodrdejoudude vahel suurem kui Ag osakeste puhul.
Saadud tulemuste pdhjal voib jareldada, et Au ja Ag nanostruktuurid sobivad hasti
nanoskaalas hodrdumise uurimiseks. Tods néidati, et hodrdejoud sdltub nanoosakese
morfoloogiast, kontaktpindalast ja kontaktis olevast ajast. Eksperimentaalselt mdddetud
hoordejoud jdid alati kahe mudeliga arvutatud teoreetiliste vahele. Et tulevikus saada rohkem
informatsiooni osakeste triboloogilistest omadustest ja et vdhendada tulemuste hajumist,
tuleks koik jargnevad teostada korglahutusega SEM’is.

Magistritod raames kogutud katseandmete kohta on avaldatud 2 publikatsiooni. Au ja

Ag nanoosakeste manipuleerimise kohta on avaldatud artikkel ,,Manipulation of nanoparticles
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of different shapes inside a scanning electron microscope® ja nanohantlite kohta on avaldatud

artikkel ,,Some aspects of formation and tribological properties of silver nanodumbbells®.
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Summary

Studying the tribological properties of Au and Ag nanoparticles inside a scanning
electron microscope

Sven Oras

The aim of this study was to find relations between the contact area and friction forces
at a nanoscopic level.

Au and Ag nanoparticles as well as Ag nanodumbbells that consist of two sphere like
bulbs connected with a Ag nanowire were manipulated inside a scanning electron microscope.
The behaviour of silver and gold nanoparticles during manipulation was rather similar while
during the manipulation of dumbbells sliding, rolling and rotating were distinguishable.
Friction force measurements were conducted inside a low resolution SEM while traces left by
Ag were measured inside a high resolution SEM. Au nanoparticles didn’t leave a trace on the
substrate. The recorded static friction forces for polyhedron-like Au nanopartiles were
between 50-750 nN, for sphere-like Ag nanoparticles 130-1880 nN and for Ag nanodumbbells
200-1750 nN.

For Au nanoparticles the theoretical contact areas were calculated according to
geometrical considerations and taking into account their nominal length. Comparing the
experimentally measured static friction forces with the theoretically calculated ones shows
that most of the manipulated nanoparticles are either of icosahedral or of trunceted
icosahedral morphplogy.

There are two methods for calculating the static friction forces and contact areas for
Ag nanoparicles and dumbbells. In addition to conducting friction measurements in low
resolution SEM, it is also possible to measure the traces left by Ag particles in a high-
resolution SEM. In comparsion theoretical values were calculated according to DMT model
and FDM. All experimental results were in agreement with the two models. In case of
nanodumbbells the agreement between the two experimentally measured results was higher
than with nanoparticles.

From the obtained results it can be concluded that Au and Ag particles are well suited
for studying nanoscale friction. It was shown that there is a huge dependance of friction on
particle morphology, contact area and time in contact. The experimentaly found friction

forces are always between values obtained with different theories. To get more information
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and decrease scattering of the results all future experiments should be conducted only in high
resolution SEM.

In scope of the results of this master thesis 2 publications were released. The
manipulation of Ag and Au nanoparticles was described in “Manipulation of nanoparticles of
different shapes inside a scanning electron microscope®, and experiments with dumbbells
were published in ,,Some aspects of formation and tribological properties of silver

nanodumbbells®.
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In this work polyhedron-like gold and sphere-like silver nanoparticles (NPs) were manipulated on an oxidized S1 substrate to study
the dependence of the static friction and the contact area on the particle geometry. Measurements were perfonned inside a scanmng
clectron microscope (SEM) that was equipped with a high-precision XYZ-nanomanipulator. To register the occurring forces a
quartz tuning fork (QTF) with a glued sharp probe was used. Contact areas and static friction forces were calculated by using
different models and compared with the experimentally measured force. The effect of NP morphology on the nanoscale friction is

discussed.

Introduction

The mampulation of nanoparticles (NPs) 1s a powerful method
for the investigation of the mobility of nano-objects on sohd
substrates and it is contributing to a decper understanding of
nanomechanics and nanotribology [1]. Thanks to the rapid
progress in the synthesis of NPs, there is a wide choice of ma-
terials, structures, compositions, shapes and coatings of NPs for
nanomanipulation experiments. NPs demonstrate many
intriguing phenomena, which are important for nanotribology
and nanotechnology in general, for example low -tem perature
melting 2], vamshing friction [3], contact aging [4], etc

The frictional properties of NPs have been extensively studied
in manipulation experiments based on aomic force microscopy
(AFM), cither in contact mode or dynamic mode [5.6]. Besides
the undoubted advantages of AFM manipulation methods, such
as a wide choice of materials (not limited to conductive ma-
terials). and high resolution and accuracy, they have certain
limitations, AFM is used for both, displacement and visualiza-
tion of the initial and the final position of the NPs, but these two
procedures cannot be performed simultaneously. Therefore
there 1s no real-time visual feedback in a single line scan
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concerning the trajectory of the particle and its type of motion
(sliding, rolling or rotation) during the manipulation event. It is
possible to extract trajectory and motion type data from
complete AFM images as it was recently demonstrated in
several works [4,7-9]. However, such a process is time
consuming, since it requires a large amount of line scans to be
made. The interpretation of the manipulation expenments is still
a challenge because of a number of factors that might not be
properly defined. Those factors include the morphology of the
NP, the real contact arca, as well as various diffusion and chem-
ical processes possibly taking place in the vicinity of the
NP-substrate interface [10]. For instance, in most of the
nanomanipulation experiments NPs are considered to be spher-
ical (described by the diameter only) [9,11-14], and the rough-
ness of the substrate is neglected by assuming it to be atomi-
cally flat. Significantly fewer works are dedicated to nonspher-
ical NPs [5,15-18] and nanoscale roughness [10].

The goal of this article is to demonstrate the advantages and to
discuss the limitations of a real-time manipulation technique
inside a scamming ¢lectron microscope (SEM) that is employed
for tribological studies of metal NPs. The forces needed to over-
come static friction and move individual polyhedron-like Au
and sphere-like Ag NPs on an oxidized Si surface are measured
and analyzed with respect to the morphology of the NPs,

Experimental

The 150 nm Au NPs (BBI International) were deposited from
solution onto oxidized silicon wafers (Semiconductor Wafer
Inc., 50 nm of thermal oxide). The samples were annealed for
1 h at 500 °C prior to every experiment to remove the surfac-
tant. Rounded Ag NPs were produced by laser-induced
{532 nm, Expla, NL200) partial melting [19] of pentagonal Ag
nanowires (Blue Nano), 120 nm in diameter, which were
deposited on the oxidized silicon wafer.

High resolution images of the NPs and the traces left after dis-
placement of the NPs were taken inside an FEI Helios Nanolab
SEM. Standard contact AFM cantilevers (ATEC-CONT) were
used as sharp probes to displace the NPs. The cantilever chip
was mounted on a polar-coordinate manipulator Kleindiek
MM3A-EM. No force registration was used inside FEI SEM.,

Real time manipulations with force registration were carried out
inside a Vega-1l SBU TESCAN SEM. The expenmental set-up
comprised an XYZ-nanopositioner (SLC-1720-S, SmarAct)
equipped with a custom-made force sensor. The force sensor
was made by gluing an electrochemically sharpened tungsten
wire or commercial AFM cantilever with a sharp tip
(Nanosensor ATEC-CONT cantilevers C = 0.2 N/m) to one
prong of a commercially available quartz tuning fork (QTF).
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The tip of ATEC-CONT cantilevers is tilted about 15 degrees
relative to the cantilever, providing visibility of the tip from the
top (Figure 1). In the experiments the QTF was driven electni-
cally on its resonance frequency in the self-excitation regime in
amplitude-modulation mode. The oscillation parameters of such
a system strongly depend on the load that acts on the tip, which
enables one to measure the applied force, The signal from the
QTF was amplificd by a lock-in amplifier (SR830, Stanford
Rescarch Systems) and recorded throngh an ADC-DAC card
(NI PCI-6036E, National Instruments). The typical values of the
driving voltage were 20-50 mV md the corresponding tip oscil-
lation amplitude in order of 100 nm. The tip oscillated parallel
to the sample surface, i.e., in the shear mode [20]. The QTF
force sensors were calibrated on a reference contact mode AFM
cantilever (NT-MDT, CSG11), which was previously cali-
brated by the thermal noise method. A detailed description of
calibration procedure is given in Supporting Information File 1.

SEM

objective

ke

Figure 1: Sch of he p s inside an SEM
The said arrow indcates the direcion of the §p movement. Dashed
arrow indcates QTF osailation direcion

Each manipulation experiment started with a displacement of
the NP from its initial position by an abrupt tip motion in the
step regime to reduce the initial adhesion, which is known to be
time-dependent [4]. The initial displacement was followed by a
controlled manipulation of the particle by pushing it with the tip
while simultaneously recording the force in the scan regime (a
detailed description of SmarAct manipul ator regimes is given in
Supporting Information File 1). During the manipulation, the tip
moved parallel to the surface along a straight line without feed-
back loop. At the end of every manipulation event the tip was
abruptly retracted from the NP to avoid asticking of the particle
to the tip. Two different modes of the tip oscillation direction
were used in experiments: perpendicular to the manipulation
direction and parallel to the manipulation direction.

Results and Discussion

Morphology of the NPs. The shape of the NPs has a direct
impact on their tribological properties and can be considered as
a pnimary factor that determines the NP-substrate contact area
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and friction. The NPs used in the present experiments exhibited
various morphologies, which need to be considered in more
detail.

Intact Au NPs deposited on a substrate have well distinguish-
able facets (Figure 2a) and will be referred to as polyhedron-
like, Tetrahedral, decahedral, icosahedral and other shapes can
be identified in the SEM image (Figure 2b). Some particles ex-
hibit truncated edges and apexes. Typical morphologics of Au
NPs are listed in Table 1. It should be noted, that after the
removal of the surfactant by thermal treatment partial rounding
of the particles might occur [20].

500 nm

Figure 2: Hgh resolution SEM images of Au NPs (150 nm) of different
shape as deposited from a solution

The morphology of Ag NPs was determined by the conditions
of the laser anncaling of the target nanowires [21,22] At a rela-
tively small laser pulse energy, rounded structures formed on
both ends of nanowires (Figure 3a). At a higher pulse energy
the whole NW melted into separated round NPs due to
Plateau-Rayleigh instability [19]. All Ag NPs produced by laser
induced melting appear almost spherical in the SEM micro-
graphs (Figure 3b). There are two possible scenarios for the for-
mation of Ag NPs. In the first scenario the molten nanostruc-
turcs arc able to detach from the substrate surface and solidify
before contacting the substrate again [21]. In this case the
particle shape can be close to ideal sphere. According to another
scenario Ag nanostructures melt under the laser irradiation for a
short period of time (ns) and then solidify again forming
“frozen™ droplets on a substrate surface. The frozen droplet
model can be applied to determine the geometry of the resulted
Ag NP given that the contact angle of NP-substrate interface is
known, In this case the real shape of the Ag NP is a truncated
sphere,

NP-substrate contact area. Depending on the NP morphology
two basic approaches for the determination of the contact area
can be distinguished: geometrical and adhesive. The contact
area of polyhedron-like Au NPs on a flat substrate can be
defined as the area of the facet in contact. It enables to use the
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Figure 3: High resoluion SEM images of Ag nanowires (diameter
120 ren) afler pulsed laser amealing (8). Ag NPs of difierent size
produced by Biser anneding (b)

geometrical approach to the contact area for faceted NPs. It
should be added that because of the presence of arbitrarily trun-
cated edges and apexes the contact areas of real particles is
supposedly lower than the maximal values listed below in
Table 1. For frozen-droplet shaped Ag NPs, the contact arca A
can also be estimated by gecometrical considerations for a sphere
of radius R and a cutting plane of the contact:

A=nR%sin @, n

where © is the contact angle for Ag/Si0; interface.

As described previously [20], for sphere-like NPs contact
mechanics (adhesive contact approach) must be applicd. The
contact arca is typically calculated on the basis of continuum
clasticity models for deformable spheres such as the
Johnson-Kendall-Roberts (JKR) [23] or the
Derjaguin-Miiller-Toporov (DMT-M) model [24]. According
to Tabor [25], the choice of the most suitable model is deter-
mined by the parameter,

n=[l6Ry2

113
9Kz} ] ,

where R is the radius of the sphere, v is the work of adhesion,
and zg is the equilibrium spacing for the Lennard-Jones poten-
tial of the surfaces. K is the combined elastic modulus of the
sphere and substrate, defined as

K=§[(I—v|z)/E, +(1-v3) E,]_l ;

in which vy > and E; > are the Poisson ratios md Young moduli
of the substrate and the sphere, respectively. For small n, the
DMT-M theory is more appropriate [26]. According to the
DMT-M model, the contact area Apyt of the sphere on a flat
surface is:
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The DMT-M approach can be applied also for the frozen
droplets displaced and rolled from their initial position. For
convenience different types of particle geometries and corres-
ponding models are schematically represented in Figure 4.

DMT-M
model

Frozen

droplet

Polyhedron

Figure 4: Different modals for the estmation ofthe contact area: facet
ama of a payhadron for Au NPs (a), frazen droplet for Ag NPs solich-
fad on a subsirate (b), DMT-M model for Ag NPs solidfied withou
contact to a substrate (o)

Real time manip ulations of NPs, Au and Ag NPs were manip-
ulated inside a SEM and the lateral force, Figction, that was
needed for the displacement of individual particles (i.e., static
friction) was measured and analyzed with respect to the NP
shape. Visual guiding during the manipulation of the NPs
cnabled to monitor their trajectory, in order to distinguish
between continrous and abrupt motions (jumps), and to come-
late the movement of the NPs with the measured tip-NP inter-
action force.

Beilstein J. Nanotechnol

The first serics of measurements was carried out with 19 Au
NPs. Figure 3 represents a typical manipulation experiment
with Au NPs. The tip displacement was linear in time and the
diagram presents the force curve versus time to link the SEM
images and the force curve. The initial region of the curve from
(a) to (b) corresponds to the tip movement at a constant height
above the surface towards the NP and into the contact with the
particle. The gradual increase of the force in proximity of (b) is
caused by the tip-particle interaction. The peak value at point
{b) corresponds to the ultimate force needed to overcome the
static friction and to displace the Au particle. Usually, after
overcoming the static friction the particle made a jump of a few
hundred nanonewtons, and in doing so releasing the potential
energy accumaulated duning loading. From (c) to (e) the particle
moved smoothly in the direction that is indicated by the arows
while only a small tip-particle interaction force was exerted.
The static friction in the scrics was found to be in the range
from 50 to 750 N, In some cases the sensor oscillation ampli-
tude dropped to zer. This drop comesponds to a force higher
than 1500-2500 nN (the upper limit depending on the particu-
lar sensor). Forces higher than these limits could not be
measured due to the limited range of the QTF sensitivity at a
given driving voltage.

Another series of experiments was performed with 10 Ag NPs.
In general, the behaviour of the Ag NPs during the manipul a-
tions was rather similar to that of the Au NPs. A typical manip-
ulation force curve is shown in Figure 6. A force of several
hundred nanonewtons was needed to overcome the static fric-
tion and to displace a NP (region in proximity of (b) in

10 12 14 18 1B
Time, s

Figure 5: SEM snapshd s of e manipuabion process of a Au NP by using a tungsten bp, and e caresponding foroe curve. The black sdid arrow in
image (a) indicates the movement direction of the tip and dashed arow show s tip the osallation drection. The small blue arows indicate the NP dis-

pacement drections ©, ¢, d)

v
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SO0 nin
& ™
§ =
100 -
, a c d e
0 2:5 5 7.5 1'0 12.5
Time, s

Figure 8: Snapshots of he manpulation of 3 Ag NP by wsing an AFM 8p, and the comespondng foroe curve. The bladk solid arrow in image (a) indi-

cates he 5p movement dreciion and the dashed arow shows fe tp osdllation drecion. The small blue arows ndi

{®ecd e

Figure 6), and only a few nanonewtons was enough to support
the motion of the NP (regions (c)—(d)—e), Figure 6). This
finding is in agreement with those of other rescarchers, who
have demonstrated that the kinetic friction is vanishing for clean
surfaces in vacuum [3]. A nonstop motion of the NPs during the
manipulations was an essential condition for staying in the
vanishing friction regime, because rested NPs had a tendency to
adhere strongly to the substrate. The static friction in the series
was found to range from about 130 to 1880 nN.

The distributions of the static friction values for both polyhe-
dron-like Au NPs and for sphere-like Ag NPs are represented in
the form of histograms below in Figure 7b. It should be noted
that when the tip oscillated perpendicular to the manipulation
direction (Figure S35, Supporting Information File 1) the NP
often moved aside affected by the tip oscillation (Figure 5).
Moreover, the force necessary to displace a NP can be overesti-
mated dve to an unaccounted amount of energy dissipated in a
shear interaction between the tip and the NP, For the pamallel tip
oscillation direction (Figure S5, Supporting Information File 1)
the NPs usually moved forward (motion in the manipulation
direction), however, sometimes the NPs randomly deviated
from the forward motion and moved aside (Figure 6). Such
events are probably caused by surface defects. In summary, a
tip oscillation parallel to the manipulation direction is more
preferable for the manipulation of NPs because of the better
control over the NP movement and a more accurate estimation
of the force,

o0

te NP dsgh 2t direct

Static friction analysis. To analyze the results of the expen-
mentally measured static friction force of the NPs, we calcu-
lated the friction force values, Firition by using a simple rela-
tion:

Fiction =74, @
where t is the interfacial shear stress/strength and A is the
contact area [26]. The shear strength is defined as an ultimate
shear stress t before the object is displaced, and can be esti-
mated by using the relation %, = G*/Z between the theoreti-
cal shear strength and the combined shear modulus,

G*=[(2-v)/6, “(2“"2)/02]_l ,

where v is the Poisson ratio and Gy 2 = £y 2/2(1 + vy 2) [27.28].
Z is an empirical coefficient that depends on the material and
ranges from 3 to 30 [29]. To calculate interfacial shear stress/
strength © for Au NPs the following parameters were used:
Ey=71.7GPa,v; =0.17, E; = 78 GPa, v; = 0.36, Z= 30 [4].
The static friction force values for Au NPs of different geome-
tries were calculated according to Equation | and presented in
Table 1. The detailed caleulation is given in Supporting Infor-
mation File 1.

Analyzing the experimentally measured and calculated static
friction force values (Figure 7a and Table 1) it can be seen that
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Table 1: Calcuated contact areas and sfatic fiction formes for 150 nm Au particles of diflerent faceted.

shape contact area, nm? static friction, nN
tetrahedral 9743 2768
decahedral *52 1038
truncated icosahedral hexagonal facet 3474 987
icosahedral 2693 765
truncated loosahedral pentagonal facet 2301 654

5

b
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»
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2,

5

1

0

4} 150 30 450 &0 750 0 00 1000 1500 2000
Force,nN Force,nN

Figure 7: Distribution histogram of static ¥icton foroe values that were exparimentally measured for NPs of diflerert shapes: polyhedon-like Au NPs

(a) and for sphere-lke Ag NPs (b), respecively.

the experimental friction force values mostly correspond to
icosahedral and truncated icosahedral NP shapes.

To evaluate the applicability of the frozn droplet and DMT-M
models for Ag NPs we examined the residual traces, which
remained after the displacement of 33 NPs inside a high resolu-
tion SEM. Figure 8 demonstrates the trace after the first dis-
placement of a NP that rested on the flattened side according to
the frozen droplet modd (Figure 8ab) and after the second dis-
placement of a NP that supposedly rested on the round side
according to DMT-M model (Figure 8cd). The contact arca for
the first NP is ca. 21800 nm?, and only about 3260 nm? for the
second particle, which confirms our assumption that the dis-
placement can cause a rolling of NPs from the initial flattened
side to a more rounded side (and consequently decreasing the
contact area).

The experimental data on the static friction forces measured by
the QTF sensor (fqrr) and calculated from the diameters of the
traces left after the displacement of the NPs (firuce) arc shown in
Figure 9 along with theoretical curves of the static friction as a
function of the particle radius according to the frozen droplet
(Equation 1 and Equation 4) and DMT models (Equation 3 and
Equation 4). The following parameters were used in the calcula-
tions: © = 123.8° [30), £, =71,7GPa, v =0.17, E2=82.5 GPa

500 nm
—

500 nm
—

Figure 8: Hgh msolution SEM images of Ag NPs (no force recarding
during the dsplacement of the NPs). Traces indicating the contact
area after the fist (a b) and the second (¢ d) degiacement of two
different Ag NPs. The correspanding estimated static ¥iction forces ame
ca. 6190 nN and aboud 930 N, respecively.

[31], v2 =036, v =50 mJ/m? [4], md z5= 0.3 nm, Z= 15 [29].
When comparing the numerical values of fory and firace one
should be aware that because of the differences between the
methods only a raw estimation and qualitative conclusions can
be derived. The static friction force values of NPs that were
displaced for the first time (Figure 9, empty circles) are closer
to the frozen droplet model. However, one can see that the static
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friction predicted by the DMT-M model is smaller than the
values measured with the QTF for previously displaced NPs
(Figure 9, red circles). We suppose that the final shape of NPs
was determined by the deviation from a perfect sphere towards
an oblate spheroid according to the wettability of the liquid
droplet during solidification. An alternative explanation may be
the enlargement of the contact area of Ag NPs due to partial
melting or enhanced diffusion of atoms caused by the clectron
beam (e.g., clectromigration [32,33]).

L] 100

200
Radius (nm)

300 400

Figure 9: The stalic Ficion force of Ag NPson a Si wafer as a fune-
Son of the radius of he NPs. The static fricion foroe values expenmen
tally measured by QTF (dots) and cakouated from he dametens of
visble races keft ater he displacement of the partcles (Grdes). The
theaetiod curves of Ficlion as funcions of e radus of the NPs
according to the DMT M modd dashed curve) and Frozen droplet
madel (sdid curve).

Limitations of manipulations inside a SEM. At the end we
would like to briefly discuss some limitations or drawbacks of
inside-SEM nanomanipulations. The scanning rate of the elec-
tron beam is limited to a few hertz, therefore only relatively
slow processes can be visualized (¢.g., the monotonous motion
of a NP pushed by the tip). Fast processes such as, for example,
jumps of NPs can only be noticed. Another limitation is
connected to the resolution of the SEM, which is related to the
scanning speed and forces one to make compromises between
the accuracies of determination of either the shape or the
dynamics of the NPs. The effect of the electron beam on the
substrate surface and on the nanostructures should also be taken
into account. As it is well known, the melting temperature of
the nanostructures decreases when decrcasing the diameters of
the structures [34,35]. Potentially, a focused e-beam is capable
of introducing significant amounts of energy and causing a
partial melting of the nanostructures. Additional effects can be
an activation of the substrate surface or an electrostatic
charging, which can also influence the results of nanotribolog-
ical experiments [36].

Beilstein J. Nanotechnol

Conclusion

Polyhedron-like Au and sphere-like Ag NPs were manipulated
on an oxidized Si substrate inside a SEM with a simultaneous
force detection by using a QTF-based sensor. Real time manip-
ulations benefit from a visual guidance of the SEM. This
enables one to reveal the NP trajectories, to distinguish contin-
wous or jumping motions and to correlate them with the inter-
action foroe between tip and NPs. The contact arcas were calcu-
lated from geometrical considerations for polyhedron-like NPs.
Forsphere-like NPs the contact arcas were calculated by using
DMT-M and frozen droplet models. The recorded static friction
force values are in good agreement with the calculated values
for both polyhedron-like and sphere-like NPs.

Supporting Information

The Supporting Information contains details of SmarAct
manipulator working regimes, the QTF force sensor
calibration and calculations of the surface areas for
different geometries.

Supporting Information File 1

Additional experimental details.

[http:/iwww. beilstein-journals.org /binano/content/private/
download/ZK7TWKRW22GNIJC pdf]
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In this paper, metal nanodumbbells (NDs} formed by laser-induced melting of Ag nanowires (NWs} on an oxidized
silicon substrate and their tribological properties are investigated. The mechanism of NI formation is proposed and
illustrated with finite element method simulations. Tribological measurements consist in controllable real-time
manipulation of NDs inside a scanning electron micrascope (SEM) with simultaneous force registration. The geometry
of NDs enables to distinguish between different types of mation ie. rolling, sliding and rotation. Real contact areas are
calculated from the traces left after the displacement of NDs and compared to the contact areas predicted by the

Background

Metal nanoparticles (NPs) are well-known objects for
tribological studies and nanomanipulation experiments
[1]. The majority of studies had been performed on NPs
assumed to be spherically shaped, while significantly less
number of works was dedicated to nonspherical NPs
[2-5]. Taking into account the fact that the friction force
at the nanoscale is proportional to the contact area [6],
it is important to know the exact geometry of NPs for
correct calculation of their contact area. However, in the
case of spherical NPs, it is difficult to distinguish bet-
ween sliding, rolling and rotating motions. Therefore, an
elongated object (e.g. nanowire or nanorod) could be
more suitable for revealing different regimes of motion
in tribological tests. However, due to increased contact
area (and static friction), the manipulation of elongated
structures can be problematic. For example, the dis-
placement of CuO nanowires (NWs) on a smooth silicon
substrate is almost impossible without damaging and
breaking of NWs [7].
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Metal NWs (especially Ag NWSs) are a perspective
class of materials for transparent conductive electrodes,
intensively investigated during the last few years [89].
Optical welding of NW percolating networks is a fast
and cost-effective method of improving the conductivity
of an electrode by improving wire-to-wire contact re-
sistance [10]. NW-to-substrate adhesion after optical or
laser processing is a key parameter of NW-based elec-
trode operation.

Laser-induced melting of metal nanostructures is an
intriguing phenomenon studied by several research
groups. Habenicht et al. described laser-induced melting,
dewetting and ejection (jumping’) of Au nanoparticles
formed from triangular nanostructures on HOPG sub-
strate [11]. The driving mechanism of NP ¢jection was
minimization of surface energy of the liquid droplet, and
the NP ejection velocity was proportional to the energy
of laser pulse. In spite of the small time span of melting,
gjection and solidification processes (ns), some NPs were
frozen in different stages of dewetting and ejection. This
phenomenon was analysed and numerically simulated by
Afkhami and Kondic [12]. Laser-induced melting of Ag
NW's was recently investigated by Liu et al. [13]. They
analysed the distribution of electric field and melting
patterns along the length of a NW. Maximal field is con-
centrated on the ends of a NW, promoting melting of

© 204 Pdyskoy e d; licernee Spange. This & & Open Access aride distibuted undes e s of the Cregtve Cammons
Amdbation License npdiaeatveconmaors orglicernest 20, which pernits urresticted uss datdbution, and reproduction
inarry medum, prawded the adgnal work is propedy aedied



Palyakov et al Nanoscale Research Letters 2014, 9186
http/Awww.nanoscaleresiett com/content/9/1/186

the ends of the NW. At relatively small laser pulse
energy, spheroid-like structures are formed on the ends
of NWs. The resulling nanostructure resembles a
‘dumbbell’ that hereafter will be referred as a nano-
dumbbell (ND). At higher pulse energy, spherical par-
ticles can detach from the NW, or even the whole NW’
can be melted into the separated spherical NPs due to
Rayleigh-Plateau instability [14].

A ND can be roughly considered as two spheroidal
NPs connected by a NW. A ND is a novel and attractive
object for nanotribological studies. If the distance bet-
ween the rounded ends of a NW is short enough, the
dumbbell might rest on the rounded ends mainly. Thus,
the end bulbs of a ND ensure a relatively small contact
area, reduced adhesion and static friction compared to
those of intact NWs. Therefore, NDs can be easily mani-
pulated, and different types of motion can be distin-
guished (sliding, rolling, rotation). However, subsequent
analysis and interpretation of experimental data can be
complicated. In particular, correct determination of the
contact area of NDs is a nontrivial problem. Conven-
tional contact mechanics models developed for solid
spherical particles cannot be applied for calculation of
the ND contact area. This is due to the physics of ND
formation that involves melting and solidifying of NPs
on their ends, and this is needed to be taken into
account.

In this work, we studied formation and tribological
properties of Ag NDs produced by laser processing of
corresponding metal NWs on an oxidized silicon surface.
Detachment of the ND central part was discussed and
analysed using finite element method simulations. Contact
areas and static friction of end bulbs of NDs were invest-
gated experimentally and analysed theoretically. NDs were
manipulated on oxidized silicon wafers inside a scanning
electron microscope (SEM) with simultaneous force re-
cording. Different motion types of NDs were observed
during the experiment. To the best of our knowledge,
metal NDs were used for nanomanipulations for the first
time.

Methods

Ag NWs of 120 nm in diameter were purchased from Blue
Nano (Charlotte, NC, USA). The nanowires were depo-
sited on an oxidized silicon wafer substrate (cut from a 3-
in. wafer, 10°* Q ¢m, 50 nm thermal SiO,, Semiconductor
Wafer, Inc, Hsinchu, Taiwan) from solution. For laser
treatment of the samples, the second harmonic (532 nm)
of Nd:YAG laser (Ekspla NL-200, Vilnius, Lithuania) with a
pulse duration of 9 ns and a repetition rate of 500 Hz was
used. The beam diameter was 0.6 mm, and the laser pulse
energy was approximately 0.9 mj]. After laser treatment,
Au and Ag NDs were examined in a transmission electron
microscope (Tecnai GF20, FEI, Hillsboro, OR, USA).
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The experimental set-up comprised of a 3D nanoposi-
tioner (SLC-1720-S, SmarAct, Oldenburg, Germany)
equipped with a self-made force sensor installed inside a
SEM (Vega-Il SBU, TESCAN, Brno, Czech Republic
typical chamber vacuum 3 x 10~* mbar). High-resolution
images of NDs and traces left after displacement of NDs
were taken inside FEI Helios Nanolab SEM. The force
sensor was made by gluing a commercial atomic force
microscope (AFM) cantilever with a sharp tip (Nanosen-
sor ATEC-CONT cantilevers, Neuchatel, Switzerland,
C=02 N/m) o one of the prongs of a commercially
available quartz tuning fork (QTF). The signal from
the QTF was amplified by a lock-in amplifier (SR830,
Stanford Research Systems, Sunnyvale, CA, USA) and
recorded through the ADC-DAC card (NI PCI-6036E,
National Instruments, Austin, TX, USA). The typical
values of the driving voltage were 20 to 50 mV, and the
corresponding tip oscillation amplitude was in the order
of 100 nm. The tip oscillated parallel to the sample sur-
face, ie. in the shear mode.

During the experiments, the tip was positioned at about
the half height of a ND above the substrate surface. Each
manipulation experiment started with a displacement of
the ND from its initial position by an abrupt tip motion to
reduce the initial adhesion. Initial displacement was
followed by controlled manipulation of the ND by pushing
it with the AFM tip with simultaneous force recording.
During the manipulation, the tip moved parallel o the
surface along a straight line without feedback loop. The
point of the tip contact with ND was varied to investigate
different scenarios of ND behaviour. More details about
the nanomanipulation technique can be found in [15).

The Solid Mechanics module in COMSOL Multiphysics
(version 4.3b) was used to build a stationary physics model
of a deflected dumbbell resting on a flat substrate. The
material properties of Ag were taken from the COMSOL
material library; only Youngs modulus was added ma-
nually, with the value 83 GPa.

Results and discussion
ND formation process
SEM investigation revealed that after laser processing,
mast of the Ag NWs have rounded ends (end bulbs), and a
large number of spherical NPs and some NDs were pro-
duced (Figure 1). Similar nanostructures can be produced
by laser processing of Au NWs (Additional file 1: Figure
S$1). ND formation is a complicated dynamic process,
which involves extreme temperature gradients, and in-
cludes rapid heating and melting of the ends of NW's, con-
traction of liquid droplets into spheroidal bulbs and
followed by rapid solidification.

Let us propose a mechanism of ND formation using
SEM images of NDs frozen at different stages of forma-
tion. After absorption of laser pulse energy, a NW starts
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Figure 1 Nanostructures produced by laser processing of Ag NWs.
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to melt; liquid droplets grow in volume and move towards
the centre of a NW (Figure 2ab). Surface tension tends to
minimize the surface area of a droplet and makes it sphe-
rical. The temperature of the parts of a NW close to the
liquid bulbs approaches the melting point, causing a local
decrease of Young's modulus and resulting in the detach-
ment of the parts from the substrate pulled by the growing
droplet (Figure 2¢). Adhesion of the central part of a NW
resting on the substrate is significantly reduced due to
inverse dependence of surface free energy on temperature
[16]. However, the temperature in the central part of a
NW is below the melting point, since the NW pre-
serves its original crystalline structure (Additional file 1:
Figure S2). When the ND is cooled down, the middle part
becomes a crystallization nucleus and defines the epitaxial
crystallization of the melted part of the wire towards the
end bulbs. After solidification, there is an elastic stress
tending to restore the straight profile of the bent part con-
necting two bulbs. Restoring force is also enhanced by the
axial stress that originated from the thermal contraction
of cooling wire (Figure 2d). If the part of the NW adhered
to the substrate is short enough, and adhesion force is less
than restoring elastic forces, the middle part of the NW
can get detached from the substrate, and the ND will rest
on the end bulbs only (Figure 2e). It is worth to note that
in spite of rapid cooling, the end bulbs are crystalline as it
was demonstrated by Liu et al. [13].

SEM observations show that some NWs were com-
pletely removed from the substrate by laser processing,
where former positions of NWs can be identified as dark
shadows’ on the surface of the substrate (Additional file 1:
Figure S3). Examination at 45 sample tilt reveals that a
number of NDs contact the substrate by one end only
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(Figure 1f). Complete detachment is likely connected to
the ejection of the liquid droplets described by Habenicht
et al. [11]. The exact mechanism of melting and complete
detachment of NWs is rather complex and requires ad-
vanced computer simulations [17,18].

In order to support the proposed mechanism of ND
formation, let us consider a rough estimation of the bal-
ance of forces involved on the stages of separation of
ND from the substrate: adhesion of the NW, elastic
force of the bent NW pulled by the bulbs and thermally
induced stress in the NW.

Contact pressure caused by adhesion between the facet
of the NW and the underlying substrate can be esti-
mated as [19]

A :
P= 5 1
= (1)

where A is the Hamaker constant for the Ag/Si0, system
and D is the cutoff distance [19]. The Hamaker constant
for the system can be approximated as A = /A Agm
where A, is the Hamaker constant of silver and Agey is
the same for SiO,, with values 3.72 x 107" and 062 x
107" ], respectively, and the cutoff distance is approxi-
mately D =02 nm [19]. Using Equation 1, the calculated
contact pressure for the system is approximately 1 GPa,
which is the minimal pressure necessary Lo separate the
conlacting bodies.

A finite element method (FEM) simulation was used to
study the elastic behaviour of an Ag dumbbell structure
interacting with a flat substrate (more detaik in Additional
file 1: Figure S4). The model consisted of a dumbbell-like
geometry resting on a flat rectangular block. The first case
(Figure 3a) describes the earlier stage of dumbbell for-
mation; the length of the adhered part was chosen w be
1 pm long. The second case (Figure 3b) depicts a later
stage of dumbbell formation, where most of the wire bet-
ween the balls is detached (the length of the adhered part

Figure 3 FEM simulations of elastic behavior of a ND adhered
to a substrate. The bulb radius 5 175 nm, total wee length 2 um,
and the wie crass secton 15 pentagond of 100 nm in dameter.

(a) Frstcase - adhered partlength 1 um. (bl Second case - adhered
partlerth 10 nm
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is 10 nm). In the vicinity of the interface separation edge,
the elastic stresses are concentrated and may reach 0.5 to
4 GPa, which can be sufficient to induce interface sepa-
ration. Note that the stress decreases with the decrease of
the length of the adhered part; thus, only relatively short
NDs are able to detach from the substrate completely.

The thermal stresses induced by contraction of the
NW due to cooling may play a significant role in the
interface separation as well. The thermal strain &, can
be estimated from the following equation:

eh = aaghT, (2)

where a4 is the thermal expansion coefficient of silver and
AT is the difference of the initial and final temperatures.
The thermal expansion coefficient of bulk silver is 19.7 x

10°%K [20], and considering the temperature difference of
680 K, the strain for such a process is approximately
1.34%. Calculating the thermal stress by o3, = Ep g£, where
E is Youngs modulus for silver (Ex; = 83 GPa), one yields
ag = 1.1 GPa. As the result of superposition of the elastic
stress of bent NW and thermal stress, interface separation
takes place similarly to crack propagation.

Contact area and static friction

The contact area, as well as friction between the end bulbs
and the substrate, will strongly depend on the shape of the
bulbs. According to the experimental observations, the
end bulbs of the NDs have an ellipsoidal shape that is
close to prolate spheroid with the semi-axes Ry and R,
For purposes of simplicity, we will use spherical ball ap-
proximation, justified by the ratio Ry/R, ~ 1. Thus, the ef-
fective radius R, = /R; R, will only be used.

The real shape of the bulb is a result of the dynamic
interplay of surface tension and adhesion forces in a
liquid droplet followed by solidification. In this regard,
two boundary cases can be considered. In the first case,
named frozen droplet model (FDM), a molten bulb so-
lidifies in contact with the substrate and takes the shape
of truncated ellipsoid defined by the contact angle of a
liquid droplet with the solid substrate. The estimation of
the contact area A is obtained from geometrical consi-
deration for a spheroid of radius R, and a cutting plane
of the contact:

A = n-R:.sin0, (3)

where @ is the contact angle for the Ag/SiO, interface.
In another scenario, the molten structure detaches
from the substrate, as was shown in several works
[11,17], and solidifies before contacting the substrate
again (Figure 1f). The bulb shape will be close to the
sphere or ellipsoid, and the contact will be governed
by adhesion and elastic forces. Such situation can also
occur when ND with frozen droplet-shaped bulbs is
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(Figure 1f). Complete detachment is likely connected to
the gjection of the liquid droplets described by Habenicht
et al. [11]. The exact mechanism of melting and complete
detachment of NWs is rather complex and requires ad-
vanced computer simulations [17,18].

In order to support the proposed mechanism of ND
formation, let us consider a rough estimation of the bal-
ance of forces involved on the stages of separation of
ND from the substrate: adhesion of the NW, elastic
force of the bent NW pulled by the bulbs and thermally
induced stress in the NW.

Contact pressure caused by adhesion between the facet
of the NW and the underlying substrate can be esti-
mated as [19]

A 5

where A is the Hamaker constant for the Ag/SiO; system
and D is the cutoff distance [19]. The Hamaker constant
for the system can be approximated as A = /A Agm,
where A, is the Hamaker constant of silver and Agey is
the same for SiO,, with values 3.72x 10" and 062x
107" ], respectively, and the cutoff distance is approxi-
mately D =02 nm [19]. Using Equation 1, the calculated
contact pressure for the system is approximately 1 GPa,
which is the minimal pressure necessary to separate the
conlacting bodies.

A finite element method (FEM) simulation was used o
study the elastic behaviour of an Ag dumbbell structure
interacting with a flat substrate (more detaik in Additional
file 1: Figure S4). The model consisted of a dumbbell-like
geometry resting on a flat rectangular block. The first case
(Figure 3a) describes the earlier stage of dumbbell for-
mation; the length of the adhered part was chosen to be
1 pm long. The second case (Figure 3b) depicts a later
stage of dumbbell formation, where most of the wire bet-
ween the balls is detached (the length of the adhered part

a

b n

Figure 3 FEM simulations of elastic behavior of a ND adhered
to a substrate. The buih radus 5 175 nm, total wee length 2 um,
and the wis crass section 5 pentagona of 100 nm in dameter.

(a) Firstcase - adhered partlength 1 um (b} Second case - adhered
partlergth 10 nm
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is 10 nm). In the vicinity of the interface separation edge,
the elastic stresses are concentrated and may reach 0.5 to
4 GPa, which can be sufficient to induce interface sepa-
ration. Note that the stress decreases with the decrease of
the length of the adhered part; thus, only relatively short
NDs are able to detach from the substrate completely.

The thermal stresses induced by contraction of the
NW due to cooling may play a significant role in the
interface separation as well. The thermal strain &, can
be estimated from the following equation:

em = aagh T, (2)

where a4 is the thermal expansion coefficient of silver and
AT is the difference of the initial and final temperatures.
The thermal expansion coefficient of bulk silver is 19.7 x
10°%/K [20], and considering the temperature difference of
680 K, the strain for such a process is approximately
1.34%. Calculating the thermal stress by o3, = Ej £, where
E is Youngs modulus for silver (E,; = 83 GPa), one yields
ag = 1.1 GPa. As the result of superposition of the elastic
stress of bent NW and thermal stress, interface separation
takes place similarly to crack propagation.

Contact area and static friction

The contact area, as well as friction between the end bulbs
and the substrate, will strongly depend on the shape of the
bulbs. According to the experimental observations, the
end bulbs of the NDs have an ellipsoidal shape that is
close to prolate spheroid with the semi-axes Ry and Ra
For purposes of simplicity, we will use spherical ball ap-
proximation, justified by the ratio Ry/R, ~ 1. Thus, the ef-
fective radius R, = /R; R, will only be used.

The real shape of the bulb is a result of the dynamic
interplay of surface tension and adhesion forces in a
liquid droplet followed by solidification. In this regard,
two boundary cases can be considered. In the first case,
named frozen droplet model (FDM), 2 molten bulb so-
lidifies in contact with the substrate and takes the shape
of truncated ellipsoid defined by the contact angle of a
liquid droplet with the solid substrate. The estimation of
the contact area A is obtained from geometrical consi-
deration for a spheroid of radius R, and a cutting plane
of the contact:

A = n-R: . sin*®, (3)

where @ is the contact angle for the Ag/SiO, interface.
In another scenario, the molten structure detaches
from the substrate, as was shown in several works
[11,17], and solidifies before contacting the substrate
again (Figure 1f). The bulb shape will be close to the
sphere or ellipsoid, and the contact will be governed
by adhesion and elastic forces. Such situation can also
occur when ND with frozen droplet-shaped bulbs is
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displaced from its initial position and rolled to the
‘rounded’ side of the bulbs.

The contact area of the sphere-on-plane can be calcu-
lated on the basis of continuum elasticity models for
deformable spheres such as JKR [21] or DMT-M model
[22], which also gives a good approximation for ellip-
soids providing Ry /R, ~ 1 [19]. According to Tabor [23],
the choice of the most suitable model is determined by
the parameter

16&)’2 1/3

1= (k)
where y is the work of adhesion and z, is the equilib-
rium spacing for the Lennard-Jones potential of the sur-

faces. K is the combined elastic modulus of the sphere
and substrate, defined as

- 4 (1-1? 1-v,?

l23( E ' E ),
in which v,5 and E; , are the Poisson ratios and Young
moduli of the substrate and sphere, respectively. For
small 5, the DMT-M theory is more appropriate [24]
and will be used below. According to the DMT-M

model, the contact area Apyr of the sphere on a flat
surface is

2/3

Friction force can be expressed as the following simple
form:

(4)

(5)

(6)

(7)
where 7 is the interfacial shear stress/strength and A is

Fﬁkﬂu = T-A,
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the contact area [25]. The shear strength is defined as an
ultimate shear stress r before the object is displaced and
can be estimated using the relation ., = G* / Z, where v
is Poisson's ratio and G* = [2 - v) / Gy +(2=w) / G4
[2526]. Z is an empirical material-dependent coefficient
ranging from 5 to 30 [27]. Taking Z =15 as the typical
value for most metals [27], theoretical shear strength for
Ag equals 7= 059 GPa.

Real-time manipulations

Nanomanipulation technique inside SEM with simulta-
neous force registration was used to control the applic-
ability of FDM and DMT-M models for description of
ND contact with the substrate surface experimentally.
The experiment has shown that in most cases, the end
bulbs of NDs ensure a relatively small contact area and
therefore reduced adhesion and friction force. For com-
parison, displacement of untreated uniform Ag NWs on
a flat silicon substrate was almost impossible without se-
vere damage and plastic deformation of NW (Additional
file 1: Figure S5).

NDs exhibited several regimes of motion in manipula-
tion experiments. The most common scenario was rota-
tion of the ND around one of its ends. Long-range
rolling of Ag NDs was rarely observed, while rolling up
to approximately 90° was registered frequently. In some
cases, one end of ND was losing contact with the sub-
strate surface, and ND rotated around the adhered end
out of the substrate plane. In a few cases, static friction
was high enough to keep one of the ends fixed, which
led to plastic deformation of the ND during manipula-
tion (Additional file 1: Figure S6).

Typical experiment of ND manipulation is shown in
Figure 4. After overcoming the static friction force Fy =
1 N, ND first rolled over (Figure 4a,b) and then rotated

—
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Z 750
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5 500
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250

0 —
0 25 5 75 10 125 15 75 ™
Time, ¢

Flgure 4 Manipulation of an Ag ND. The solid black arrow indicates the drection of the tp movement, and the dashed black arow shows the
direction of gsollation of the tip (a). The ND rolls over approsimately 9CF (a, bl then rotates around one of 115 buts (b-d) and finglly muns into a
NW (d). White arows indicae the type of motion Camresponding tip-dumbbs!l interaction force in time was recorded by a QTF sersor (e).
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Figure 5 Traces after ND dis placement indicating the contact area. intact ND {a). First dsplacement (without rafing) of the ND (b). Second
displacement of the ND, contrast-enhanced 1o mveal “traces’ (Dlack elptical regors corespand 10 the fomer posimon of ND buibs) (¢

around one of the ends at almost zero force until it ran
into neighbouring NWs (Figure 4¢,d). Kinetic friction du-
ring ND rotation was below the detection limit. The huge
difference between the static and kinetic friction agrees
with our previous work performed on Au NPs [15].

In general, static friction forces measured for ten NDs
were scattered from 200 to 1,750 nN. To find the reason
for such large variation of static friction force values of
manipulated NDs, we studied contact areas of 24 NDs
after displacement using residual traces inside a high-
resolution SEM, (Figure 5) and compared these expe-
rimental values with calculated ones. Here we need to
mention that physical reasons behind the residual traces
are not yet clear; however, the visible trace area can

be considered proportional to the real contact area. To
prove this assumption, we manipulated untreated Ag
NWs, which have a well-defined pentagonal cross section
[28]. The width of the traces left after displacement corre-
sponded to the width of one pentagon facet (Additional
file 1: Figure S4). In the next step, we compared contact
areas calculated from experimentally measured friction
force for one set of NDs using Equation 7 (Figure 6,
Manip) and trace areas for another set of NDs (Figure 6,
Traces). As it can be observed from Figure 6, there is good
agreement between both contact areas.

Experimentally observed trace areas remained after
ND displacement; contact areas calculated for the same
NDs according to the FDM (Equation 3) and DMT

A
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L
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1.0E+00 T T T T
0 50 100 150 200 250
Bulb radius, nm
Figure 6 Comparison of contact areas calculated from experimentally measured friction force and trace areas. Argas of expenmenaly
amened ND races (Traces), calculated area fom Sichon measurements (Manip), and contact areas calcuated by Sozen dropiet (FOM) and DMT-M
(DMT) models. The used parameters are as ollows 8 = 1238° (contact angle of AQ/SO ) [27] v, =017 (Fosson's ratio of Si0,) 28], v, = 036 (Passons
rano of Ag) (28], £, = 117 (Youngs moduks of S0, GPa) 28], £, =£,, = 825 (Youngfs moduius of Ag, GPa) 28], y =50x 107" {the wok of adnesion,
¥m') 121), 2,= 03 fequiorium spacing for the Lennard-Jones potental of the surfaces, nm) [25] X =554 {(combined elastic moduius, GPa), n=02
{Tabor's coeScent)
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(Equation 6) approaches using radii of ND end bulbs,
measured in SEM, are shown in Figure 6. It is evident
that experimental results obtained by trace observations
are closer to values of contact area calculated by FDM
than to those by the DMT-M model (Figure 6). It means
that the end bulbs of these NDs are not perfect sphe-
roids, but truncated ones solidified in the contact with
the substrate. However, the obtained experimental values
are still lower than FDM predicts. The possible reasons
for FDM to overestimate the contact area are as follows:
(1) the equilibrium shape of the droplet may differ sig-
nificantly from the truncated spheroid, (2) the droplet
solidifies before reaching the equilibrium shape, (3) it is
possible that the contact angle of the substrate surface
with liquid metal nanodroplets is larger than the contact
angle of that with macroscopic droplets (135° to 150° in-
stead of 123.8°).

A phenomenon directly related to variations in fric-
tion force and contact area is a temporal dependence of
contact area or aging [1530]. The force required to
displace NDs was inversely proportional to the time
intervals between the manipulation events. Figure 5¢
demonstrates the traces left after the first and the
second displacement of the same ND (time interval of a
few minutes). The area of the first pair of traces is ap-
proximately 9.03x 10* and 10.82 x 10’ nm® and only
approximately 263 x 10% and 2.62 x 10° nn?® for the sec-
ond pair of traces. Analysis of the shape of this ND before
and after displacement provides evidence that ND was
displaced by sliding and rotation only. Therefore, the de-
crease of the contact area in this case cannot be explained
by rolling of the ND onto the more spherical side of the
end bulbs. Possible explanation of contact aging is diffu-
sion of metal atoms, which can be accelerated by local
heating or migration of electrons caused by the electron
beam of SEM. However, detailed analysis of the contact
aging phenomenon is out of the scope of this article.

Conclusions

It was demonstrated that metal NDs are attractive ob-
jects for nanomanipulation and nanotribology. Forma-
tion of metal ND on the substrate from a NW under
laser beam radiation is a complex process. The final
configuration of a ND is a result of the interplay bet-
ween the intrinsic effects (i.e. melting, crystallization, ef-
fect of thermal stress, elastic forces) and adhesion
during the separation of the NW from the substrate.
The experimental study showed reduced contact area
and adhesion of NDs in comparison to intact NW's, The
geometry of NDs enabled to study different regimes of
motions in manipulation experiments, Le. sliding, rol-
ling and rotation. Contact areas and static friction forces
of NDs were measured and compared to the DMT-M
and FDM contact models.
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