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Abstract

The development ofuture devices is towards to the miniaturization and performance
improvement. This requires the large scale integration of nanodeiaasjoining is an
essential step for the industrial scale production of nanodevices which possess extensive
applicatiors in nanoelectrmuics, nanophotonics and biomedicindglany techniques have

been developed to produce nanojoining, and among them femtos¢tx)nthser
nanojoining is a promising one due to its limited thermal damagthedofabricated
nanomaterials. However the fs laser nanojoining techniquestils not probably
characterized.In this thesis,the research of fdaser nanojoiningof silver (AQ)
nanomaterials with or withoybolyvinylpyrrolidone(PVP) coating is conducted different

environments (agueous solution, air, vacuuargetingo different applicatiomreas

It is reported that the joining behavior of PVP coated Ag nanoparticles (NPs) can be
manipulated by controlling the distribution of localized surfacesmtan induced electric

field enhancement (or hotspots) and/or the decomposition of PVP coatings into amorphous
carbon orsomeionized productsThis facilitates the fabrication gbinedNPs structures

with tunableplasmonicpropertiesby tuning the geomass of the structuredor possible
application as SERS (surface enhanced Raspattroscopydetector.For Ag particles
without PVP coating and exposed to vacu(i@® Torr), their joining behavior under fs

laser radiations also controlled by the hotspots; and higtegrity interconnection of Ag
particles can be obtained benefiting from thealized ablation of the particles the

hotspots. The joining efficienayan bemproved by introducing reactive oxygen gas which



producesexternal heating to the irradiated particles througAgoreaction on the surface

of Ag particles in the hotspots.

Overall, the hotspotdependent fs laser nanojoining technique wihsctieveloped in this
research provides an alternative way foeqise fabrication of nanodevices based on the

interconnection ohanoscale functional components.
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particle (d), electric field drancement in the XZ plane which is 1 nm below the top
surface of the patrticle (e). The laser with wavelength 800 nm is incident in Z direction, and
laser polarization is in Y direction. The enhancement factor in the scale bar is defined as
E1Z/EQ%. coevveeeeieee et enaes e bnnt st enaen bbb 106

Fig.6-7, SEM images of the morphology for the interconnected Ag particles which were
irradiated by fs laser at fluence ~ 7.2/amf for different time. (ab) 10 sec, (c) 30 sec, (d)
magnified view of the square area in (c), (e) 50 sec, (f) magnified view of the square area in
(). The double ends arrows show the laser polarization directian....................... 107

Fig.6-8, Schematic for the measurement of the total lengdnd. diameter D of the
extended NP (a), (b) correlation betweégrD ratio with irradiation time at fs laser fluence
~7.2 mJ/crf, (c) SEM images of the morphology for the Ag NP which was irradiated by fs
laser at fluence ~7.2 mJ/érior 70 sec. The double ends arrows in (c) show the direction of
laSEr POIAIIZALION. ... ...ttt e e e e e e e e e e e e e e e e e e as 108

Fig.6-9, SEM and TEM analyses of Ag submicron particles which were irradiated by fs
laser at fluence 1mJ/cnf for 10 sec. (a) SEMmage of the morphology for Ag submicron
particles, the doublends arrow shows the direction of laser polarization; (b) TEM image
of the crosssection view of the submicron particles as the dash line indicates; (c) magified
viiew of the square area 1 in)(and corresponding EDS analyses of spots A, B, C, D; (d)
HRTEM image of spot A in (c); () HRTEM image of spot D in (C)...........cceeeeneee. 110

Fig.6-10, LSRinduced hotspots distribution (bright area) in different structures. (a)
simulation of the dimer particle in Fig¥a, the Ag particles on theft has Q=500 nm,
D,=470 nm and H=130 nm, the one on the right has D=430 nm and h=121 nm. (b) the
effect of introducing curvature as shown. The curvature height is 60 nm. 800 nm
wavelength laser radiation is incident in the Z direction, and the bladdedeads arrow
shows the direction of optical electric field..............coooriiiiicceiiii e, 111

XiX



Fig.6-11, Changes in the distribution of hotspots between péiirdentical Ag cylinders

having a diameter of 200 nm and different height. (a) Height is 80 nm; (b) Height is 100
nm; (c) Height is 120 nm: (d) Height is 140 nm; (e) Required minimum height/diameter
(H/D) ratio in cylinders pairs with different diametes the appearance of hotspots at
upper edges; the cross indicates that there are no hotspots at the upper edges. The
separation distance between the cylinders is constant at 40 nm, and the cylinders are
irradiated by 800 nm wavelength laser in the Zdio®...................ccoovvvvviieeen e, 113

Fig.6-12, Hotspots distribution between pairs of 400 nm diameter Ag cylinders with
different separation distances.&) nm; (b) 60 nm; (c) 100 nm; (d) 120 nm; (e) 160 nm; (f)
correlation between separation distance and enhancement factor in the hotspots. The pairs
of cylinders are irradiated by 800 nm wavelength laser in the Z direction............. 114

Fig.6-13, Hotspots distribution in pairs of Ag cylinders which are irradiated by different
laser wavelengths. (a) 500 nm; (b) 600 nm; (c) 700 nm; (d) 800Trra.diameter of the
cylinders is 400 nm, and the height is 60 nm. The laser is incident in the Z direction, and
gap distance is constant at 40 NM............uuuuiiiiiiiiecer e rrrer e e e e e 114

Fig.7-2, Procedure of producing a single crystalline Si field effect transistor by combining
electron beam lithography and fs laser radiation..............covvvvvieeee e 119

XX



List of Symbols

dielectric function of materials
wave number

number of surface plasmonode

plasma frequency

frequency of surface plasmon

frequency of localized surface plasmon
conduction electrons density

electron charge

permittivity of the vacuum

effective mass of electron

polarizability

refractive index of dielectric material
Poynting vector

speed of light

absorption efficiency

geometrical crossection

complex refractive index
filling factor

imaginary pat of the complex refractive index
extinction, scattering and absorption crgsstions
ratio between particle size and wavelength of light
wavelengthand intensityof laser light
radius of nanopatrticles

pulse duration

electron cooling timdattice heating time
attenuation constant

skin layer depth, laser penetration depth
thermal diffusion length

electron and lattice temperature
electron and lattice thermal conductivity
electronand latticeheat capacity
electronlattice interaction factor

laser fluence

heat capacity

volumetric mass density

absorbed energy

enthalpy of formation

volumeof nanoparticles

XXi



Chapter 1 Introduction

1.1 Nanomaterial antlangoining

Nanomaterials are defined as materials with sizes less than one hundred nan(omgter

in at least one dimensioBased on the number of dimensions, nanomaterials can usually
be classified into: (1) zerdimensional (ODnhanoparticlgNP); (2) onedimensional (1D)
nanowire, nanobelt, nanotule¢c,; (3) two-dimensional (2D) nanosheet, nanofilm and so
on; (4) threedimensional (3D) structured nanomateridVhen the size of the materials
goes down to nanometer scale, thes ®ffectallows the nanomaterialto possessome

unique properti® compared to bulk materials

One effect is the depression ofnelting temperature.Size-dependent melting was first
reported by Takadil]; it was showrthat e melting tempature of the material decreases
with the reduction ofts size. In Fig.1-1 a trarsmission electron microscof€EM) study

is summarizedllustrating the relationship betweethe size and melting temperature of
SiO; encapsulatedilver (Ag) NP, whichindicates that the meltinggmperatureof Ag NP
whose sizavasless than ~50 nrdecreaseé nonlinearly with its siz¢2]. This effect is now
coming into industrial useas nanoparticles(NPs) have been widely studied as low
temperature paste for applicationmicroelectronics packinfg], and are paving the way

to the applicatiomn flexible electronics.
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Fig.1-1, Size dependence of the melting temperatugg 6T silica-encapsulated AYlPs. The solid line is the

fit of the calculated data with respect to the particle size (D, hm) using equa{iij=1233.651954.3/D
8100/0F. The figure isadaptedrom ref.[2].

Another important sizelependent property of the nanomateried the formation of
localized surface plasmon (LSP), whighdefined asthe collective oscillation of free
electrors near the surface ahetalic nanomateria This can significantlyenhance the
localized electric field forming hotspotsin the nanomaterialand the surrounding
especially vinen the frequency of the excitation lightissresonance witlthat of the LSP
facilitating the application inoptical detections such as surface enhance Racwttering
(SERS) fluorescenceand thermal imaging4, 5]. As the scanning electron microgmo
(SEM) imageshown in Fig.12, the presencef Ag NPs on Si wafer or AAOubstratecan
significantlyenhancehe Raman signal of the methylene hloempared to that of the pure

Siwafer[g].
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Fig.1-2, SEMimages ofmorphologyfor Ag NPs deposited odifferent wafes and their SERS spectra. (a)
Ag NPs onSi wafer, (b) Ag NPs onAAO substrate (¢) SERSspectra ofmethyleneblue on three different
substrate. The figure isadaptedrom ref.[6].

NPs also have many other sidependent properties such as catalytic act[vifg]. This is
beyond the scopef this work and will not beliscussedhere. Due totheir unique chemical
[9], electonic [10], magnetic[11] and optical[12] properties nananaterials, especially

metallicnanomateria have been of great interéstresearcher®r decades

Recently, amajor focus of researclinto nanomaterialshas irvolved the directed
interconnectiorof nanomateriabuilding blocks into nanodevicder applicationssuch as
bio-sensing[13], solar energy harvesting14], and photothermal imagind15]. The
techniqueswhich have involved interconnectinghanomaterials building blocks ohe
building blocks to substratean be defined asanojoining technalgy (or nanojoining in
short)[16]. Nanojoinirg is nowdevelopng rapidly andis considered as key technology

to achieveindustrial scale production of nanodevices or rgygiems. The principle of
nanojoining is to join the nanomaterials by producing adhesive bonding through
(bio)polymer molecules or by forming robystimary chemical bond (metallic, ionic and
covalent bonds)16]. The former is usually obtained by utilizing chemical methods, while

the latter is realized througihysicalmethods.



1.2 Issues in Nanojoining

Before the commercial applicatio of nanojoining technology, t&e major issues in
nanojoining processdevelopmenthave to be solved. The first is how to position the
nanomaterials andontrolthe final structure otthe joined nanomaterial; the secondhisw

to avoid damagéo the ranomaterial and the surroundingthe joining processand the
last one ishow to produce robusjoints and obtainstable performancesf the joined
structures To solve these issues, many methods have been developed. For exaenple,
electron beam lithography technique has been used to produfenge nanomaterial to
control the exact positionf joint formationand thegeometry of thdinal joined structure
[17]. Adhesive bonding or cold welding (room temperatuedding) has beeemployed to
perform nanojoining without causing damage to the-jpiaed nanomaterialgl8]. The
following sectionsoutline some examples of nanojoining methods and summarize the

limitations.

1.2.1 Nanojoining bychemicalmethods

In chemical methodsdeoxyribonucleic acid(DNA) has been widely used to join
nanomateria, because ofts good controllability on the final joined structurgkd-21].
For example,gold (Au) NPs coresatellite structureg22] were produced through the
hybridization of DNA which was bonded on the surface of Au NPs, as shown in3ig.
Other polymer moleculesuch aspoly(methyl methacrylate)PMMA), and PEGMA
(poly(ethyleneglycol methacrylaté)werealso studied23, 24]. To obtainbettercontrol of
the finaljoined structure, electricor magnetic field can also beised to assist theining
process. As shownin Fig.1-4, ferromagnetimanowires(NWs) can be joined and aligned

along the direction of magnetic fie]@d5|.



DNA hybridization

Fig.1-3, DNA assembledAu NPs coresatellite structures(a) Illustration of the strategy to prepatere
satellite assembliegb, c) TEM images of the Au NPs cesatellite structureslhe size of the core particles
is ~ 30 nm whilghat of thesatelliteparticles is ~ 10 nnTT he figureis adaptedrom ref.[22].

Fig.1-4. (a) Schematic illustrating the twstep process for sequential alignmemt:iij dispensingof the
nanowire suspensioand (i, iv) alignment of the nanowirda an externamagnetic field (redarrows). (b)
The alignment of the nanowires in a single direction using a 760 G f@ldwo-step alignment with the
substrate shift of 30 (d) Two-step alignment with a substrate shift 00® The figure isadaptedfrom
ref. [25].



By using chemical methods, nanomaterials can also be joined thtbedormation of
primary chemical bondsThis is usuallyperformedby cleaningoff the protectivgpolymer
shell on the surface of nanomaterialghich results insurface energgriven mutud
diffusion of the nanomaterials, whids known as room temperature welding or cold
welding [26]. Directional joining of the nanomaterials caven be obtainedif the
protective polymes are selectively removd. As shown in Fidl-5, Au nanorods (NRs)
were welded entb-end by selectively cleaning theetgltrimethylammonium bromide
(CTAB) coatingfrom the ends of th&lRs[27].

a b

100 nm 100 nm

Fig.1-5, TEM imagesand High-resolutionTEM (HRTEM) irﬁa@aé of cold welded Au NRs(a, b) TEM
imagesof the AuNRs solutiony (c, d) HRTEMof the NRs joints. (¢) showshe perfecendto-endwelding
while (d) represents thavined endto-endwelding The figure isadaptedrom ref.[27].

1.2.2 Nanojoining byphysicalmethods

Compared to chemical methods, physical methods for nanojoining are straightforward.
They include theapplicationof heat[3], force[2§], radiation[29-31], soldering material

[32], spark plasm#33, 34], andelectron beanji35] to join thenanomateriaby producing
robustprimary chemicabond. For example, Het al [3] obtained Ag NPs networks by
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sintering the Ag NPs film in furnace at temperatar873 K In the sinteringprocess,
softening or fusion of the nanomateridabkes placeduring their exposure to thermal
heating, and thethe nanomaterialare joined via solid state diffusion (low temperature
heating)[36, 37] or viscous flow and solidification (high temperature heat|i3§] at the
interface To accelerate thpining process and improve theint strength in the thermal
heating process, external pressure is usually app@@d but the possible stregsduced

damage to the substrate has to be monitored.

To obtainmoreprecise fabricabn, localized heatingnd joiningare required. This can be
done by combininghe SEM equipmentand localized electric thermal heatisgstem As
shown in Figl-6, two slightly separated Bubmicron wireg~ 650 nm widgwere welded
by employingan electrethermal system to he#te wires up to their melting point[40].
Due to the higher resistance in teegmentbetween the wiresthe effectivelocalized
heatingtook placein the segmenandresulted in thavelding of thewires Meanwhile,
Xu et al. [35] demonstrated thdbcalized welding othe crossed Au NWs couldlso be
obtainedby focusing high intensity electron beam (HIEB) in the overlap area of the NWs
under TEM observationHoweverHIEB radiation inducedlestruction of théu NWs and
the carbon substrate probably limits application for nanojoininglUsing nanoscale solder
is an alternative method thievelocalized nanojoining together witedued damage of
the nanomaterialsAs shown in Fidl-7, two Au NWs were joinedogether via the heated
NW solder which diffused onto the junction; and the remaining nanowire selsemoved
by using mechanical forcater the joining proced82]. The possible limitations are the high

cost ofthesoldering system ants low joining efficiency
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Fig.1-6, Joining of Pt NWs by joule heating. (a,Bxperimental setup for welding Pt nanowires by joule

heating; (c)Joint morphology observation ofraightwelded Pt NWs; (d)Joint morphology of dpwelded Pt
NWs. The figure isadaptedrom ref.[40].
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Fig.1-7, Nanosolderind5 nm Au nanowires. (afoftening of the solder nanowire and contact to the Awo
nanowires to be welde¢b) Nancsolderingtwo nanowires together byractangular voltage pulse through the
solder nanowirg(c) Mechanical removaidf the solder nanowire, leaving miniaturized Chinese charditer.
figure isadaptedrom ref.[32].

Beside thephysical methods mentioned above, laser nanojoirsrgjso attradhg great
attention. For instance, Kimet al. [30] welded Au NPs ina diluted aqueous solution
(9.3nM) usinga picosecond (ps) Nd:YAGaser. Liu et al. [31] achieved the brazing of
PtAg NPs by utilizing femtosecond(fs) laser irradiation. However the final joined
structuresobtained in these workgere uncontrotd due to the randommotion of the NPs

in theaqueous solutianTo obtaincontrollability, Mafunéet al.[41] selectively mekd Pt



NPs by excitingtheir LSP resonancend then solded other unmelted Au NPsin the
aqueous solutian Although therehave beerfew further reports in this area, the idea of
joining nanomaterial by controlling tHeSP wasdeveloped To completely eliminate the
influence of theandommotionof the nanomaterials in aqueous solutioanomaterials are
usually deposited oa substrate and then joined Igser radiatior{29]. In that casethe

final joined structure is deteinedby the deposition process

In summary,in nanojoining process the balancebetweencontrol of joined structure,

damage t@rejoined nanomaterial and joining efficiency has to be achieved.

1.3 Research motivation and objectives

Fs laser possesses high intensity but causes small théamalgethis makes it an ideal

tool for precise fabrication of nanomaterials which are very sensitive to thermal effects. In
addition, the high intensity of fs laser will produce strong plasmonic effects (arising from
LSP) and facilitate the joining of nanomagérby producing localized heating, ndald
ablation and optical force. So, the combination of fs laser radiation andiéi®fndent

plasmonic effects shows promising potential for the application in joining nanomaterial.

The goal of the present studyto explorean alternative LSRssisted fs laser nanojoining
technique to join/assemble nanomatdbiallding blocksin a nondestructiveefficient, and
controllableway, which promisglarge scale productioof micron/nanodevicesWhile the
overall focus i®n obtaining alundamental understanding of fs laser nanojoining technique,
the joining of larger (submicron scale) componenwissconsidered because oftmany

applications of these elementsnmicron/nanodevices. HerAg submicron/nanomateria



chosen for this study becausé its excellent plasmonic propes, and a program of
experimental and theoretioabrk is carried outo accomplish the following

1. Study the feasibility and mechanism of fs laser nanojoiningg nanomaterial in a
controllable way (including control of the joined structure and laser radiation induced
damage).

2. Investigate the influence of operation environmaguéoussolution, air, and vacuum)

on fs laser nanojoining.

3. Identify the contbution of LSP in fs laser nanojoiniryocesss.

1.4 Thesis organization

This thesids organized as follows: Chaptgintroducesnanomaterial anthe devebpment

of nanojoining techniquesChapter 2Zrevisitsthe fundamentals and experimental work of
fs laser fabricationand presentshe background of LSP and its contributionféolaser
fabrication Chapter3 describes the fs laser system and experimental setup in this study.
Chapter4 presents the results adacussios of controlledjoining of PVP coatedAg NPs

in aqueous solutioby fs laser irradiation Chapter5 explores the joining of PVP coated
Ag NPs in air and vacuurbased on the results of chapterathd compares it with the
joining of bare Ag NPs in vacuum. Chap@anvestigates the assisting effect of oxygen on
the joining of bare Ag submicron/nanopatrticles. Chapsrmmarize the work of fs laser
nanojoining in chapterd-6 and comes to some conclusionghile future workis also

suggested.
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Chapter 2 Literatur e review

2.1 Femtoseconthser

Laseris theacronym forfilight amplification bystimulatedemission ofradiatiord, whichis

a devicethat prodees monochromatic, coherent, and highly collimategams of light
The schematiof the laser mechanisim a threeenergy level systens shownin Fig.2-1.

In this system, electrons at energy leveldgdfirst pumped (or excited) to energy level E3,
and then they quickly decay moetastablenergy level E2, releasing energy in form of heat.
When the number of the electron€&tis much larger than that at E1, population inversion
happes, and electrons at E2 decay to E1, emitting coherent ligbtording to the energy
distribution over tine, lases can be divided into two typesontinuouswvave CW) lases

whose output energy is constant over tiamepulsel lases.

radiation in form of heat

Ba—_S
P \ population inversion ED
i | »

El light output

Fig.2-1, Schematidor light amplification by stimulated emission of radiation in a treaergylevels (E1, E2
and E3)system

The & laser is a pulsklaser with pulse duratio®100 fs (10" s). Based on theelection
of the gain mediumn the laserfs lases can bedivided into fs dye lasewhere the dye is
typically organic molecules in liquidolution and fssolid-statelases. More details about
thefs laser, such as hoivworks, are presented iohapter3. Thefs laser, lecause of &

ultrashort pulse duratiocan achieve very high intensityvith a smallpulse energy This

11



makes fs laser radiatiomble to minimize its thermal effect and promise many
applicatiors in precisematerial removasuch as cutting and drillingRecentlythefs laser
hasalso showrthe potential of joiningnanomaterials.As Hu et al reported42], Au NPs
have beenjoined by fs laser iadiation atintensity of ~10'° W/cn? without causing
massivedestruction othe NPs which benefied from the limited thermal effecof fs laser

radiationin its interaction withtheirradiated material.

2.1.1 Fundamentals df lasermatterinteraction

In the lasermater interaction, he primaryprocess is thexcitation of electros from their
equilibrium statesto some excited staeby the absorption of photorenergythrough
electronphoton couplingn the skin layer This process happensughlyonatime scale of
~ 10" s. According to the definition of nethermal and thermgirocessesas shown in

Fig.2-2 [43], the eletron-photon coupling process nthermal.

10" 1 electronic dephasing
1 0_13 1 electronic thermalization
electron cooling
12 non-thermal
10 T phonon relaxation

thermal diffusion l thermal

10" 1

thermal melting

1010 | ablation

time (s)
Fig.2-2, Time scaldfor various secondargrocessesfter theprimaryelectron excitationith laser radiation
This figure isadaptedrom ref.[43].
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Forthefs laseyrbecause itpulse durations less than 100 fs, the laseraterial interaction
in the pulse duration is nethermal After the pulsethermal relaxatiorof the excited
electronsthrough electrosphonon couplinghappensin ~ 1 picosecond (ps, 18 s),

followed by thermal diffusionvia phonorphonon coupling43]. This distinguishes fs
laser from conventional longer pulg¢e 1 ps) lasersvhere both thermal relaxationof

electronsandthermal diffusion take placguringthe pulse durationln order b precisely
describe fs lasematter interaction, a twemperature model is developeBig.2-3 shows
a schematic fora 1D twotemperature modetiescribingthe fs lasermatter interaction

process.

femtosecond laser beam

L]

skin layer (Js)

electron heating in pulse
duration and lattice heating
after pulse.

cold internal lattice
r—?X
Z

Fig.2-3, Schematiof two-temperature model for faser heating

In the twoetemperature mode]44], two equations (eq(R-1) and eqn(2-2)) involve
electron temperaturél§) and lattice temperaturd || are written as below tdescribe the

heating of electrons and lattice on different time scales in the skin @yer (

6 — Q— 1Y Y CYdw, (2-1)

65— 1Y Y, (2-2)
whereC,, C is the electron and lattice heat capa¢®¥ K™*¥ m?), respectivelyp is the

electronlattice interactiorfactor (or electrorphonon coupling strengthV¥ K™¥ m?), ke
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is the electronthermalconductivity(W¥ K™¥ m), andSrepresentshe laser sourceerm
(W¥ m?). To understandhesetwo equationsthree characteristic tinsewhich include

electron cooling timel§), lattice heating timely), and laser pulse duratiok/ haveto be
considered If J << (I ~10 ps, electroaphonon coupling is negligible the laser pulse

duration oroa 0. Then, eqr(2-1) andegn(2-2) can be reduced:to

6 — Q— Yo . (2-3)
Eqgn(2-3) shows thatin the laserradiation procesghe lattice is cold when the electrons

are heated up by photons. Thishe caséor thefs laser irradiatioprocess

If § >> d~10 ps, the electron ankttice have reached equilibriunin the pulse duratign

which meang.=T,. Then,eqn.@-1) and eqnZ-2) is reduced to

56— Q— Y, (2-4)

where k is lattice thermal conductivit(in W¥ K™*¥ m™). This case applies for

nanosecond (ns), millisecond (nas)d mosps lasers.

It is notedin Fig.2-3 that, the twotemperaturenodel is only used tdescribethe electron
andlatticetemperature conditiom theskin layerof the irradiatedargetwhose thicknesis

twice theoptical penetratiordeptht,. The optical penetration depily is the depth at
which the laser intensitinside the irradiated material falle 1/e of its original intensity,

and itcan bewritten as

| -, (2-5)

whergf  —is the attenuation constant (or the absorptoefficiert, m?). Here,/ is

the wavelength othelaser K is theimaginary part of the complexefractiveindex. Take
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for instance &ilver (Ag) slabwhich isirradiated by fs laser wittvavelength 0800 nmas
an exampleK=5.29[45] , sothe thickness athe skin layeris Us=20,=22 nm. The material
beneath the skin layer maalso be influenced by laseadiation. This depends on the
thermal diffusionlengthin the laser pulse durationThe calculation of thermal diffusion

lengthcan be written:
0 ¢ Of , (2-6)
where D is the thermal diffusivity(in unit of m*¥ s%) and (J is the pulse duration as

mentioned aboveTakean Ag slab as an example, under ps laser (10 ps) and ns laser (10
ns) irradiation, the diffusion lengths are 80 nm ande2r@irespectively. These values are
close to or much larger than the size of Ag nanomaterial, suggesting that the irradiated Ag
nanomaterials are almost in thermal equilibrium in exposure by ps or longer pulse duration
lasers. While fotaser(100 fs)radiation,even ifconsidering the thermal diffusion (this is

not the fact for fs laser radiatiaxs discussed aboyeake D= 1.66 x 10" m%/s [46], the
diffusion lengthin 100 fs duration i©nly 8 nm. This indicateshat compared to psr

longer pulse laserds laser radiation is much more suitlfor localized fabrication of
nanomateriad Howeverit is noted that the excitation &SP in plasmonic nanomaterials
such as Ag, Au, and copper (Cwill affect the electric field distribtion (or direct the

laser intensity distributionn the nanomaterials ithefs laser irradiatioprocessThis will

bring somecomplexityto analyang fs laserirradiatedplasmonicnanomaterials

2.1.2 Nonthermalandthermal phenomena fis laserfabrication process
According to fs lasemater interaction agiscussedn section2.1.1, thefs laser fabrication

process can be divided into two stagaethermal stage in the pulse duration and thermal
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stage after the pulseBelow are some northermal and thermal phenomewhich have

beenobserved in these two stages.

2.1.2.1 Nonthermalphenomena

In the prethermal stage, twsignificant phenomena are t@®ulomb expbsion and field

ion emission. Fig.2-4 shows the schematior coulomb explosiorof one clustef47].
Under fs laser irradiation, electroase excited and leave the clusters; with the increase of
irradiationtime, more electrons leave the cluseandthe screening effect of the electrons
on the positivey charged atomic cores become weaker. Then the padgitderged
atomic coregepd each other, resutig in the explosion of the cluster. It is noted that

Coulomb explosion usually takes place in dielectric matenatdecules and clusters

to, beginning of the pulse t;, maximum t,, end of the pulse
® o © +
0g g0, 00 B &
& ) .. ‘... ® D N p
(<] L] b5 .“ ~@ \++ /. g
° ® ° 0 9y .: i (] j‘_r;*‘\ B
® + B,
% Q. ° /i@
e electron ° '@

Fig.2-4, Schematidor Coulomb explosiorin fs laser radiation process. The figuradaptedrom ref.[47].

Fig.2-5 shows the schematior fs laserinducedfield ion emission. At the beginning
someelectronsare excited out from the surface of fs laser irradiated matéfigl.2-5a).

Then, an electrostatic field is built up between the excited electrons and the irradiated
surfacewhich ispositively chargd (Fig.2-5b). If this field together with the electric field

of theincidentlight is strong enoughthe positively charged iona the irradiated surface

will be pulled out, resulting in ion emissigRig.2-5c).
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Fig.2-5, Schematidor fs laser induced field ion emission

2.12.2 Thermal phenomena

After Coulomb explosion and ioemission process the prethermal stagepart of the
excited electrons and emitted ions will recombanethe surfacef the irradiatednaterial
and transfer their energnto the irradiated material Meanwhile, the electrons in the
excited state will decay tequilibrium state. Both of these processesult inthe thermal
heatingin fs laser irradiated materialAs can be seem Fig.2-6a, whenfs laserwith low
pulseenergy (BO nJ)was focused (the spot size wéagm) on an Au nanofilm (60 nm
thickness)which was coated on the surface of quartz glasse bump# the film were
generated in théradiation area When thefs laser pulse energy increased 165 nJ
(Fig.2-6b), a nanodropletvasgeneratedn the center of thbumpand tenéd to be ejected
out of thefilm. The nanodropletvas therejected out of the film, leaving bulge in the
film, whenthe fs laser pulse energyas further increased to 170 nJ (RAe¢pc). The
formation dynamic of this ejected droplstdescribedn Fig.2-6d. The Au film is quickly
heated up by fs laser puls@gile the quartz substrate is almost cold tlués low thermal
conductivity ThentheirradiatedAu film tends to expandout his expansion is constrained
by thecold glass and the umradiatedAu film, resulting in mechanical instabilitipue to
the low adhesion betweeku and the glass substratbe irradiated film detaches from the

substrate and forms a protrusion. If the laser intensity is highhericalnanodroplets
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formed at the tip of the protrusi due to large surface tensi@nd the nanodroplet is then

ejected out of the heatednfi becaus®f PlateauRayleigh instability{48].

130 nJ (d) fs laser pulse

60nm Au
quartz glass
1 substrate

Fig.2-6, SEM images of the morpholodggr 60 nm thickness Au nanofilmn quartzglass substraterhich
were irradiated by fs laser with different pulse energhes focus diametesf the beanis 6 pm. (a) 130nJ, (b)
155nJ, (c) 170 nJ, (drormation schematic of the nadroplet. The figure isadaptedrom ref.[48]

Theabovediscussion indicates that faser radiation will produce thermal heatafter the
pulse Thisthermaleffect isexpected to benuch smaller than that caused bgder pulse
(ps, ns and mspr CW lases, if the sane laser intensity is applieth the samearea
because of lower energyput. This unique characteristicof producinglimited thermal

effect can be defined dlse finonthermab characteristiof fs laser radiation
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2.1.3 Interaction offs laserwith nanomaterials

2.1.3.1 Extinction of § laserradiationin nanomaterials

Compared to bulk material, the interaction of nanomaterials with fsrad@tion 8 much
different especially in thextinctionof theincident laseenergy The extinction of fs laser

radiationis canprisedof two components: scattering and absorption.

For materialswith different sizesthe scatteringpehaviorsare different This depends on

the ratio ofparticle sizgspherical particledo laser wavelength

o —, (2-7)
wherer (in unit of m) is the radius othe particle,/ is the wavelength of the incident laser
(in unit of m) WhenA > 1, the scattering behavior of the particle is calldi¢ scattering

while Rayleigh scattering applies to the cadéA << 1. The schematic for thparticle®

scattering behavislis shown in FigR-7.

Rayleigh scattering Mie scattering
2nr/h << 1 2nr/A> 1

% e

direction of incident light

Fig.2-7, Schematicfopar t i c | e s 6 s.cTaid figueerisimodjfiedofrenh reffdQfi. o r

For NPs Rayleigh scattering dominatéise scattering of incident laserThe extinction
crosssection §ex) is written as

, \ . (2-8)
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wheresscaand sapsare scattering and absorption crssstiong(in unit of nf), respectively.

The scattering crossection is calculatedia eqn.@-9):

” - - ’ (2-9)
wherem = ndKi is the complex refractive index amdis the real part of the refractive
indexthat controlthe refraction of ligh The imaginary part is related to the absorption of

light. The absorption crossections ;psis calculatedria eqn(2-10):

” - - "O - (2'10)
It is obvious thatfor a dielectric particleK=0), the contributiorof absorption is identically
zerqg which meanssey = Ssca FOr an absorbing particle i 0 the contribution of

scatteringo thetotal extinctioncrosssection isnegigible compared to absorptiosgit is

usuallyassumedhats exi= Sabs

Take50 nm Ag NPas an examples aps= 7.5x10*® m? when the NRs irradiated by 800 nm
light. This crosssectioncan be smaller or larger than the geometrical esestion(A’) of
Ag NPs.The ratio between the absorption crgsstion and the geometrical cresection
is defined as the absorption efficien€y of the Ag NP. It can berittenas:

” 0 0°. 2-1%)
For thecase 060 nm Ag NPwhich is irradiated byight with wavelength oBO0O nm,,

is much smaller thaA', resulting inQaps= 0.0038.

2.1.3.2 Femtoseconkdserradiation induced optical force
Optical force is the force exerted on thiejectswhich are irradiated by lightlt can be

divided into two components, one is the scattering force and the other is the gradient force.
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Scattering force points along tpeopagatiordirection of the incident light, it is expressed

as[50]:

0 & , (2-12)

where ny, is the refractive index of the surrounding medidnSisi the timeaveraged
Poynting vectofwhich represents the directional energy flux density of an electromagnetic

field in unit of W¥ m?), ¢ = 3x1G m/sis the speed of lights«a is the scattering cross

sectionof a Rayleigh sphergoarticleas calculated in eq2-9).

Gradient force is the Lorentz force acting on the dipuathéch is irduced by theoptical
electricfield (E, V/m). It is proportionako the energy density gradierdndits direction is
parallel tothat of theenergy density gradieniThis forceis givenas[50]

"0 —ndo § (2-13)
whereUis the polarizability of the particlén unit of m®). Fig.2-8 shows the optical forces

in laser irradiation process.

irradiated objects

Fypaq direction

laser beam . ) ) )

F., direction

Fig.2-8, Schematic for optical forces in laser irradiation proceBse figure isModified from ref.[51]

2.2 Surfaceplasmon
In metalic material, when thdree electrons in the metal are displaced from the atomic

cores by the external electric field, the positiyecharged atomic cores will exert a
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regoring force and pull the electrons back to their original positiofitis collective

oscillationof electrons in the metal is plasmon andadtursat the plasma frequen[52]:

1 — (2-14)

whereng is the conduction electrons densig/= 1.6x10™° C is the electron charge) =

8.85x10% F¥ m™ is the permittivity of the vacuum, anmm, is theeffective electron mass
(in unit of kg) Surface plasmanarethen defined athe plasmorwhich is confined near
the surfaceof the metal The schematidor the spatial distributionof a surfaceplasmon

which is excitedat the dielectrianetal surfacés shown in Fig-9 [53].

4
Dielectric
A~ P B B
\ \ s . \ \ / = ’
b \ i N \ y
| \ \ |
A [ [ | | [ | | Y
+++ --- +++ --- X
s d -
Metal

Fig.2-9, Schematic for the excitation of surface plasmabrthe dielectrianetal interfaceThe arrows show
the electric field directionThefigure isadaptedrom ref.[53] .

The boundary conditiofor the excitation of surface plasmontisat the component ohé¢
electric and magnetic fieldswust be continuousat the interface This can be written

mathematicallyas[54]:

— = T (2-15)
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where  is the dielectricfunction of metal, 3 is the dielectric function of thdielectric
material,k;” andk, are the wave numbe(® unit of mi') of the electromagnetic waves in

the metal and dielectric material, respectively.

Thecondition for theexcitation ofsurfaceplasmon of metal spheig[54]:

(o3 a p- Tml=l, 2, é, (2-16)
wherel is the mode numbef surface plasmorfor thecase ofa Drude metal sphere
(which isa sphereonsising of metallic ionswith fixed positionandfree valence electrops

in vacuum, the frequency of surface plasnfoy) can be written agb4]:

11 —. (2-17)

For spherical NRit can be completely polarized by the light and forms a dipole, and the
electric field inside the NP becomes uniforifhe surface plasmon mode in the NP is the
simplest dipolar mode, which mednd. in eqn(2-16). Then the frequency dhe localized
surface plasmo(r sp) in the sphericaNP is

] 1 MWo. (2-18)
It is noted that e above equations of calculating the surface plasareronly for
estimation of the surface plasmfsaquenciesinder ideal conditior-or some noble metals
(e.g. Au, Ag Cu), the electricinterbandtransition have also to be consideregtensive

discussions about surface plasmon can be found in ref.[54].

2.2.1 Materialand geometrgependensurfaceplasmonproperty
Usually, surface plasmon only exists in metallic materials which have free electrons, such
as Ag, Au, Cu, and Al In somesemiconductor materiaguch asSi and carbon nanotube

(CNT), surfaceplasmon is also reportefb5, 56]. As shown in Fi®-10 [57], the
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wavelength of the surface plason in different metallic NPs ranges from
approximatey 200nm to 650 nm. Among these materials, Ag NRath size of 10 nm
shov much better surface plasmon property which is reflected in the much higher
extinction crosssection(4080 nni) at the resonant wavelengdompared to other metallic

NPsof thesame size.

700} N Na i
600} - :
< 500l : i
— i .
= o Rb
¥ 300f K ]
I Ag/20 T
© 200l LI |
L Rj .Ca o

1 A 1 i 1 " 1 . 1 "
200 300 400 500 600 700

Wavelength (nm)

Fig.2-10, Resonance wavelength and extinction cross section forlimétfds with 10 nm size in aiThe
extinction crosssection of Ag has beedivided by 20 for a better presentation (the real value is 408 nm
The figure is adapted from rd67].

Fig.2-10 also showghat the wavelength of surface plasmon presented here is only for
10nm spherical particles. By varying the size and shaps the nanomaterial, the
wavelength of surface plasmon can be chandéd2-11a showghe UV and visible (UV

VIS) absorbance spectra of Ag NR&h different particle sizegn the agueous solution
[59], in these spectréhe location ofthe absorption banaorresponddo the resonance
wavelength[59]. It can be seen that with the decrease ofpidwicle size, the resonance
wavelength shifted to shortevavelength side (blue shift)it should benoted that

resonance wavelength shift &so highly affected by the matrix where the NPs are
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embedded. As shown in F&311b, whenthe resonance wavelength of there Ag NP wa
measured in inert He gas shifted to longewavelength side (red shift) with the decrease

of particle sizg~20-100 nm)[60].

1.0 — 5nm 3 o
a —— 7nm b
\
] \\ 100 nm —— 10nm
08 \ 15 nm
-~ —— 20 nm 3 o
= 0.6 —— 30 nm w 07 9 00
E —50mm | & ©
= —e63mm | 5
204 —— 85nm ng’.(ev) S 2
é ——100 nm éi:) 3.55 (s}
£ 0.2
L
0.04
: ; ; . ; 3.43 12
300 400 500 600 700 800 1.0 1.6 2.2 2.8
wavelength / nm increasing particle size =——>»

Fig.2-11, Dependenceof resonance wavelength (or frequenaich is inversely proportional to the
wavelength on particle size(a) resonance wavelength @g NPs in aqueous solutipr{b) resonance
frequency ofAg NPs in He gasFigures a and b aadaptedrom ref.[58] and ref[60], respectively

BesidesphericalNPs, similar sizalependent surface plasmon property is also observed in
nanomaterials with different shap§8l-63], eg. nanowire, nanoprism, and nanocube.
Comparedo sphericalNPs, nanomaterials with different shapes possess more complicated
surface plasmon property due to the excitation otipalar modeof surface plasmof64,

65]. This is reflected in the scattering spectra of Ag nanomaterial with different shapes, as
shown in Fig2-12 where thewavelengthof the scatteringlight is equivalentto the

resonance wavelength of the surface plasmon
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Fig.2-12, Scatering spectrdor single silver nanomateriatsf different shapesvhich wereobtained in dark
field configuration. The figure isadaptedrom ref.[64].

2.2.2 LSP-induced electric fiel&nhancement

LSPis known as the surface plasmoonfined near the surface tife nanomaterialvith

size comparable to or smaller than the wavelength of light used to excite the plasmon
Fig.2-13a shows the schematic for the excitationL&P in the nanomaterial (meta
nanasphere is taken as an examgled]. It shows that when theanospherés irradiated

by apolarized light, its electrons and positively charged atoongsareseparatedforming

a dipole along thelectric field direction of the lighand resulting ira locally enhanced
electricfield. With the change of the electric field direction, the electrons move back and
forth, formingLSP. As shown in Fig2-13b, the electric fieldlistributionon thesurface of

a 50 nm AgNP which is irradiated by 800 nwavelengthlight is always parallel to the
electric field direction of the incident light, and tequarefield strengthis enhanced by
approximatelyll times indicated byE:%/Ey%, whereE; andE, are the electric fieldf the

light after and before LSP induced enhancement).
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propagation direction
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Fig.2-13, (a) Schematic for the excitation &SP, (B LSP inducedquareelectric field enhancemefE?/Eq?)
in 50 nm Ag NPs.The doubleendsarrows show the electric field direction of the incident lighigure(a) is
adaptedrom ref.[53].

2.2.3 LSP-dependents laserfabrication

Since LSP can enhant®elocal electric field on the surface ahanomaterial, it wilfavor
electric field stragth dependent effects such heating, near field ablatiomptical force

and dissociation These dependences will be more significant if fs laser radiation and LSP
is combined, due to the high intensity tife fs laser pulse. This facilitates the
controllability of fs laser fabrication by controlling the LSP. The sections below

summarizdour LSP-dependentabricationmethodswith fs laseradiation

2.2.3.1 LSP-enhancedheating

The excitation oL SP enhancethelocal electric field near the surface tfe nanomaterial
This consequentlyincreasesthe absorptionof laser pulse energywithin enhancement
regionand result in improved local heating.As reportedby Liu et al. [66], Ag NWs

which were exposed to fs lasgdiation at fluenceapproximatelyl10mJ/cnf meltedinto
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spheical particles from the ersdof the NWs or thehotspotarea where theelectric field
was enhanceddue tothe excitation ofLSP. The moltenspheesthen detached frorthe
NW, and thenew hotspotsvere generatedhich were locatethetween the sphere particle
and the remaining Ag NWcausingthe further melting of the wire (Fi@-14). By
controlling the nanomateri@ structureand bser irradiation condition, even lower fluence
fs laserpulsescould cause the melting dfe nanomaterials For instanceYalevet al.[67]
observed the ejection of molten nanojetsrfrthe hotspots in the-€hapeAu nanstructure
which was irradiated by fs laser at fluenc&3mJd/cnt (Fig.2-15). Linkés study[68]
indicatal that when LSP was coupled to the incident fs laser, Au NWs could lotisdie
melted from the ends 8tienceas low a2 mJ/cni. The observed LSEependenmelting
phenomena suggest that it can be used as an effective foml nanomaterial, because the

melting of nanomaterials can accelerateitieraction between them.

Absorption ( arb. units )

600 700 800 900 1000 | ) - e ( f
Wavelength (nm)

Fig.2-14, Breakdowrof Ag nanowireafter fs laser irradiatior,aser polarizatioiis parallel to thdong axis of
the Ag NW. (a) and (b)After laserinduced melting andormation of separatelPs and nanobars(c)
Absorption spectra as calculated from FDTD simulation; Eléctric field |E| distribution calculated by
FDTD; (e) |E| distribution when the A§W has melted at botbnds (f) |E| distribution when particles have
beenseparated from the ends of th&. The arrows indicate the polarization directiorhe figure is
adaptedrom ref.[66].
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~70 mJ/cm?

Fig.2-15, Simulateddistribution of the resultinghotspots (marked as circles) in thes@ape Au plasmonic
structure(a), and SEMimageof the nanojet(b) in G-shaped nanostructuedter irradiationby a fs laser. The
figure isadaptedrom ref.[69].

2.2.3.2 LSP-enhanceaptical trapping

As discussedn section2.1.3.2, optical gradient forcean attractnearbynanomaterial$o
theareawherethelaser intensity (or electric field) is higheThis provides a potential tool
to bring nanomaterialclosetogether tcencourag joining Excitation ofLSP can enhance
the electric field near theurface of nanomaterial, and thexcrease the electric field
gradient to the surrounding mediunit suggests thatSP canbe used tastrengthen the
optical trappingcapacity of the incident lasefThis is demastrated in theoretical works.
Xu et al.calculated the forces exerted on Ag NRgH{ radius r= 45 nm) in dimer structure
with gap distance of im; and thecalculationindicatel that the direction of the optical
gradient force exerted on the NPs pointed towards the other particle dirtee The
enhanced field between the NWere also noticed to be ablettap the molecules nearby
[70]. LSP enhanced attraction to NPs via optical gradient force isdalsmnstratedby
experimental observationsAs shown in Fig-16, when thepolystyrene(PS) micrebead
moved close to the Au disc which was irradiated by linearly polalasetat intensity
2.5x10 W/m?, the bead was trapped by the disc due to the enhanced opéidamg force

[71] from the disc.Similarly, when the Albowtiewas immersed into the Ag NPs aqueous
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solution and was irradiated lay/75 ¢ Ws laser, Ag NPs could be attracted and joined to

the Au bowtig17].

a
solution .
of colloids // =

old disc
S

P P2
- (P1) (P2) K \ i
(P3) 3% i

Fig.2-16, Optical trapping of PS beam by Au diga) Sketch of the configuratiofor optical trapping(b)i (d)
Chronologicalframe sequence show the trapping @£&8¢& m, PS b.82 a éAmdist (Pa), (P2), and
(P3) locate three different beads, while the vertical arrow points aloadncident irplane k vector. The
inciderta n g | e d dased @olarikati@nmpcpolarizationA close up of the trapped begil) is shown in
inset of (d).The figure isadaptedrom ref.[71].

2.2.3.3LSP-enhanced near field ablation

Laser ablation is usuallgonsidered to béhe oppositeof laser joining. However, if the
location and volume ofthe laser induced ablation can be controlled, ijogn of
nanomateria could occurvia theaccumulationof the materal which is ablated by laser
radiation. This is similar to spark plasma sintering (SPS) of nanomateriad the SPS
procesq72], after the excitatiomf pulsed current, ions (or vapped material) are firstly
emitted from the nanomaterial, then the ions solidify in between the adjacent nanomaterials

and weld them together.

30



Recently, ithas beerreported that Au NP&s the aicles in Fig2-17 indicate)could be
ablated bya 100 fs laseat very low fluencein therange of 9~15 mJ/chand the ablated
materialwould fly out in the direction of laser polarization (F@4.7a, b and d). This
directional ablation is attributed ton emission under the effect of L®ahanced local
electricfield [73], facilitating the collective deposition of ablated material in between the
NPs andhe formation of joint. In that work LSP-enhanced ablatiowas confined in the
surface of the irradiated Au NPs ati mainstructure of theNPs wasearintact after fs
laser irradiation. This suggests that LSP enhanced ablation can be used fgoimamp
without causing significardamagéeo prejoined nanomaterialsFig.2-17c also showshat
non-directional ablation of the Au NReok placewhen thepulsedurationof fs laserwas
stretched to 970 fsThis implies thatexcept longer pulse laseis,is only feasiblefor fs
laser radiation to achievdirectional near field ablatiomnd neadintact joining of the

irradiatedNPs.
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Fig.2-17, Smallangle Xray scatterindSAXS) patternsof fs irradiatedlO nmAu NP as observedl or a 1
delay The x-ray beam and laser beams are propagating in tiieextion.(a) 100fs pulses of 0.0135/c¢ht,
laser polarization is horizontadnd the circle showthe position of NP(b) the same, but laser polarization is
vertical; (c) the same, but polarizationvertical and theulse is 970 fs{a-c) show the iference photosignal
®S ,QNon the CCD detector in a false colour phoid he central circlenarks the shadowed region from
the beam blockDetailedinformationcan be found in ref. [73]d) the anisotropyf the SAXS patterns as a
function of laser fluence as observed for a delay of Zins.figureis adaptedrom ref.[73].

2.2.3.4 LSPenhanced dissociation

Aside fromthe above LSRlependent effectd,SP can alsoenhance thalissociationof
moleculeswhich areadsorbed on the surface of metallic NP3his is performed by
breakng the bonds under the impact of emitted electtions from the surface of the
irradiated NPs. As shown in F&18 [74], plasmonexcitation in Au NP causes the
emission ofan eledron from the surface, and this electron impdabe HH bond in the
adsorbed hydrogen molecule {iiresulting in its dissociation and the generation of atomic

hydrogen (H).
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This effect is very important fgoining NPs which argroducedby chemical synthesis
methods, since thosee usually coated with polymer shell to prevent agglomeration. The
dissociation othe polymer shell and the generation of dissociated product will then highly
influence the joining behavior of the NPs. This dbobe carefully considered when

polymer coated NPs are used asjpreed nanomaterial.
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i H, Physisorption ‘ Electro'? transfer ' Dissociated H,
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Fig.2-18, Schematics of plasmenduced hot electron generation on Au NP and the dissociation of absorbed
H, on the surface(a) plasmorexcitation; (b) electrofole pair generation; (c) hot electrons on the surface;
(d) H, Physisorption; (e) electron transfer from tharfaceof NP to H; (f) dissociated K This figure is
adaptedrom ref.[74].
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Chapter 3 Equipment and Experimental Setup

3.1 Overview of experimental setup

The present study involvings laser nanojoiningncludes three different processing
environments (aqueous solution, air, and vacuum) by utiliaifsglaser fabrication stage.
This fabrication stageonsiss of the fs laser system anahn operation stageasshown in
Fig.3-1. The fs laser systerfLegend Elite,Coherent Inc.)s left asa factory setup and
kept unchanged. THactoryparameters of the outplaiserbeam are: 35 fs pulse duration,
800 nm wavelength, BHz repetitionand S polarization The mode of the beam is TEM

Gaussian beam withl?<1.3.

1. Laser system
control system

| piezo motor

Fig.3-1, Setup of the fs laser fabrication stagieich includes laser system (1) and operation stage (2).
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The setup of the operation stage for éxperimentatesearchn aqueous solution and air is
shown in thdower image of Fig3-1. This stageonsistsof a shutter(used to control the
number oflaser pulses), convex lens, piezo mof®PZ001Thorlab Inc., used to control
the spot size by controlling the distarm#weemthe convex lens and the sample), @nd
2D stage (PI Micro Co., used to provide the support of tharfaéiated samples and
control their locations)For the experimental research in vacuum environment, a vacuum
operation stage is also designedshown in Fig3-2. It consists ofa vacuum chamber for
experimental operatiora vacuum gaugelGM401 Hornet Instrutech Ing. for pressure
measurementa Turbo pump(TurboV-551 Navigator Agilent) which is connected tadry
mechanicapump(TS-300, Agilent) and some optic@lomponentsncluding convex lenses
and reflecting mirrorsin all the experimersf the intensity of the laser beam is adjusted by
utilizing neutral density filters (Thorlabs Inc.) and the power of the laser beam ssireéa

by a power meter (S314C, Thorlabs Inc.) with resolution of L mW

isolation valve
vacuum
ACUUIN SAUSC N ., cyum chamber Turbo pump

reflecting mirrors

laser beam

Fig.3-2, Setup of vacuum operation stage.
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3.2 Femtoseconthsersystem

Fig.3-3 shows the schematior the fs laser systenwhich consiss of three main parts
including seed lasehigh powerpump laser andmplifier. The seedaser Mantis5, is
comprisedof a pumpedsemiconductofaser and Titanium:sapphid@i:Al,O3) oscillator.
When thecontinuousvave (CW) green light (532 nm) frorthe semiconductolasershines
into the Ti:Al,O5 crystal in the oscillator, aCW light with a wavelength of 800 nm is
emitted. Then byemploying Kerr lens modmcking (KLM) technque and negative
dispersion mirrorsfs laserpulseswith 800 nm wavelength5 fs pulse duration, and

80 MHz repetition ratearegenerated

Seed Laser
(800 nm 80 MHz, 5 fs)

Pump

Laser
By Pulse Coherent Femtosecond

stretching Laser System

Pulse 800 nm, 1kHz, 35 fs
Compression

Amplifier

Fig.3-3, Schematidor the fs laser systenhégend Elite Coherent Inc.)

KLM is a techniquef passive mode locking a laser, using an artificial saturaiderber
based ortheKerr effect Theschematic oKerr effect is shown ifrig.3-4; it indicates that
when the intensity of the light is higinough, selfocusing of the lightvill happendue to

the change of the refraon index in theoptical Kerr medium. So, when thdight which
consiss of several modes with different intensities passes through the Kerr medium, self

focusing only happens imodes with highintensity If an aperture is put in front of the
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Kerr medium, as shown in Fi&4, only high intensity modes will be selectedtlasoutput

light source.

Low intensity

L

Optical Kerr medium

High intensity

Laser beam

_ t 1
\ Aperture
X

Fig.3-4, Principleof theKerr effect.

In the Mantis system (seed laser) hergny modes exist inthe emitted CW 800 nm
wavelength light By changing thdength of the cavity which the Ti:AD; crystal is
located inRbetweensome of these modes will constructively interfere with each other, and
the intensity ofthe mode after interfereceis enlarged.As shown in Fig3-5, after mode
locking, six modes in th€W light are forced in phase and amplified, and they contribute
the bandwidth of the laser puls@nce thentensityof this pulses sufficienty high, Kerr
effect induced self-focusing happens; thipulse then becomes the dominant pulksed

formsamodelocked output.

Before mode-locking

>
Frequency

After mode-locking

amplified modes

N
intensity level of the
modes in CW light

>
Frequency

Fig.3-5, Schematidor modelocking. This figure is modified from ref75].
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The outputof modelocked fs laser pulsesre stretchedby diffraction gratings before it
goes into the amplifier, in order to avaéli-focusing inducedlamage tdhe mirrors and
cavitesin the amplifier. The schemati¢or pulsestretchingis shown in Fig3-6a When
the laser pulse passes through théfraction grating, the short wavelength (blue)
component travela longer distancéhan helong wavelength{red) component The result
is that long wavelengthcomponent ex# the pulse stretcher first, and the pulse is

temporallystretched

(a)

blue kg
-] \ -~ |
R SN

Fig.3-6, Schematidor pulse stretching (a) and pulse compression s figure is modified from reff75].

The Q-switchedhigh powerneodymiumdoped yttrium lithium fluoride (Nd:YLFpump
laser produce laserpulseswith a wavelength of 32 nm and pulse duratior 150 ns Its
output power is 45 W andthe repetition rateis 1 kHz. This high power lasethen
interferenceswith that of the seed laser in the cavity of the amplifier, anmglifies the

seed lasés output The wavelength of the output light from the amplifier is 800 nm, and
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the repetition rate is kHz. This outputlight is then compressed #pulse duratiorof

approximately85 fsthrough the compressamhich also consistsf diffraction gratingsand
the totalaverageoutput power is ¥ W. In the compressothe pulse compressioprocess
IS the reverse process of pulgeetching as shown in Fig-6b. Fig.3-7 shows theaypical

measured pulse shape and pulse duration of the output laser beam by 88hayette
pulse shape(Coherent Ing; the results indicate thahe central wavelength dhe laser
beam is 799.Am and he bandwidth is 25.7 nm which correspsial a pulse duation of

33.8 fs.

Pulse duration ) SILHOUETTE

Central Wavelength 799.7 nm
Bandwidth (fwhm) 25.7  nm|
‘T Pulse Duration (fwhm) 33.8 @
:hﬂm 0 20 7~|no 0 10 20 W 40

Time{fs]
Pulse shape BRSNS EERRENFY [ 1.001

1.5

5 r‘_‘,;m.-.-»

(Run MIIPS) Measure and Oompensaq

i\ Ext and Save Parameters )

| i g COHERENT.

— } !
|
) 70 70 70 7% 80 si0 BD 80 80 89 '|firnr
i Wayelength [ren)
i Best Reraton| S -"-'—;g:-

Fig. 37 Measurement of laser pulse shape emdespondingpulse duration.

The pulse duration imeasured by utilizing autocorrelation measurentechnique This
technique idased on the relationshiietween the bandwidth and pulse durafi@ghwhich

can be written agr5]:

T V) ¢ (3-1)
whereK'=0.441is known as thdétime-bandwidth productof the pulseandis a constant

for a Gaussianbeam,| o is the central wavelengthn(unit of m), &g is the measured

39



bandwidth {n units of m) at ful-width at half maximum (FWHM) The pulse duration of

the seedaser which is ~ 5 fsjs estimated as well by measuring the bandwidth

3.3 Equipment for mrphologyand spectrumtaaracterization

The SEM images of the morphology for the NPs in chapterere taken by utilizing a
SEM LEO 1550 (Watlab, University of Wetoo), and themages inother chaptersvere
takenby a SEM LEO 1530Nanomechanics Research Instijutmiversity of Waterloo).
The TEM and high resolution TEM (HRTEM) images of the morphology for the Ag
particles were taken by a JE@ID10F (CanadiarCentre for Electron Microscopy,
McMaster University). The AFM images of the partiélesorphology were taken in a
nearfield scanning optical microscope (NSOM) (MNEBSOM Park Systems, Centre for

Advanced Materials Joining, University of Waterloo).

The optcal specta in chapters 4 and 5 were recorded by a\WJS-NIR spectrometet)V-
250LPC(Shimadu) with wavelength in range of 19000 nm with aresolutionof 0.1 nm
and accuracyf @ 0.3 nm. The Raman spectra in chapter 4 were obtained by utilizing
Raman pectrometer (RM100, Renishaw which is equipped with reflected light

microscopy and two excitation lasers of different wavelengthsiid8&8nd 633 nm).

3.4 Chemicalsynthesis ofAg NPs
Silver NPs with average size 50 raresynthesized by seedmethodwhere Ag NPs with
size around B0 nm are used as seed for tlgrowth of large size NPs. The detailed

procedures for theynthesis of seadnd large size NPs asbownbelow.
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3.4.1 Synthesis ofeedNPs

Silver nitrate (AgNQ, Alfa Aesa) aqueoussolution (0.5 ml, 59 mM) and 1 mlsodium
citrate (NasCsHsO;, Alfa Aesal) aqueoussolution (34 mM) are mixedwith 100 ml
deionized watein a beaker, and then theebkeris putin ice water mixture to maintain the
temperature at @ . The mixed solutionis then stirred and0.5 ml 20 mM sodium
borohydride(NaBH,;, SigmaAldrich) agqueous solutiors addeddrop by dropin 10 min
The color of the final seed NPs solution is bright yellawdicaing thatthe size of thse

NPs isaround5-10 nm. The morphologyf the seed NPs is shown in R3e.

- A AN e

Fig.3-8, TEM e of morpho Ase I\msindicatebhe dashed rings.
3.4.2 Preparation of 50 nm Ag NPs
Ag NPs were prepared following the method reported by Rer=g[29]. Sodium citrate
agueoussolution (12 ml 200 mM)was addedo 200 nk deionized water with vigorous
stirring, followed by addin®2 ml 20 mM polyvinylpyrrolidone (PVP, (CsHoNO),, K25
with molecular weigh2400Q Alfa Aesa) aqueous solutigre2 ml 120 mM [Ag(NH3)2]"

aqueous solutiorwhich was made by addingammonium hydroxideaqueous solution
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(approximately30 vol%, Fisher Scientificjnto AQNO3; aqueous solutigrand0.4 ml1 mM
Ag seedaqueous solution. Then 10 ml 10 mM ascorbic acid QsHgOs, Alfa Aesal)
aqueous solutiowas added dropy dropin 30 min The concentration of theesultingAg
NP aqueous solution is ~ In2M. Fig.3-9 shows the typical UWIS absorbance speatn
of the Ag NPs aqueous solution, thand of the peak is located at ~ 430 nm which is

corresponding to particlsize~ 50 nm. The averageparticlesizeis 502 10 nm based on

200 measurementFig.3-10a showsthe SEMimageof morphology forthe NPs iraqueous
solution with concentration d@.2 mM, which indicates that the NRserewell dispersed

The TEM observation of the NPs is shown lie inset imagef Fig.3-10a, and it shows
that the NPshadirregularshaps. Further HRTEM analysis of the Blhdicates that the

thicknessof the PVP coamg was ~ 2nm (Fig.3-10b, based on 10 measurements)
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Fig.3-9, Typical UV-VIS spectrum of Ag NPs aqueous solution.
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Fig.3-10, SEM and HRTEM images of the morphology for Nifs0.2 mM solutioh. (apEM and TEM (the
inset imagepbservation(b) HRTEM observatiorof the surface of Ag NP

3.5 Preparation oAg NPsfilm

The prepared Ag NPaqueoussolutiondescribedn secton 3.3 was centrifugedat speed
3000 r/min for 60minand redispersed into deionized water to eliminate the residual Ag
seed, and other ions in the solution. Ag NPs films with NPs embedded in the PVP matrix
were obtained by immersing cle&nhwafers(as received<100> Ntype, WRS Material}

into the redispersed Ag NPs solution and keeping them in a dry environment (humidity
035%) to let the water evaporates shown in Fig-11a Fig.3-11b shows the SEM image

of the morphology for the Ag NPs filmt indicateshat the film consisted @ singlelayer

of NPs at the edge and miple-layers of NPs in the centerThe AFM measurement
(Fig.3-11c) showed that the maximum number of NPs layers in the cemtas ~ 6
(obtained by dividing the particle size 50 lythe neasuredeight~ 300 nmof the film).

Ag NPs films on silica glass were also prepared using a similar method and then used for

UV-VIS absobancespectum investigation.
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Fig.3-11, Schematiof Ag NPs film preparation (a), and SEM (b) and AFM (c) images obtimtace ofthe
NPs film.

3.6 Deposition ofAg particles orsilicon wafers

Ag particlesweredeposited orthe Si wafes by fs laser ablation of an Ag targé&9.99%,
Kurt J. Leskey in a vacuum at a base pressurel® Torr. The schematic setup for fs
laser deposition is shown in F#gl2. The fluence used to ablate the Ag target was
~1.4J/cnf ard ablation proceeded for 1@s The particledandedwith their flat surface

in contact with the Si substetThe particle shapés similar to an elliptic cylinder
(demonstrated later ichapters). Fig.3-13aand Bb shows he morphology of the particles

it was foundthat some dondtke particles were present in the deposited particles,
suggesting the ablated material from the tawggrein a softeredor even molten staprior

to sticking the substrate The aspectratio of the particles isl.08 0.06 based on 200
measurementand thediametefheightratiowas2.8 0.6 based on 45 measuremen&ze

distribution analysis based on 200 measurements exhtivat he size of the particles
rangal from 50 nm to600 nm (Fig3-13b). Here, particles with size less than 50 waere
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not countedsinceit is difficult to distinguish the morphology change of those particles

before and after laser radiation.

Laser beam

Si wafer

Ag target

Connected to vacuum pump
Fig.3-12, The schematic setup of fs laser deposition system

(b)

frequency

100 200 300 400 500 600
particle size / nm

Fig.3-13, SEMimage (a) andAFM image (b) of themorphology and size distributionc] of deposited Ag

particles.

45



Chapter 4 Controlled Joining of Siiver Nanopatrticles in

AqueousSolution by Femtosecond. aser Irradiation

4.1 Introduction

With recentdevelopmentindresearchn plasmonicsthe surface plasmon property of NPs
has been extensively studied. majorfocus ofresearch intsurface plasmon hasvolved
the directedassembly of NPs structures for applications ranging frorséising76], to
solar energy harvaag [14], and tophotothermal imaginfll5]. As discussed i€hapterl,

a variety of method have been utilized to fabricate NPs structures. For example,
Yaoetal.[22] and Gandrat al[77] producedAu NPswith coresatellite structures usgin
DNA and p-aminothiophenolas molecular linkages. However, chemical fabrication
processesare frequentlycomplicatel and timeconsuming Alternative techniques such as
those incorporating electric/magnefield induceddipole-dipole interactiors [78-80] are
faster and simpler and habeen widely studigdout the use ofnter-NP polymer linkage

can intraluce irconsistencyn the plasmonic propertiesf the resulting structurds1].

Recently, laser assembled NPs structures have attracted much atbectoisahe laser
method isstraightforwardand readily implemented. It has been demonstrated that NPs can
be manipulatedy using laserinduced optical forcesand that robust joining of NPs is
facilitated by the optical electric fielthich isconcentated near hotspots between nearby
NPs[82-84]. However,when aCW laseror conventional (ps, hg&nd ms) pulsglaseris

used, thdow laserintensitiesrequiredto avoid thermal damaga the NP structure35]

result in optical force that are weakahan thosearising fromvan der Waalsnteractions

[86]. Under these conditions, the resultiNgs structurearepoorly constrained Fs laser
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radiationis a promising alternative fahe fabrication of NPs structuress highpeak
intensities(usually 10™-10* W/cn?) are known tanducestrong optical forceon NPs.
Meanwhile the limited thermal damagassociated with f¢aser pulse interactios with
materialsfacilitates the fabrication of NP&ructureshaving different geometrieshat can

be tailored to optimize tunable plasmon propeffté3.

As metallic NPs are usually prepared in solution by chemical synthestisods fs laser
radiationis studiedhereto join Ag NPs inan aqueous solutianTo obtain controlled
joining of Ag NPs in aqueous solution, twechnical issuekave to be overcomeOneis
the randommotion of the NPs which makes controlled joining of NPs difficulthe other

is the polyme shell on the surface which is usually used to control the geometry of the NPs
and protect them from aggregation. Tjwesenceof polymer coatingswill prevent the
formation ofarobug metallic bond between the NP3 hese two issues can be solved by
utilizing high intensity laseradiation, becauséhe polymer will decomposeainder that
condition whilethelaser induced optical gradient forcendominate thenotionof the NPs
over the Brownian motiomnd turbulent motiordue to fs laser induced heatiof the
agueous solution or ablation of the irradiated [MPPs86]. It is noted thah high intensity

(or high fluence)fs laserradiation may cause damagt the NPs. AsHu et al. [42]
reported fragmentation of NPs dominatat intensity> 10** W/cn? while joining of NPs
was producedh intensityrange of10™%-10" W/cn?. In this section, joining of Ag NPs by
utilizing both high fllence and low fluence fs lasediation is studiedin order todevelop

a systematic understanding of fs laser nanojoining teche@juiéfferent intensity levels.
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4.2 Experimentabndsimulationsetup

Two laserfluence ranges (> 1.8 J/épand <380 pJ/cnf) were selected tmvestigate the
joining behavior of Ag NPsn aqueous solutian Intermediate fluence fs laser radiation
was not studied due to facility limitation, ands expected to be the combined effect of
high fluence and low fluence fs laser radiatidn. high fluence rangg> 1.8 Jicrf), the
prepared Ag NPs solution as mentioncimapter3 was diluted with deionized water to
~0.01 and 0.0&nd 0.2mM before laseradiation. Samples o6 ml of thesediluted Ag
NPs solutiors werethen placed ito individual quartz cell¥3 mm x 2mm x 1 mmand
irradiated withfocused (spot size ~3m) S polarized fs laser pulsés various exposure
times Pulseenerges of 85, 200 and 50Q0 were obtainedy attenuating the beam with
neutral desity filters SEM and TEMwere used to analyzie particlemorphology. The
transmittance ofheirradiated samples was characterized usiMgVIS-NIR spectroscopy.
SERSenhancement dhe obtainegubmicronplasmonic structureshich weredeposied

on clean Si subsites was evaluated usinG°IM adenine solution as analyji@g]. Raman
signals from st spotsof the submicron structuresvere collected for analysisThe SERS
detection limit was also evaluated by reducing the concentration of adenine solutioh to 10
10" and 10° M. The wavelength of the laser fekcitation of SERS spectrwas 633 m.
FDTD software (Lumerical Inc.) was used tomodel the distributionof hotspotsin
representative suimicron structuresThe light source is total field scattering field (TFSF)
plane wave with wavelength of 800 nmndthe same setup is applied to the FDTD

simulations of Chapters&.

In low fluence range<(380 pJ/cnf), the prepared Ag NPs solution describedn chapter

3 was diluted to~ 0.2 mM, and 5 ml of this dilute solution was placedana quartz cell
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andirradiated for 20 min Pulsefluencesof 95 200 and380 w/cn¥ were obtainedy
attenuating the beawith neutral density filtetsSSEM and TEMwere used to analyze NP
morphology. Raman spectra of pure PVP and PVP coated Ag bid¥ere and after
irradiationwere obtainedafter depositioron cleaned Si substrates; whiel0 M adenine
solution was used to evaluate SERS enhancemeAly NPsbefore and afterrradiation
The wavelength of the exciting laser for Raman fordexcitation of SERS spctrawas

488 nm.

4.3 Controlof thegeometry ofjoinedNPsby high fluencefs laserradiation

4.3.1 Effect oflaserfluence

Fig.4-1 shows SEM images of the produetstracted fromthe 0.01 mM Ag NPs solution
after irradiaion at different fs laser pulse fluences.lt is evident that Agsubmicron
structureswere generatedollowing 60 min of laser irradiation (Figd-1a, 1c andle).
These submicron structure were not present in the original Ag NPs solutaashown in
Fig.3-9. SEM imagesat higher magnificatior{Figs4-1b, 1d and 1f) indicated that the
surfaces of thessubmicron structures wereecoratedby smaller Ag NPs (HRTEM
imagesare shownlaten and thatthe shapeof the submicron structureslepenéd on the

laserpulse fluence.

Fig.4-1b showsthat ellipsoidalub-micron structuresvereformed after irradiationtgulse
fluence~1.8 J/c, while culic submicron structures (Fig-4d) and other structures with
highly organizedeatures (Fig.4-1f) were produced at pulse fluersasf ~4.2 and 10.5 J/ctn
respectively. This suggests thiéwe morphologyof the submicron structures can be
tailored In this context, thenodification of NP shapes &ideen shown to be useful in

obtainingtunableplasmonic propertie87]. It should be noted that suhicron structures
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with some of these characteristics were also observed in the NP solutions irradiated at
different fluences. This is probably due to the randuoaotion of the NPs and the nen

uniform spatial distribution of laser intensity in the solution during irradiation

mmmm  400nm

Fig.4-1, SEM imagesof submicron structuresextracted from0.01 mM Ag NP solutionswhich were
irradiatedby fs laserunder different irradiation parameterga, b) 1.8 J/cifor 60 min; (c, d) 4.2 J/ckfor
60 min; (e, )10.5 J/crifor 60 min.

4.3.2 Effect of concentration

The concentration of Ag NPin solutionwasthenincreasedo 0.05mM and 0.2 mMin
orderto producea higher abundance of suaficron structures using this technique/ith
the same irradiation conditions @b lower concentratignsub-micron structures with
similar morphology were obtained &0.05 mM Ag NPs solutioFig.4-2), while the size
and shape of the suhicron structures were more unifarririgs4-2a and2b showthatAg

submicron structures with diameteof 450t130 nm together witlndividual NPs were
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obtained aftetaserradiation ata pulsefluenceof approximatelyl.8 J/cmi. The diameter
of the submicron structures increageto 71G:140nm when the pulse fluenceras
increased to~4.2J/cnf, and some NPsvere still foundin the surroundingmedium
(Fig4-2c and2d. A further increasen the pulse fluence te 10.5J/cnf resulted in the
transformation and enhanced joining of NPs andmaidoon particlesinto large micron
structures with diameters of 148800 nm (Figl-2e and2f), as well asa smallnumberof

submicron structures with diameters of 2@0 nm(Fig.4-29).

— GM s 300nm

-

g.. o’

s 200nm

m—— 4()0nm

Fig.4-2, SEM imagesof submicron and micronstructuresextractedfrom the 0.05 mM Ag NP solutions
which were irradiatedy fs laserunder different irradiation parameterga, b) 1.8 J/cffor 60 min; (c, d)
4.2J/cnf for 60min; (e, f, 9 10.5 J/crhfor 60 min.
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Similar submicron structures could still be obtained when the concentratithredig NPs
solution was increased to 0.2 mNHowever, muclof the residual original Ag NPs were
presentin the solutions which were irradiated at fluenees.8 and 4.2)/cnf for 60 min
due totheincompleteinteractionamongthe NPs. At a fluenceof approximatelyl.8 J/cnf,
the size of thellipsoidalsulbmicron structure was 200 nm (Figt-3a and3b). When the
fluence increased to 4Xcnf, cubic submicron structure (Fig-3c) with edge length of
~500 nm generated beside ellipsoidal structure (the inset ek¥aywhich is similar to
those obtained in solution with concentration of (iNl. The magnified image of the
cubic submicron structure clearly shows that it was porous and formed via the joining of
NPs (Figd-3d). When the fluencewas further increased te-10.5 J/cnf, clusters of
sphericalsulbmicron structures or other shaped struesiwere produced (Figs3e, 3f).
This can beattributed to fs laser induced joinimghich resulted from LSkhduced electric
field enhancementAs reportedunder fs laser irradiatiorAg sulbmicron particles could
be attracted and joined to the Aowtie structureswhere the LSP produceah electric

field enhancement and exertaal attractive force on theearbyNPs[17].

It should be notethat there weralsosome NPs with size of ~B00 nmsurroundinghe
sub-micron and micronsized structures(Fig.4-2f and Fig.43f), which was demonstrated
later by the TEM observationThese NPs werékely producedby the ablation ofsub-
micron and micromsizedstructuresor they mght be remnants of theriginal NPsin the
solution Again, all thesub-micron and micronsized structureswere also decorated by

smaller NPs (Fig4-2 and4-3).
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Fig.4-3, SEM images of submicron structuregxtracted fron0.2 mM Ag NP solutionsvhich were irradiated
by fs laser irradiatiort different fluences for 60 mirfa, b) 1.8 J/cnf; (c, d) 4.2 J/cnf, the inset in ¢ shows
the magnified SEM irage of the ellipsoidal structurée, f) 10.5J/cnf, the inset ine) shows the magnified
SEM image of joined sulmicron structures

4.3.3 Effect oflaserirradiationtime

To understanchow the sib-micron and microrsizedstructureswvere producedby fs laser
joining, a 0.05 mM aqueous solution oAg NPs was irradiated ata pulse fluenceof

approximatelyL0.5J/cnf for different times. Figs4-4a, 4b and4c show themorphology of
the particles/structures in the solution before and after laser irradidtioan be seethat

before irradiation some Ag NPs werdinked in networksas a result ofinter-particle
agglomeration(Fig.4-4a), which could be due to van der Waals foredectiostatic

interaction or chemical effecf889]. After 20 min irradiation, thenumberof Ag NPs
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networkswasreducedandsome submicron particlelike structures withvariablediameters
begn to appearnFig.4-4b). The insetin Fig4-4b shows the morphology of tHarge
structuresand indicates that thesab-micron structures (29100 nm)werecovered with
many NPsas obsrved inthe structures shownin Figs4-2 and4-3. It is believed thatitese
NPs decorated suicron structureswill favor the plasmonic enhanceme88]. When
the irradiation timewas increagd to 40 min (Fig4-4c), Ag NPs weretransbrmed into
large well dispersedsubmicron structures with diamegerof 160t50 nm. The size
reductionof submicron structures from 29100nm to 16@50 nm is attributed to the
densification of theNPs structureslue tolocal heatingat the hotspot$66] after long
irradiationtimes After a further increas inthe irradiation time t®0 min the 160 nnsub
micron structuresvere no longer observednd the~1480nm diametermicron structure
were generated (Figs2f). Thesemicron structureswith diametes of approximately
1480nm could then be attributed to fs laser induced joining of the 160 subxmicron

structuresas mentioned above
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Fig.44, SEM morphologies andransmitance spectra of sampledter irradiaion at a pulse fluence of
10.5J/cnf for different times. (@) O min; (b) 20 min; (c) 40 min; (djansmitance spectrafter different
irradiation times
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As discussed aboyéNPscould be attracted angbined together because of the enhanced
optical force andheat generation @he hotspot$66, 70]. The diameters of theub-micron
structures wuld increase as more NRgereattractedand joinedo the existingsub-micron
structures In addition, it is apparent that evesab-micron structurescould also be
combined resulting in the size increase of the structu@s the other hand,further
sinteringamong NPs andub-micron structureddue to hotspotenhanced heatinghay
reduce their diameters.Therefore, the finalobserveddiameters reflect the interplay
between these two factors, which may explain why the diamefethe submicron

structuresat 40 minaresmaller than those at 20 min.

Transmitance spectréFig.4-4d) of the NPs solution before and after irradiatpovided
more evidence about the formation of suaimicron/micron structures during fs laser
irradiation These spectra show ththe transmittance of thariginal NPs(50£10 nn) was
reducedat 430nm, due to excitation of theglasmon resonancehich enhances the
scattering and absorption of incident ligis9]. After 20 min of irradiation, the
transmittance at 43@m increased This isassociated with eedudion in theconcentréion

of theoriginal NPs. The transmittance of the solutibetweer650-900 nm decreased after
20 min irradiationfollowing the formationof largerparticlesthat scatter and absokdser
radiation efficiently over this wavelength ranf@0]. This is consistent with the SEM
observatios in Fig.4-4b, and theobservation of scattering peak &30 nmindicates that
large particles/structures wepeesentin the irradiated solutiof91]. With an increase in
the irradiation time to 40 minthe transmittancbetween 550 and 900 nwasincreased
while that at430 nm wasalmostunchangé. This is probably due to the growth of NPs

together with thelensification of 298100 nm sukmicron strutures into 16850 nm sub

55



micron structuresvith resonance wavelengthn the near infraredAfter afurther increase

in irradiation time to 60nin, the resonance peak at 430 nm disappeared and no other
resonance peakcould be seen in the spectrursuggesng that most of the NPs he
become incorporated intthe sib-micron and micronsized structures It is noted that
althoughthefs laserpulsesweresufficiently intense tdragment NP$66, 68, 92], noblue

shift in the NP resonanceas observed e This is in contrast to the previous research
reports[66, 68, 92]. It can beattributed to the fact thabnly asmdl number ofNPs were
fragmentedwhile the products of this fragmentationdha wide size distributionwvhich

broades the plasmon resonance.

4.3.4 Investigation of pining mechanism

Based on the above discussitire formation ofsubmicron structurgis attributed to the
joining of NPs. In thesekinds of joined NPsstructure or submicron structuresthe
surface plasmon becoméscalized, forming hotspots adjacenttte joined NPs osub
micron stucture. These hotspots produe® effects: one i$o produce local heating6],
which accelerate the joining of NPs; the other is to increasesléwdric field gradient
between hotspots and the surroundimedium which enhances thatracton to the nearby
NPs via enhancedptical gradientforce [70]. These two effectwill facilitate further
joining of NPs implying that thgjoining of NPs into the above observedysunicron or

micron structures wasa response to the development of hotspots

To investigatethe pasibility, a 3D FDTD simulation wasperformedto identify the
developmenbf the hotspots In the simulationfor simplification, individual NPsin the
aggregatesvereassumed to bBO nm in diameter, anithe bdd red lines in Figl-5 traced

the outlinesof the NPs(crosssection view) The simulation begawith two welded NPs
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(which is relativéy easy to obtainwith a certain overlap distance (surface to surface
distance)d which isdefinedin Fig4-5a. As shown in Figl-5b, the initial overlap distance
d between welded NPs wagry small (~ 2 nm, measured from the NPs solutiwhich

were irradiated by fs laset fluence 10.9/cnf for 30 £0).

a b

Electric field ——

Fig.4-5, FDTD simulation of electric field distribution in welded NPs structures.definition of overlap
distance d; (b) measured overlap distance; (e, f},electric field distribution in structures containing 2, 6, 16
and 32 NPs, respectively. The arrows in the images show the locations of the hotspots in the sWrhetures.
incident laser is perpendicular to the XY plafde double endsrrow indicates the laser polarization

direction.
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After laserirradiationwith polarization parallel to the X axis of the welded structure, the
locations of the hotspots in the welded structueee identified (ashown bythe arrows in
Fig.4-5c). By introducingadditional NPs into the hotspots where the electric field was
enhancedthe distribution of thehotspots in the resultinarger welded NPstructures
could be identified (Fig4-5d). With further continuous placement of NHR8s hotspots
larger sized or eanthe final weldedNPs structures could be modeled (HgSse and5f).

It is clear that when the overlap distance was fixed to 2 r8D,welded NPs structure was
developed by continuously introducing additional NPs into the hotspots-&fig.&imilar
structure development (in two dimensions) was also observed in the simulations where one
additional NP was introduced to the hotspots each time @irthdationstarted from three
welded NPs in a row followed bptroducingone additionalNP each time. As shown in
Fig.4-5f, the 3D structure (containing 32 NPs) had a diameter of ~250 nm. This igcclose
theobserved 290 nm diameter of thieucturewhich was obtained after fs laser irradiation
at fluence~10.5J/cnf for 20 min. Thenno NPswere furtherintroducedin the structurs,

andthe absorption spectra of the present structwersmodekd.

The simulationresuls (Fig4-6) showthat with the increase of the number of NPs in the
structure, the absorption at wavelength of 800 nm increagéabn the number of the NPs
in the structure increased to @Be diameter of the structure wa50 nm) an absorption
peak at 816 nmappeard. This is consistent with the UVIS spectra of the fs laser
irradiated solution at fluence 1Qi%nf for 20 min where the average diameter of the
obtained sb-micron structee in the irradiated solution wa&90 nm This implies that the
290 nm submicron structure could be formed by hotspditected joining of Ag NPsIn

addition, because the absorptiovavelength of the structure watose to that of the
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incident lasebeam significant aberption of the laser energyould happenn the welded
structuredue to theexcitation ofsurface plasmon resonan(®PR [66] and consequently
result in the heating armbmpactiorof the welded structureThis is probably the cause for
the observedsize reductionof submicron structurefrom 290 nmto 160 nm,when the

irradiation time increaskfrom 20 min to 40min at fluencel0.5J/cnf.

Absorption cross-section

6 NPs

T T T T T T ¥ T T T T

400 500 600 700 800 900 1000
Wavelength / nm

Fig.4-6, Calculatedabsorption cross section in the structures containing different numbers of Ag NPs.

It is notedthat the FDTD simulation cannot perfectly mimic fs laser joining duth¢o
irregular NP geometrycomplex irradiation environment in the aquesautionand the
dynamic evolution of the geometry tife welded NR structure during the whole joining
process Further studies are still needed to better understandinidiRedjoining of NPs

via an enhanced lasarducedoptical gradient force.

The above analysesiggest that the generation and growth ofmidron structurein the
irradiatedAg NPs solutiors can be associated wifbining of particles induced bis laser
pulses A schematictracing of a possible formation sequenoé subbmicron or micron

sized structures is shown in gl where for simplification, all the NPs anepresenteds
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sphericaparticles. The initial process involves fragmentation of the orig#g NPs under

fs laser irradiation This results in the creation of masmallerNPs(5-20 nm in this study)
Together with fragmentation, laser irradiatipromotes thgoining of smaller NPs anthe
original particlesunderthe effect of opticalgradeent force. It is found thatthe hotspots
generated in the joined NRstiate local heating andhe growth of NPs. Following this
stage laser induced joining and growth domirgtandthe joined NPs structuresontinue

to increase in sizeesuling in the formation of larger size structures with different shapes
This is balanced to some extent by laser ablation which tends to fratjraestituctureand
change their shape The resulting size distributioand shapeof the structures solution

is then likely determined by an evolutionary sequence in which the surgtvinguresn
solution have a combination of size and geometry that minimizes coupling to the incident

radiation field.
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Fig.4-7, Postulatedequencén the growth osubmicron and micron size structures

4.3.5 Structure andbERSinvestigation
The submicron structures wertirther studiedby using TEM ard their surface plasmon

propertieswere also evaluatedusing SERS detection.Fig.4-8 shows the TEMmagesof
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the submicron structures which were obtained by fs lasediaton at a pulse fluence
~10.5 J/crifor 40 min It can be seen that many Ag NB€£10 nn) andsmaller one$5-
20 nmin diameter may beproducedby laser induced fragmentatidrom the original50
nm NP9 werecolleced on the surface anbbe@ame joined to thelarge (16G:t50 nm) core
particle, forminga core-satellite structureThesesub-micronstructuredurther combind in
some cases to form everora complexshaped structures (Fg8a). ThecoresatelliteNP
structurs have been reported to possess high SERS enhancemens [&Ztpimplying

that theseomplexshaped structures in this watkuld be used for SERS detection.

HRTEM analysis shows that Ag NRapel in Fig.4-8b) has been welded tine core
particle withthe Ag(111) lattice planesligned.This NRcore particle weld morphology
would enable the generation of hotspots in the neck area, resulting in plasmonic
enhancementBondingof tiny NPs to core partictevia a thin layerof amorphous carbon
(U-C) (this is demonstrated in the following section 4.4, and iindgcated bydasted lines

in Fig4-8b) was also observedrhis bondconfigurationhasalsobeen demonstrated to be
beneficialfor the enhancement &ERS[93]. It is noted that the sufmicron structures or
NPs were covered by-C. This may influence the densification of the joined NPs or sub
micron structures arising from enhanced heaiintlyiced sintering, but could improve their
resistanceto photachemicaldamage[94]. The SERS enhancement propertadsthese
complexshaped structures maglso be fairly reproducible due to thearrow size
distribution (520 nm)of the attache@maller sizeNPs (Fig.4-8b) and the robust NHeore

weld strength
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Fig.4-8, TEM observatiorand SERS analyses of tleibmicron structures extracted from NPs solutitnich
wereirradiated at dluence of 10.5 J/ctfor 40 min. (a) TEM image of the morphology fosub-micron
structures (b) is taken from the square area(a), the dash lines in (b) show the positions of amorphous
c ar b-<C)(c) SERS results from gub-micron structures spofRaman spot size ist um) in the sample
irradiated &fluence~10.5 J/crfor 40 min the analyte molecule is adenine.

The SERS analyses of the smiicron structuresn the wafethe data were collected from
six spots) are shown in F§38c, and the sharp characteristic peaks of add®Bed6] at
~726 and 1325 cthin the six spectrandicate that these swuhicron structures could
produce high SERS enhancemamid possess good reproducibilitfMeanwhile, as the
Raman laserpot sizeis ~ 1 um, the number of sulmicron structuresn the spots very

small less than 6 sashownin Fig.4-8c. This suggest that these sukmicron structures
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possess the potential for single particle SERS enhancement as required feenditize

bio-sensind 97].

To assess this possibit$ERS spectra were obtained for individual Ag particle structures
with sizes ~ 160 nm for a range of low concentration adenine solutiogg-9 shows that
when the concentration of adenine solution was decrdfased10° to 10’ andthen to

10° M, the diagnosticpeak of adeninat ~1319 crit gradually became undetectable.
However, the spectral feature at ~735'cwas obsered although ibecame brade and

its intensityrelativeto theSi peak951 cni* decreased This suggests thahe submicron

Ag NP structures produced usingldserradiation contain a range of bonding sites having
different enhancement characteristics. The activity imdividual sites for SERS
enhancement is reflected in the changes in the SERS spectradi® Bgjthe concentration

of adenine is reducedrhis observation indicates thatibmicron Ag composite structuse

may exhibit useful properties for the detectmilow concentratios of bio-moleculesin

solution
735
U 951(Si) 1319 10° M
%‘ ol W*’J\/\“mwrmwwm#’” JNWW“”M‘“W
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\H"“”‘m
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Raman shift / cm™
Fig.4-9, SERSspectra obtaineftom single ~ 160 nm Ag structures for different concentrations’,(107,
and 10° M) of adenine solutions.
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4.4 Controlof joint morphology bylow fluence laseradiation

As reported in sectiod.3, fs laser irradiation at high fluence possesses the ability of
controlling the geometry of the welded NRd$owever, high fluence fs laseradiation
causes serious damage to the irradidtgdNPs, this will limit its application ifiabricating
geometry sensitive plasmonic structures which were obtaingdifipg NPs. 1is also
found in numerical simulations that welded NPs are still not the most effsfierctures

for LSP enhancemenfi98]. These calculations indicate that dimers with a narrow-inter
particle gap(~ 0.5 nm)are capable of producing the highest local electromagnetic field

enhancements.

It is noted thatAg NPs which are prepared by chemical synthesis medbadentioned in
chapter3 are coated witla PVP protective layer; it is possible dbtain theAg NPs dimers

with narrow interparticle gapby tailoring thethickness ofPVP protective layer Low
fluence fs laser radiation isanterestingchoicefor this applicationbecause it has been
employed to modify the polymers and causes limited theramalage to the irradiated Ag

NPs. In addition, LSP in Ag NPs may also facilitate the fs laser fabrication process
through LSP induced hot electrons emission which has been reported to dissociate
molecules adorbedon the surfaceof Au NPs[74]. The work of this sectiois to explore

this feasibility of obtaining Ag NPs dimers with small separation distance by using fs laser
radiationat low fluence(< 380 pw/cm?) which can avoid the damage to the irradiated Ag

NPs, and investigathe correspondingnechanism.

4.4.1 Morphologystudy ofirradiatedAg NPs
Fig.4-10 shows EM and HRTEMimages of thenorphology for Ag NPs after irradiation

for 20 min at different fluense It can be seen thds laserradiation resuld in the
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formation of Ag NP network¢Figs4-10a, 10c and10e), but that the shape of individual
particleswasnot significantly affected by this procesBigs4-10a and10b show thatafter
irradiation ata fluenceof approximatel95 pJcn?, Ag NPswereseparatedy a ~ 0.5 nm
narrow gamnd theyappear to béonded by a carbnaceous she{demonstrated by Raman
scattering analysis laterWhen the flueneincreased te- 200 and 380 w/cim(Figs4-10c

andl10e), part ofthe interparticle gapwas replaced by necks

5 nm

s N

;
Fig.4-10, TEM (left) andHRTEM (right) images of Ag NPs irradiated by fs laser with different pulse fluence
for 20 min (a, b) 90 W/ cnf; (c, d) 200 W/ cnf; (e, f) 380 W/ cnf. The scale in the inset figure is 20 nm.
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HRTEM images show that these neaksremetallic, acting as bridges between individual
Ag NPs, and widen as the fluence increbdegs4-10d and10f). The mechanisms of the
coalescence between NPs, e.g., on how the neck layers form and luoaléseing atomic
planes align to those of tidPs, have been discussed extensively ifitemature[36, 99].

It appears in this work, that neck layers can form (see the dashed region4iidRig.
where partof the planes are aligned almost parallel to those in tbgeablP while the
others are parallel to those in the bottom NP.The formation mechanism of this
configuration, which has not been reported in literature, sikether studies. It is clear
from the above observations that the separation between Ag MNPsirfierparticle
distance) can be controlled by adjusting laser flugand that laser irradiation of NPs in

solution may be a useful technique for tailoring the properties of Ag NP networks.

4.4.2 Investigation of pining mechanism

To understand how the Ag NPs were bondedcagpbonaceous shslithe generation of
carbonaceous shes first discussed Fig.4-11 showghe Raman spectra of Ag NPs before
and after fs laser irradiatipwhich wereobtained after deposition on a clean Si substrate
The Raman spectrum of a sample prepared from NPs prior to irradistisimown in
Fig4-11a. Spectral features at 1202, 1235, 1495, and 160% ara indicative ofthe
presence of PVIPLO( which forms a coating on each NRfter irradiation at a fluence
~95 W/cn? (Fig4-11b) for 20 min peals associated with the stretching vibration of sp
bonded carbon (the "G" peak) appethat 153 cm’* together with bands at 1153, 1277 and
1458 cm' attributable to tranpolyacetylenechains[101-104. These spectral features
i ndi c aCm# washreatedfrdin the irradiatiorof the PVPwhich was coated othe

surface ofAg NPs The Raman spectra in Figsllc and11d show that the G peak slat
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to 1572 and1578 cm* while another feature "D" peak arising from*dmnded carbon in
defect sites inamorphous carbon(C) appeaed at 1346 and 134&m™ in samples
irradiated affluences of 200 and380 W/cn?, respectively. The amplitude ratio of th®

and G peak (Ip/lg) wasalso found to increase wiftuence indicating that the C/H ratio

and structural ordeveree n h a n c-€:H undenthese conditiorj205.
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Fig.4-11, Ramanspectra ofAg NPs and PVP in aqueous solution before and after irradiation with fs laser
pulses (a) NPs before irradiation(b) NPs after irradiation at 95 p/é&n(c) NPs after irradiation at
200/cm?; (d) NPs after irradiation at 380/é(e) pure PVP solutioafter irradiation at 380 p/cfn

SincePVP is only weakly absorbing at 8@n, it is unlikely that PVP can be decomposed
by direct fs laseirradiationin anaqueous solutioat low fluence The Raman speatim of

an aqueoussolution of PVP after irradiationat fluence~380 w/cnf can be seen in
Fig.4-1le and is characterized by theé=0O, GN stretchingband [106 of the PVP
molecule. No s pect r al-CH a 8¢ wereaetecter indicating that PVFAn
aqueous solutiorwas not decomposed undelirect fs laser irradiation abw fluence
conditons Thereforet he f or m«tHiaodnJC onfy bé) due to thehermal

decomposition of PVP at the surface of Ag NBseported previous[yL07].
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To understand thmechanism for the thermdkcomposition of PVP on the surfaceAy
NPs, Raman spectfar Ag NPs extracted from aqueous PVP solution after these have
been heated for 3 mim air atvarioustemperature (Fig4-12) were obtained Spectral
features al613 and 1518m™ after heating to 200 € (Figl-12a) indicates thaPVP was
still presenton the suface of Ag NPshut peaks a1288, 1350 and 154@m* show that
some PVP hdid e ¢ 0 mp 0 s «H [1D1s104o Aftél heating to300 € (Fig.4-12b),
residuaPVPwasc o mp | et el y -C:ld. A fuhertinerghsat heatirigtemperature

to 400 and 500 € conveed UC:Hi n t-@andlel to the appearance of D and G bands at
1353 and 1566 cth(Figs4-12c and12d). As expected, thi/I¢ ratio increased when the
heatingtemperature increasdécbm 400to 500€ . These results indicathattemperature

in excess of200€ are requiredo thermally decompose PV&dsorbed orhe surface of

Ag NPs.
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Fig.4-12, Raman spectra of Ag NPs heated to different temperatures {n)a200 €; (b) 300 €; (c) 400 C;
and(d) 500¢€.

To see if this temperatunese, T is consistent with irradiation conditiongpTcan be

estimated from the energy, E, absorbed during the laser pulse
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E=pFQ.r % pC T (4-1)

whereQassis the particle absorptionefficiency, F (J/nf) is the pulse fluences (m) is the
equivalentradiusof the NP, } is the densityof Ag=1.05x1d kg/m®, andC=230J/(kg¥ € )

is the heat capacity of Ag Sincer < < ara laser fluence is lgwaps can be calculated

using the Rayleigh approximati¢h08g

a8pr &(nm- 1)

Qaps = 'ge/— 6 gm : (4-2)

wherem = nd Ki = 0.144i 5.29i is the complex refractive index for A45] a t 808nm.

Then, takingr=2.5x10° m as a representativedius for the Ag NPs in our samples,
Qaps=0.0B8. Fig.4-10c shows that localized fusion between adjacent Ag MRs
produced aF = 2 J/nf but op Tcalculated from eqn4¢1) predicts that the temperature rise

is << 1€ under these conditions. This implies that thermal heating is not the cause of the
observedlecomposition of PVP and weldihgtween Ag NPs at fluences between 20D an

380 €2 |/ cm

Then, the role of LSP induced hot electrons emission from the Ag NPs on the
decomposition of PVP is investigated. As knownre kocalization and enhancement of the
electric field at the interface between NRe to LSP results in hotspasd therenhance
electron or ion emissiorfsom the NP 73]; andthis likely occurs under the conditions of

the present experimentg&lectrongions emitted from the surfasen the hotpotsaareagive

rise to two primary effects: the first is to initiate the decomposiiodissociatiorof PVP

and the conversion of this maté a |-C:H aad -3 [74], while the second effect will be

to produce a softening of the lattice at the Ag surface.
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Fig.4-13 shows the structure of PVP and the bond energies for certain bonds ja@®\/P

It indicates thathe bond energy dhe C-N bondhasthe lowestvalug suggestig that it is
easier for the €N bond to be dissociataghder the impact oflectrors/ionswhich were
emitted from the surface of irradiated Ag NPEhe dissociation of @s bond will then
result in the formatiorof transpolyacetylenechain This is consistent with th&aman
specta result (Figd-11) which shows the existence @C:H a n dC [11(, and itmimics

the effects of thermal heating including spadiat[111, 112 of this layer. It therefore
appears that modification of the structurePdP by impact ofelectrors/ionsis responsible

for the similarities betweeRamanspectra of laser processed and thermally heated material

as shown in Fig-11 and4-12.

Bond energies:

C-H 413 kJ/mol

C-C 347 kJ/mol
C=0 745 kJ/mol

C-N 308 kJ/mol

Locations easy for dissociation

n

Fig.4-13, Structure of PVP and the bond enerd@scertainbonds in PVP. The red bar indicates the location
which is easy for dissociation.

The producedUJ-C:H was then coatedto the surface of Ag NPsBecauseU-C:H is
hydrophobic,Ag NPscoated with this material tead to aggregatéo form network. A
reduction in surface energws well asplasmonic interactios [70] would also favor
network formation After network formation hotspos arising from LSP at the interface

weregenerated betweeadjacentNPs This enhancethe overall emission of electrons
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ionsand leagdto a reluctionin volumeor elimination ofU-C:H or U-C on the surface of

NPs facilitating the welding and formation of metallic necks between adjacent NPs.
should be pointed oGQHor@laydrs canialsceoccur via ®mici ng ¢
heating induced by the eleictfield of the incident light wavgs9]. At low fluence,impact

of electrors or ionsand Ohmic heating effects are minimized, and Ag NPs are connected

b y -C:H bridges (see Fig4-10a, and10b). Welding of Ag NPsat fluences betwee?00

and 380uJ/cnf is then accompaniedtyy r educti on i n-CtHiskellsaso| u me
theseare removed by electrdion impact. | t i's reasonabl e -CGH expe
bridges can be replaced hiye necks at fluences betwe@®0 and 380uJ/cnf if the

irradiation time is sufficiently longThe above analysesiggest thathe contact geometr

between adjacent Ag NRan be manipulated by controllitige laser fluence.

4.4.3 SERSinvestigation

SERS spectra of adenine absorloedAg NP deposits after irradiatiowere obtained, as
shown inFig.4-14, to evaluate thd.SP induced electric fieldenhancement in samples
prepared at different fluence levell previous studiest has been shown thatd Raman
peaks of adenine &80 and 1327 cthare diagnostic of the SERS enhancement eff#;t
95, 96] and that the bands afdeninewere significantly enhanced in SERS spectra of
welded Ag NPg495]. In addition,Ag NPs joinedthroughhighly conjugatedcarbonchains
exhibit a 10xlarger Raman enhancement than single NI%. The spectran Fig4-14
indicate that a narrow gap mediated by the presencaroéxtremelythin U-C:H film

(~ 0.5nm thicknes$, gives even higher SERS enhancement than that occurring in welded
NPs. This is consistent withthe results of calculations showing tithe enhancement

crosssectionin dimers is largest when the gap between NPs is redudg@d-+@ nm, and
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reducing the gap to zero results in a nonlinear reduction of the plaschaed field
enhancemendue to theneutralization of charge density on oppessidesof the gap in

response to an induced curréotv [98].
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Fig.4-14, SERSspectra of adenine solutigh mM) absorbed on the surface of Ag NPs.

The r ol eC:Hoflm irt groelucig enhancement of the SERS signal is probably
twofold: the first effect is to separate the Ag NPs by a small amount, while a secondary
effect may be the facilitation of active adsorption sites at the surface of AgIhNiBslso

worth noting that, in addition tostrongSERSenhancementhe formation ofcarbon shed

on the surface of NiPmay inhibit metatmolecule interactionsind reduce sensitivitgf

NPsto photcchemicaldamagg94]. As a r esul t ,-C:HbridgegbetwegreAgc e o f
NPs, and the fact that the properties of such systems can beddilcough exposure to fs

laser pulses, opens up many new possibilities for the application of these materials in nano

structuredSERS devices.

4.5 Summary anadoncludingremarks
Under high fluence fs laser irradiatiahjs shownherethatcomplexshaped corsatellite

submicronand micronrsizedstructurescan be synthesisdaly focusinga high intensity fs
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laserbeam intoan aqueous solution &g NPs By adjusting the concentration of NiPs

the solution (0.01-0.05 mM) the irradiationtime (20-60 min) and the laser fluencd.&

10.5 J/crf), it is feasible to controlhe sizes andshapeof the resulting structures For
example, tia pulse fluence of 10.5 J/énwell dispersed 160 nm and 1480 marticles
were produced in the 0.0BM soluion after 40 and 60 miof irradiation, respectively.
These complex plasmonic structurdegvepotential applicatios as single particle detectors
for biomoleculesat low concentration SEM and UV spectra analysis together with the
FDTD simulation, suggest that the formation of submicron structure is directed by LSP

induced hotpots.

Under low fluence laser irradiatipit is found that, by adjusting the fs laser pulse fluence
during irradiation of PVP coated Ag NPs in aqueous solution, it is feasible to control the
separation and bonding within networks of Ag NPke primary effect at low fluence
(&cJ/m s the g eGHcoaitgiomindividudAg BRsas @ result ofhe
decompositiorof adsorbedVP. It is shownthatthe decomposition of PVR due to the
impact of electrors or ionsemitted fromthe surface of the irradiated NPsAt higher
fluences{ t ypi cal | y bet wé)etme effeddodeleatnondr iod Bnpacsdrahy ¢ m
the hotspotdbetween the adjacetg NPsi s | arge enough t-@GHr emove
layer and weakenthe Ag lattice structure produdng local welding of the NPs. The
narrowest gaps between separated Ag NPs (m} are found in nomvelded samples
irradiated at low fluence A SERSstudy of Raman spectra of adsorbed ademdiates
that Ag NPs joined by narrod}C:H shell possess much higher SPR enhancentiesin

welded or single NPs.
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Chapter 5 Gathering and Joining of Silver Particles on Silicon

Wafer by Femtosecond LaseRadiation

5.1 Introduction

In the process of joining or assembling nanomaterialsnatuevices precisefabrication
of the nanomaterial is usually required; that is because the properties ahtitewnices are
very sensitive tdn the nanomateriaisgeomety [64] and their orientation Localized
fabrication is a promising way to achieve this godRecently, avariety of localized
nangoining methods includinghigh energy electron beamadiation [35], ultrasonic
nanowelding [28], and nanosoldering32] have beendeveloped However, these
techniques are limited by the high cost ofth@nergy electron beam systgrie intrinsic

complexity of the nanosoldering systemd low fabrication efficiency

The localization of LSHEnduced effects such as enhancemerthefoptical gradient force
[70] as well as sitspecific heating67] and ablatio{ 73] can restricthe process area
nanomaterialsfacilitating localized fabrication The use offs laserradiationis an ideal
tool, because itsfinonthermab characteristiccan producehighly localized structural
transformations in nanomaterials as a resulstobng plasmonicenhancement. Some
efforts at controllingfs laser inducegbining of Ag NPs in aqueous solution by controlling
LSP enhanced optical gradient forhave been discusseddhapterd. However, there are
still somedifficulties in obtainng completely localizedoining, due to theeandommotion
of NPs inanaqueoussolution Limiting the NP$randommotion by depositing NPs oa
substratas then a alternative wayandthe localizedjoining of NPsmay be achieved by
controling another two LSHnduced effects including thdocalized heatingand

ablatiorire-deposition
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Considering the fact that most NPs especially those with specific geometries are usually
coated by polymer protective layers, ahdtthese polymersn the surface of NPwill
affect the joining process as reportectiapterd, the feasibity and mechanism of locls
joining both PVP-coatedand bareAg NPs by utilizing fs laser radiaticere studiedin this

section.

5.2 Gatheringof PVP coatedAg NPs

5.2.1 Experimental angmulationsetup

The Ag NPs films which were prepared by the methoddescribedin chapter3, were
irradiated for upto 60 sec with fs laser pulsest averagefluence ranging from
~3.6mJicnf to 28.8mJ/cnf. The schematidor the experimental setup is shown in
Fig5-1. The morphologyof the Ag NPs films before and after lasenradiation was
characterized by SEM arnkEM. FDTD software was used to simulate the distribution of

hotspots in plasmonic Ag NPs structures during irradiation with 800 nm laser light.

X Laser beam l

Irradiation area
Ag NPs film

Fig.5-1, Schematidor the experimental configuration

5.2.2 Morphologystudy

The SEM images ahe morphologyfor Ag NPs filmbefore and after laser irradiation are

shown inFig.5-2. Due to the nature of the deposition process, these films mah a
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uniform thickness distributionAt their thickest point, the films contained6 layers ofAg
NPs. Figs5-2a and2b show thatbefore irradiationmost of theindividual NPs in thee
films had sizes betweer20-80 nm with an average size of 50 nmindividual NPs were

irregularly shaped as showm the insetin Fig.5-2a. After irradiation for 10 sc (10,000

pulses), ataser fluence ~7.2 mJ/ésomespherical particles were generated, as indicated

by the dashed circlda the inset image in Fi§-2c. The sze distribution of these newly
formed spherical particlemeasureaver 300 particless givenin Fig.5-2d. Itcan be seen
that large spherical particldgving diametes betweerB0-160nm appeaed after 10 &c
laser irradiation. Particles inthis size range were not present before irradiatidine
generation of larger spherical particles suggests that fs laser irradiaioer these
conditionsproduce efficient heatg which caussthe melting andubsequentoalescence
of the original Ag NPs.Molecular dynamisimulationsand experimental observat®of
the solidstate sintering behavior of NA®s shown thasintered NPswill not grow into
larger spherdike structure until the sintering temperatur@proaches thenelting pont
[113 114. No apparent changeas observedn the morphology andsize of these
generated sphericphrticles when the irradiation time was increased teaBA60 sec As
shown in Figh-3, the size of the large spherical partickessstill in the 86160 nm range

after the NP film was irradiad at a fluence of 7.2 mJ/cr for 30 seqFigs5-3a and 3b)

and 60 sc (Figs5-3c and 3d).This indicates that the generation of spherical particles does

not depend on the irradiation time and implies that other factors such as laser fluence and

the localized structure in the NP film may dominate the interaction.
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Fig.5-2, SEM andTEM imagesof morphology for Ag NPs films on a Si wafer before and after irradiation, (a)
SEM image of NP film before irradiation, the inset TEM image shows the details of the NPs; (b) size
distribution of the NPs in the film before irradiation; (c) SEM imagehafNP film after irradiation at a
fluence 7.2 mJ/cimfor 10 s (10.000 pulses), the inset image shows the formation of larger spherical
nanoparticles; (d) size distribution of the larger spherical particles in the film after irradiation.
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Fig.5-3, SEM morphology and size distribution of generated spherical particles in the NPs films where were
irradiated by fs laser at fluence ~7.2 mJdan 30 and 60 sec. {a) 30 sec, (@) 60 sec.

Fig.5-4 shows SEM images of the morpholdigy Ag NPsin thefilm which wasirradiated
at different fluences fol0 sec. At 28.8 mJ/ch{Fig.5-4a), the NPs in the irradiated film
were melted and sintered due to the large energy input, and the Si wafexdgshew

development of small holes (see the arrows in5Hdp). These holesverethe result of
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ablation. Since this fluends much smaller than the damage threshold in Si (170 mij)/cm
irradiated with a 25 fs pulsgl1y, hole drilling in the Siwafer canbe attributed to an
enhancement in the local laser intensity as a result of multiple scafteii§lg At a laser
fluence~ 14.4mJ/cnf, spherical particlesvere also obtained and the size distribution of
these spherical particlasas almost the same as that in samples irradiated at a fluence
approximately7.2 mJ/cri. The only exceptiomvasthat a few slightly larger (16220 nm)
paricleswerealso generated (Figs4c and 4l). When thdaser fluence was decreased to

3.6 mJ/crh (Fig.5-4e), modification was not evident in the irradiated NP films. These
observations indicate that the generation of spherical particles is influenced by the laser
fluence, but there is no direct correlation between laser fluence and the resulting size of the

splerical particles.

40 160 200

Particle diamter / nm

. ¢ . A
Fig.54, SEM images of the morpholognd size distributioof generated spherical particles in the NPs films
which were irradiated by fs laser at different fluesifr 10 sec. (&) 28.8 mJ/cnf, (c-d) 14.4mJd/cnd, (€)
3.6mJ/cnf.
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5.2.3Investigation of érmationmechanism

To understand how these spherical particles waitlparticularsize distribution were
generatedAg NPs films which were irradiated by fs laser at fluence 7m2J/cnf were
selected forfurther study As discussed above, the formation of larger size spherical
particles was caused by the melting anglatheringof the irradiated Ag NPs. Here,
enhancement in théocal laser intensity due to multiple scattering, including speckle
formation aad subwavelength selfocusing[115, was first considered as the origin of
efficient heat generation leading to the melting of. Aghis might be expected to be
important in multiplelayer Ag NP films and has been observedprevious studgand the
present experiment (Figs4b). For example, sutwavelength selfocusing of an incident
laser beam was observed at the bottom surface of a multiple layer ZnO NRIfn The

laser intensity in the sefbcused beam was enhanced by a factor of Z05the present
experiments, the enhancement factor was estimated to be ~ 6. This value was obtained
from the ratio of the fluence (~28.8 mJ/Ansonsistent with producingisible damage to

the Si substrate ithe present experiments to that reported as the damage threshold
(170mJ/cnf) for irradiationof Si with a 25 fs pulsgl15. Based on this comparisoone

can come to conclusiaiat subwavelength seffocusing is not the primary souroé the
efficient heating and melting of NPs foummad the present experiments discussed in

section4.4.

To minimize the influence of swuwavelength selfocusing and to investigate the
underlying causes dfficient fs laser inducedbcalizedheating,singlelayer Ag NPs films
werepreparecand irradiated under the same conditio”R#y 5-5 shows SEM images of the

morphologyfor singlelayer NPs filns before and after 16 laser pulseghich was the
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minimum number of overlappingulses needed to producan observable change in the
single layer Ag NP film These images showhat larger spherical NPsan also be
generatedn singlelayer NPs films after fs laser irradiation (elicated byarrows in
Fig.5-5b). This impliesthat multiple scattering indudesubwavelength seffocusingwas
not thesourceof the efficient heatingeffect resulting irmelting ofthe originalNPs. SEM
observations in the same aref the NPs film before (Fig:5a) and after (Fig-5b) fs laser
irradiation showd that, a large sphercal particlewascreatedn the structure where 4 NPs
were located (ring In Figs.5-5a and 5b). This particle is shown ithe inset imagef
Fig.5-5b. Removal of NPs from the PVP matrixleaveld and outlinel their original
positions(eg. ring 2 in Fig.5-5b). The inset imagén Fig.5-5b indicates that 3 of the 4
adjacent AgNPscoalescd into a larger particle while theemaining NPwas unaffected.
This suggests thatelectivefs laserinduced heating of Ag NPis concentratedh certain
structureswhere the absorption of laser eneigyenhancedand that this heating occurs
without apparent damage to the NPs surrounding these structuresonsistent wittthe
observation that spherical particles with diameters @6,-83 and 100 nnwere located
close tothe structures in which 3, 4 and 7 NPs watesentafter laser irradiatiorfdashed
rings in Figss-5c, 5d and 5e, respectively The numberof Ag NPs removed was
estimatedfrom the SEM images Fig.5-5). The area, S, of the removed structure is
S=(UHN’ r? wheref is the filling factorfor the NPs in the structurdl is the number of NPs,
andr = 25 nm is the averag®P radius. Volumescalculatedfor the resultingspherical
particlescorrespond almost exactly to tlsem ofthe volumes of the particles removed
from the PVP matrix.The removal ofAg NPsis likely due to fs laser irradiation induced

ablation of the NPs and/tine PVP shellaround these particl¢g3, 117, 11§. It should be
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noted that ions/electrons produced in the initial stajeke ablation process can increase

the absorptio of fs laser energyl19 120, leading to enhanced heating of the NPs.

Fig.55, SEMimages of the morphology for single layer NP films before aftet irradiationwith 16 fs laser

pulses at 7.2nJ/cnf. (a) befordrradiation; (b) after irradiation of film in (a). The arrows show the generation

of spherical particles while the doukdeded arrow in the inset image shows the direction of the laser
polarization. The dashed rings 1 and 2 show the area where NPsjeatesl eand the inset image shows a
magnified view of the circular area 1; (c, d, e). spherical particles generated near NP assemblies containing 3,
4 and 7 NPs.

Another characteristic of the laseratterinteraction is thaAg NP dimers whose long ex
wasparallel to the direction of laser polarizatiaas{ndicated by theloubleendedarrows
in Fig.5-6) tencedto be removed from the PVP matrixndividual isolatedNPswere not
removed under these conditiofisg.5-5 and Fig5-6). Thiseffect and the dependence on

laser polarizatiomndlocal structurearesimilar to the polarizatioependent generation of
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LSP-inducedhotspots This suggests thahe efficient heating of NPsa these filmscan be

attributedto LSRinduced hotspots.

< g

’ 200 nml
Fig.5-6, Laser polarization dependent ejection of NP dimers in a single layer NP film after irradiated by 16 fs

laser pulses at a fluence of Ti@/cnt. The double ended arrows show the long axis of the NP dimer.

=
L

FDTD simulatiors have been carried otd identify thelocation of hotspots inAg NPs
structures containing 2, 3, 4 and 7 NiRsndicated byhe SEM observation$-ig.5-5), and
to study the effect of LSkhduced hotspots on the heating of NPs and the formafion
larger pherical particles in specific structure8ggregatesontaining 5 and 6 NPs are not
considered, because they are not closeled structuresandarerarely seen in thég NP
films. A schematicfor the simulation geometry is shown in Fga, where Ag Ws are
supported on a Si wafer with 2 nm thick oxide layer. For simplification, all the NPs were
taken to be spherical with a diameter of 50 nm tiedrradiation occuredin air. The gap
distance betweeadjacentNPs was set tbe 8(x2) nm which was araverage value of gap
distance from 200 measurements using SEM imagdée distribution ofhotspotsin the
XY plane at the half height of the NFPasrecorded in the simulationg=ig.5-7 shows the
calculated hotspdlistribution in a variety of structuresThese are indicated by theight
red and yellow regionswhile the bold dark red rings outline the NP4t is evident

(Fig.5-7b) that the maximumenhancemenfactor (E;%/E¢?, ~10) in the hotspots in single
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NPsoccurs in the direction of the laser polarizatidihe same enhancemdattor (~10) is
seen in an Ag N®dimer when the laser polarization is perpendicular to the long axis
(Fig.5-7c). The lowelectric fieldenhancemenh thesehotspotds consistent wh reduced
laser induced heating amunission of electrons and ioffem the NB and the PVP shell

and with the observation thasolated single NP®r NPs dimers withtheir long axis
perpendicular tahe laser polarizatiorirectionwere not removed frorthe irradiated®VP
matrix (Fig.5-6).

(a) Laser beam VA

| | L,x

air
______ e === mmm . <—monitor plane (XY plane)
R=25nm

30 nm thickness Si wafer \2 nm thickness SiO,

Fig.57, Simulatedelectric field distribution in Ag NPs structures assembled from 50 nm NPs. (a) Schematic
of simulation setup, a dimer structure is taken as an exampig;hdtspots distribution in Ag NPs structures
with different number of particleshe enhancementdtor in the scale bar is defined BS/E,>. The hotspots

are located in the bright red and blue area. The deerndearrows show the electric field direction of the
incident laser. The singlend arrows show the proposed motion of NPs. The gap bethedPs is set to

be the measured average distance of 8 nm.

Thesesimulations indicate that the field enhancenfentor (~ 40) is much greater in Ag

NP dimerswith theirlong axis parallel to thdirection oflaser polarizatiorfFig.5-7d). As
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proposed by Xwet al [70], the effect of this enhancement is to cause the tdRBaove
towards each other. The attractive force is shewth single ended arrows iRig.5-7.
This attraction facilitates thegathering of NPs and initiates the formation oflarger
spherical particlesThe electric field enhancement and the propaseton of the NPs in

otherstructuresareshown inFigs.5-7e, 7f and 7g

To determine how thpresence ohotspotsmay contribute to the efficient heating of NPs
via enhanced laser energy absorption, the mimnabsorption efficiengyQaps that must
be achievel to reach the melting temperatuis estimated byusing equatins
(0]

where 1 o and O O -“1i " 6YY O . O "@ is the total

laser energy icident onthe structure, wherE = 72 J/nf is the laser fluencandS is the
effective absorption area of the structuresattinedin Fig.5-6. Egpsis the energy required
to completely melt the Ag NPs mstructurecontainingN NPs whileri s t he NP r adi
is the densityC is the heat capacityy is volume andH,, is the latent heat of fusion.
Takingr = 25 nmfor anAg NP, } =1.0x1d kg/m®, C=230 J(kg/& ) andH,=1.05x1G J/kg,

it is found that the minimum absorption efficiencQans required to produce melting
(p¥9403 ) in thesestructures is > 0.7 The maximumtemperature that the particle can
reach is estimated to be 993if all the incident laser radiation is absorbddepression of
the meltingtemperature is not considerkdre because this is not significant for 50 nm Ag
NPs[2, 121]. High absorption efficienes (> 0.7) for NPs as calculateaboveare usually
only obtained when the LSP of the structureinsresonane with the incident laser
polarization and wavelengtlb]. However, the measureabsorption spectrum (Fig8)

clearly shows that no resonance occurs at 800 nm in the Ag NP structures at low incident
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intensity. This is also supported by the calculated absorption spectrum based on the FDTD
simulation (inset in Fig-8). Some differeres between the experimental and calculated
spectrum are observed at wavelengths near 550 nm. This difference likely arises because
the NPs in the simulation were assumed to be spherical and embedded in air, while in
reality the NPs are irregular and amated with a ~2 nm thick PVP layer. The temperature
rise in individual NPs is estimated in the usual way thase the measured absorbance
(=0.1 at 800 nm wavelength). Thérl = In(lo/l), wherelg is the incident light intensity

and| is the intensity othe light after passing through the NP film. The measurements
show that the absorption efficiency is < 0.1 which is much smaller than the minimum
absorption efficiency ~ 0.7 required to produce melting. As a result, the tempeisdwt r

the NPs i< 1403 which is much lower than the melting temperature of Ag. This shows
that the observed efficient heating and melting of Ag NPs is not primasyalthe LSP
resonance itselbut likely occurs because of enhanced absorptigingrifrom increased
excitation of ions and electrons produced from the decomposition ofoPidnization of

air on the surface of Ag NPs in the vicinity bbtspots as reported previouyl9 120,

122. However, the generation of the LSPs is importanteniiftial stages of the laser NP
interaction, as LSP induced hotspots act to facilitate and enhance coupling of fs radiation

into these structures.
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Fig.5-8, Absorbance spectra of Ag NPs film, the inset image is the calcualbtmiption crossection of the
structures containing 2, 3, 4, 7 NPs.

To investigatethe possible contribution of PVP and air to the heating effeetAg NP
film wasirradiated by fs laser ia high vacuum (6.6« 107 Torr). Theresults (Fig5-9)
show thatlarger sizesphericalparticlescould still be obtained antheir size distribution
(80-180 nm)did not evidently change comparéealthoseirradiated in air.This suggests
that the contribution of air to thenhancecheating isnot the dominanfactor under the
presenexperimentondition. However, the role of PVP is still not cleas there is still no
effective way to prepare taggregated Ag NPs films by completely removing the PVP
protective layer on the surface of Ag NPSo in the following section, fs laser irradiated
bare Agparticleswhich are produced by laser deposition in vacuauestudied This will

be helpful to identifythe role of PVRN fs laselirradiationprocess
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Fig.59, SEMimages of the morphology for the irradiated Ag NPs film in vacuum (6:6%H0r) at fluence
7.2 mJ/crifor 10sec(a), and size distribution of the generated spherical NPs after laser irra¢tigtion

5.3 Localizedjoining of bareAg SubmicronNanoparticles

5.3.1 Experimental angmulation

Ag submicron/nanoparticles were deposited arsi wafer by fs laser irradiation as
describedn chapter3. After depositionthe Ag particleson thesurfaceof Si were then
irradiated using the safer fis30osepdo/96ear. f | uen
Both the ablation/deposition and irradiation/joining operations were carried out in vacuum

at a base pressure of “1Torr. The morphology of selel Ag particles before and after

laser irradiation was compared usi®gEM and high magnification images of welded
structures were obtained usigM. FDTD software was used to identify the electric field

enhancement in the Ag partickehich wererradiatedby laserat 800 nm.

5.3.2Jointmorphologystudy

Fig.5-10 shows the SEM images of the morphology for deposited Ag
submicron/nanparticles before and afteb0 sec laser irradiation ata fluence of
approximately900 w/cnf. Comparison of these images shows that laser irradidiibn
not change the positioof the deposited Ag particlealthough the particlewere slighty

ablaed (seehelargerparticle in the inset image &ig.5-10b).
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Fig.510, Scannng electron microscopy (SEM) images of the morphology of deposited Ag particles before

and after fs laser irradiation at a fluenc800w/cn? for 50 sec. (a) before irradiation; (b) same area after
irradiation. The inset images are magnified view

Under the sameirradiation conditiors, some closelyspaced A4 particles(~ 30 nm

separatioh bea@me welded togetheffFigs5-11a and 1lb); while there was no apparent

damage to these patrticles apart from a slight change in morphology near the weld area

Since the patrticles did not moderingthe irradiation process, weid occursas the result
of material filling the small gap between the particl&sis is showrin the inset images of
Figs5-11a and 1lb where two separatgoarticleswereseen to bénterconnected by filler
material forming dumbbell shapd structures. Tis filler material originatedfrom ablated
Ag material(the inset image ofFig.5-10b) due toLSP-inducedhotspots inthe vicinity of
the gapbetween the particleas reported i previous study123. This ablation is clearly
observed in the welded Ag particleeéthe left particle inFigs5-11c and 1d) when the
sample weretilted by 75° for clearerobservation. Figs.5-11c and 1d alsoshowthat the
area below the weldid not contain filler materiaimplying thatthe weld was formedy
highly directional depositiomf the ablated materialSimilar welded NPs structures were

also observed when the irradiation time changed to 10 €t s®c, as shown in Figl2.
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A ?
Fig.511, SEM images of the morphology of deposned Ag patrticles after fs laser irradiation at a fluence of
~900m\}’cm2 for 50 sec. (&) welded Ag particles afer irradiation, the double ended arrows show the
direction of laser polarization, and the inset images show a magnified view of thggpiiew of welded

Ag particles after tilting by 75 (d) magniied view ofthe square area in figu(e).

Fig.512, SEM images of the morphology for the NPs irradiated by fs laser at fluence 9086 fad/different
time. (a) 10sec (b) 90sec.

The crosssectional morphology of welded Ag particles has been analyzed using TEM.
Samples were prepared fraselectedpair of submicron particlegFig.5-13a) by ething

with a focused ion beamit is evident that the bottom surface of theposited Ag
submicron particles pair has been flattened, forming dikke structurs with a
diameter/eight ratio of ~ 3.7(Figs5-13a and 13b). In some cases, the deposited Ag
submicron particle could form donut structgras shown in Fi§-6a. This is similar to the

structure obtained in splaboling[124, 125, suggesting that Ag particleblatedfrom the
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sputtering targetvere in asoftered or molten statg124, 125 as they travelled at high
speed prior to impacting on the Si wafer surfads.in splat cooling, quadiquid or liquid
particles solidify immediately orreaching the surface tiie Si wafer. Studies have shown
that when Ag particles were dept®d ona carbon filmunder the same conditionand
thenirradiatedwith fs laserpulseswith the samefluence (2.7 mJ/cm), adsorbegarticles
wereejected from theurfacedue to the dewetting between Ag and carfd#2§. Thiswas
not seen when Ag particlegere depositedon a Si wafer implying thatthe Ag particles
bonced to the Si waferduring deposition HRTEM scansat the interface between tiAg
particle and the Si wafefFig.5-13c) show thatbonding occued in the contact area
between thé\g particleandthe~ 3 nmthick amorphos native oxide (Si¢) layer[127] on
the surface of th&i wafer HRTEM analysisalso showgFig.5-13d) thatthe Ag(111)

lattice planes in both particlegerealigned across the junction

ot s e a1
,..nﬁe?ﬁieg.,' e ” a(111)

1" A4S »1
_.-Aq.ul_.y.s. Vo ——y g —

Si wafer

Fig.513, Morphology of a pair of welded Ag particle@) SEM images; (b) TEM image of the cross
sectional view of the Ag pair in (a) along the the black line; the small particles on the top of particles A and B
are redeposited material as a result of the TEM sample preparation process; (¢) HRTEM infegAgbi

wafer interface; (d) HRTEM image of the weld between the two Ag particles. The arrows indicate the
corresponding area of the HRTEM images in figime
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5.3.3Investigation of pining mechanism

Figs.5-11a and 1d show thatinterconnection betweethe two particleswasgenerated by
theformation of abridgecomprisingfiller material from ablated submicron particles. This
ablation can be attributed to L$fduced hotspots whichre accompanied bipcalized
electronandionic emission[73]. To investigate the possible cabtrtion ofthis localizel
emission to the formation @he interconnection, FDTzalculations(Fig.5-14) have been
used to simulate thhotspotsdistribution near and in between a pair A submicron

particles.

X-Y View

Fig.5-14, Simulatedhotspots distribution in two adjacent Ag particles as observed in figure 2a. (a) view of
the X-Z plane crossing the axes of the two patrticles; (b) view of thepfane at the same height in particle
B, as indicated by the dashed line in (a). The arrows show dtat¢idos of the hotspgtshe enhancement
factor in the scale bar is defined&B&/E,>.

The two-particle structure shown iifrig.5-11a is selected as representative, dudh
particles A and Bare assumed to ba&iscs having adiameter/height ratio of 3.7 This

geometry approximalg relplicates that seen in tiéEM scans The incident lasebeam
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with a wavelength of 80@m is normal tahe Si wafer which supports particles A and B,
and the angle between the laser polarization and the attie péarticlepair is the same as
that in the gperiment. The simulation results show tlaahotspot with arelectric field
enhancement factqE;%/Eq?) ~ 180appeaed between the two discigs.514a and 18)
close to the top edge of the lower distg(5-14a). This simulation is in good agreement
with the experimental observationsg=ig.511), implying that LSPinduced hotspots

facilicate the interconnectn of pairs ofAg particles.

Extersive studies have shown that the generation of hotspoiagfiem LSP poducel
localized ablationand electron/ion emissiorfrom the particles,and thatthe material
ablatedfrom the particles releposied near the ablated surfagéthin the hotspot$12§.

This redeposition of ablated material can gradually reduce the gap distance between the
particles resuihg in the formation of aninterconnectig link. In the presentase, the
electicfield enhancement factor is ~ 13glving aroot square enhancement faadbr- 180,
corresponding to thpresence of #ocal electricfield E of 5x10° V/m near the surface of
the Ag particle.This field is close to the measured threshold for field ion emiq4idn,
suggestig that ionscan beemitted from theAg particles under the effect of L9Rduced
hotspots These ionghen contributeto the formation of an interconnection between the

particles and facilitate theeldingprocess

The laser fluencevasthenincreasedo ~ 1 3 0 0 inordler  mimic the enhancement
that occursin LSP-induced hotspotsand identify the contribution afnhancedablation
(ionic emissio at hotspots to the joining plarticles Fig.5-15a showghe SEM images of
the morphologyfor freshly deposited Ag submicron/nanoparticle$hese images reveal

thatthe surface of thee particles vasalmost smootlprior toirradiation Particleslabeled
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1 and 2are seen to be closely separatédter these particles were irradiatienl 50 scby

fs lasempulsesatafluenceo f 1 3 0AFigs>-15b)ctmeparticlemorphologywasseen to
change and the surface be® rough, indicating thaablation of the particlesoccured
under tleseconditiors. Emitted materialasalso seen to form bridge between the two
particles 1 and 2. This suggesthat the electric field enhancement in the hotspots
facilitatesthe generation o weld between adjacent Ag particles.sltouldalsobe noted
that under fs laser irradiatigthe isolated particles tdadto be ablated at the two polies

the direction parallel to the laser polarizatioAblated materialfrom these locations
re-deposited at the poles of the particlesgparticle 3 in Figh-15b). The location of the
ablated area in tise particles is consistent with that of L&Rluced hospotd73,
indicating hat laser induced hotspatslectivelyenhanced ablation of the particle. This is
apparent ithe SEMscanof the sampleafterrotation by 90 followed byfurtherirradiaion

by fs laserpulsesfor another 50 sec @he same fluence. The SEM image (peldi3 in
Fig.5-15c) clearly shows thatwhen the sample was rotated B{°, the ablated area
appearedat the other polesvhosedirection was parallel tothe laser polarization This
direction B perpendicular to that of the preus poles. In particle 1 and particle 2, the
dependence of ablation on laser polarization is minimized because the influence of the gap
distance between them dominates over the polarization orridsieed hotspots.This
confirms that LSRinduced hotspotgenerated Ypfs laser irradiation contribute to loczad
ablation of the particle and then the interconnectionproduced betweetwo adjacent

particles.
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50 nm

Fig.5-15, Development of Jomt betweéﬁ two Ag particles under fs laser irradaiton a fl uenée ~1300

(a) Ag patrticles before irradaition; (b) same Ag particles after 50 sec laser irradiation with polarization
(doubleends arrow) shown; (c) same Ag particles after another 50 sec laser irradiation with the polarization
directionperpendicular to that in (b).

It is significantthat, due tothe ug of low fluencecombined withthe njorrthermahjnature
of thefs lasermatter interaction, theradiatedparticles werevirtually unaffected and Ith
no apparent damage after weldi(f§gs5-11 and Fig.5-15). This suggests that fs laser
irradiation is a promising technique forrgcison fabrication int h eondgstructive;
interconnecn of submicronhanodevice partfr applicationgn nanoelectrics However,

it is noted that, undelow fluence & laser irradiation, the allowke separation distance
between two prgoined particle for achieving joining has to be controlled to ery small
value (usually < 40 m); it will probably limit the application of fs laser ifnon

destructiveé interconnection. This issue is then the main topic of chépter

5.4 Summary andoncludingremarks
In this work, it is shown that PVP coatedAg NPs in specific symmetric plasmonic

structures can be efficiently heated to their meltingpoint and gatheredhto larger size
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spherical particlesvhenirradiated with very low fs laser fluence?.2mJ/cnf). The first

stage in this proceswnhich involves the selective gathering of several nanoparticles prior
to bonding, is also of interest as a potential method for the further assembly of functional
devices. Enhanced coupling arefficient heating was strongly dependent on the geometry
of the NPs structures and laser polarization. This selective heatingaeftecbllection of
NPswas found to be most evident in clusters of 2, 3, 4 and RRg FDTD simulations

and measured absorption spectra indicatettiefficient heating melting and collection

of NPs in these structuresgas triggered by LSHnduced hotspots.The overall effect is
strongly dependent on the orientation of laser polarization in relation to the synaxistry

of selected structures.

For bare Ag submicronaroparticles on a Si wafeit is shown thathe interconnection of
two adjacent Agarticlescan be achievedithoutthe use of additional filler materiallhe

Ag particleswere selfbonded to the Si wafer following deposition by laser ablation.
Adjacent Ag particlesseparated from each other by a small g&pe found to be welded
togetherafter fs laser irradiatiorfor 50 ®c at fluencesbetween~ 900 and 130Qu/cnt.
SEM and TEM scanshow that themetallic interconnectiorinking the particles was
generatedby there-deposition of ablated material the gap betweethe particles The
integrity of both particlesvasconserved in this process and the ovatathage to theon
bonded componerdf the Ag submicronanoparticlesvas found to beegligide. FDTD
simulationindicates that the ablation of the Ag submicron/nanoparticles and the formation
of the interconnection can be attributed to L-Biduced hotspots This studypoints the
way to the development of a high integritynd location controllable interconnection

technigue in théabrication of submicroandnanodevices.
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Chapter 6 Oxygenassistednterconnection of Silver

Submicron/Nanoparticleswith Femtosecond_aser Radiation

6.1 Introduction

Joiningmetallic nanomaterialgy utilizing physical methods whialsuallyproduce robust
metallic bonding is straightforward, butusually faces the challenge of minimizing the
damage to the p#@ined nanomateria [3, 35, 128. Recently the fs laser nanojoining
technique exhibits the potential of solving this isgL@d. As discussedn section5.3 that

two adjacent Ag particles (~ 30 nm separation) which were depositée: 8hwaferwere
interconnected through the-deposition of locllly ablated materiaby utilizing fs laser
irradiation in high vacuum (10Torr), while their geometeswerealmost ntact However,
there is still a long way to go before industrial application of this high integrity
interconnection techniquehe requiredsmall separation distance and the needs of high

vacuumare two major limitations

One possible solution is to employ gao assist the joining proces3he role of gas is to
improve the absorption of laspulse energy[119 or enhance heat generation through
chemical eactionwith the prejoined material§130, which consequenthacceleratese-
deposition processue to the increaseaimount oflocally ablated material Atomic gases
(He, Xe, Ne and k) havebeen reported to efficiently enhance #iesorptionof laser pulse
energyat high intensity(10** ~ 10" W/cn?) ps laserirradiation condition by forming
plasma[119. In that casghigh intensity laseradiation would unavoidablyproduce
thermal damage to the irradiated nanomateridtss thermal damage can be minimized if
LSP is excitedin nanomaterialspecausein LSP-induced hotspotsthe required laser

intensity to produce the ionization of diatomic gases can be significantly lawered
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Then, the issue comdo how the ionized gases transfer thbsorbedenergy to the
irradiated nanomaterialsThe raction of the ionized gases with the irradiated
nanomateals is one way, andhe recombination of ionized gases on the surface of
irradiated nanomatials is another possibilityin this section the influence of gases
(specifically oxygen) on fs laser irradiated Ag particlsch weredepositedon Si wafer

is studied and the ra of LSP inthe iradiation processs identified

6.2 Experimentaindsimulationsetup

After thedepositionof Ag submicron/nanparticles orSi wafer asdescribedn section2.5,

Ag particles on the Si surface were then irradidigds laserpulsesat a fluenceranging
from ~ 2 mJ/cn (corresponding to 5.7 x 13° W/cn?) to 14 mJ/crh (corresponding to
~4 x 10" Wicn?) for varying times. Different gases (aimitrogenand oxygen) and
pressures (760, 1, T@and 10* Torr) were used to identify the influence of the gases on fs
laserirradiatedAg particles. The morphologyof the irradiatedAg particles vasanalyzed

by SEM, and the crossection ofjoined Ag particles waanalyzedwith TEM observation

of thesample prepared dgcused ion bearatching

6.3 Morphologystudy of irradiated Agsubmicron/nanagrticles

To study the feasibility of obtaining high integrity interconnection of Ag
submicron/nanoparticlest pressure other thanat high vacuum (I8 Torr) as mentioned
above,Ag particleswere irradiated by fs laser pulses at differpréssures ranging from
1.3x10” Torr to 760 Torr (atmosphere pressufBle SEM images of the morphology for
irradiated NPs show that, at pressures of 1.3x0drr and 1.7x13 Torr (Figsé-1a and b),
Ag submicron/nanoparticlesereablatedin thetwo pde area which wereparallelto laser

polarizationdirection The size distribution of these ablatpdrticleswas located inthe
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range of 60~150 nm (Fig:lc). This can be contributed tmtspotsenhancedocalized
ablation in the pole areahie tothe excitation ofLSP[73]. The ablated material then-re
deposited nearbyormedfitab-likeo structure and resuktdin the extension of thparticle

in laserpolarization direction. The ratio between the length offthelikeo structure(L)
and the particless diameter (D) (L/D ratio) is 0.13t0.06 based on 50 countsThis
directional extension okg submicron/nanoparticleshows the potential of interconnecting

well-separategbarticles.

g =
) L/D=0.13%0.06 H L/D=0.27£0.09
=3
& £
100 200 300 400 500 600 100 200 300 400 500 600
particle size / nm particle size / nm

Fig.6-1, SEM morphology and size distribution &fg particleswhich were ablated by fs laser irradiation at
fluence 7.2 md/cffor 10 ®cin different pressures. (a) 1.3xiTorr, (b) 1.7x1F Torr, (c) size distribution

of theparticlesirradiated at pressuief 1.7x10° Torr, (d-e) SEM morphology at pressure 860 Torr, (f) size
distribution of theparticlesirradiated at pressum 760 Torr. The double ends arrows show the direction of
laser polarization.
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When the particles were irradiated in air at pressure of 760 Torr, siitalar structures
were obtainedFigs.61d and 1e), and the/D ratio increased to 0.270.09 (based on 50

counts). This suggests that the increase of air pressure enhanced the ablation of the
particles in laser polarization directioMeanwhile,aside from theblationof the particles

in size range of 5450 nm, ablatiorwas also observed in the particles with sizes larger
than 300 nm (Figé:1e and 1). Asthe enhancemefctorin LSP-inducedhotspots which
contributeto the ablation of irradiated paties is much lower in the laggizes particles

(> 300 nm) than that in the particles ranging from150 nm (data is not shown here), the
ablation in larger size particles is probably due to {i&fjered eaction between the
particles and airAs the air is consisted of 21 vol&xygen (Q) and 78 vol% nitrogen (}),
their contributionswere investigatedy irradiating Agparticlesin pure N and Q at
atmosphere pressuyreespectively.The SEM mages of the morphology for Ag particles
irradiated in N (Fig.6-2a) and Q (Fig.6-2b) indicate that more serious ablation of the

particleshappened in @than in N. TheL/D ratio in N, 0.12 0.03,wasclose to that in
vacuum, while the ratio in £X0.21a 0.04)was much larger than that inJ\and close to

that in the air. It implies that the,@layeda dominant role in enhancing the ablation of Ag

submicron/nanoparticlasder fs laser irradiation

Fig.6-2, SEM images of the morphology for Ag NPs which were irradiated by fs laser paisiisence
7.2mJ/cnd for 10s inN, (a) and Q (b). The double ends arrows show the laser polarization.
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6.4 Investigation of rechanism

The reaction between,@nd Ag is negligible at room temperatdie31], this impliesthat
the laser radiation is vitdor the reaction of @with Ag. Three different interactions
between laser radiation ang, ©orrespondingo multi-photon dissociation (photon energy
< 5.2 e)) or ionization (photon energy < 12eM) of O,, have been reportdd 32, 133.

They can bavritten as:

6 & 6 O (6-1)
6t 0 Q (6-2)
6 ¢ EOO0 Q, (6-3)

wheren, np, andng are the numbers of the laser photons absorbed;lmalecules in the
dissociaibn (egn6-1) and ionization (eqn$-2 and6-3) processes. The threshold energy
for the dissociation of @(eqn.1) is 5.2V[134], while those for ionization of geqn6-2)
and O (egre-3) are 12.1eV[135 and 13.6eV [13q, respectively. It indicates that the
dissociation of @ is much easier than the ionization of @d O, implying that the
dissociation of @will be the primary lase©, interaction. In tis work, the photon energy
is 1.55eV, and absorption of five photons is needed to dissociatd132. After the
dissociation of @ the generated @vith 1.28 eV kinetic energy (half ofthe exceeded
energy whichis calculated by nmus the dissociation energy ¥ of O, with the tdal
absorbed photon energy 7.€9%) would impact and react with the surfacetbé particleto
becomestabilized Assuming all the kinetic energy ofi®released in itseactionwith the
surface ofAg particlg then the possible reactions of O with Ag canwréten as follows

[137, 138:

I Q8B puayQia ¢ G (6-4)
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[ 6°H 06"°Q0 ppPQWE & (6-5)

0 0Q0 o0 O poIQBAE. (6-6)
Eqns6-4, 6-5, and6-6 clearly show that a huge amount of energy is released after the
reaction of O with Ag; this released energylwduse the localized heating in tharticle
Due toits low decomposition temperature (190), Ag.O will probably decompose if
reaction of eqre-4 induced temperature rise in the,®gis higher than 198 . It is noted
that the reactions of eqBss and6-6 are dependent on the generatdi\g,O, or in other
words the reaction of edit4, implying that the reactions of eqns6-5and6-6 may not

take placein fs laser radiation process. The decomposition &g,O can bewritten as:

0B c0"Q-0 o (6-7)

and its activation energy is- 124 kJ/mol [139. The released energy inre64 is
154.6kJ/mol; this value is much larger than the activation energy for the decomposition of
Ag,0, and theenthalpy of formatior81.1 kJ/mol in eq®-7, suggestinghat Ag,O will
decompose after its initial generation through reaction obegjnin other words, AgO is

the intermediate product which transfers the kinetic energy of O intarrddbated Ag
particlesand produce enhancéatalized heatingfew or even no AgD will be presenin

the redeposited materialThen eqns6-4 and6-7 canbe simplified as egf-8, supposing

that Ag particlesonly provide the surfa for the recombination of @nd the energy

transfer from O to the particles.

¢/ | g1 QBaEéa (6-8)
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Eqn6-8 suggests that the enhanced local heating in fs laser irradiatpdridges depends
on the amount of O which recombines on the surface of the particles. The more
recombined O, the more significant localized heatiiiis is reflected in the increasd

theL/D ratio as indicated in Fig-2.

As shown in Figs-3, with the increase of Noressure from I8 Torr to 760 Torr, thé./D
ratio of Ag particles which were irradiated by fs lasea ftience ~10 mJ/cfifor 10 sec
were ~0.160.2. The absence of a strong effaaft N, pressure on thé&/D ratio arises
because B does not react with Ag particlesand the pressure does rmgnificantly

influence the deposition of ablated material

0.5

0.4+

0.34

0.2

length/diameter

0.1+

0.0 T T T T T T T T T T T
-2 -1 0 1 2 3
Log Pressure / Torr
Fig.6-3, Correlation betweeb/D ratio and pressure in fs laser irradiated Ag particles at differeptdgsurs.
The laser fluences ~10 mJ/cr, and irradiation time is 10 sec.

A significant variation of th&/D ratio wasobserved when the Ag particles were irradiated
by fs laser at different air pressafeorresponding to differer®, concentration Fig.6-4a
shows the changa theL/D ratio with G, concentration. It is evident thatalaser fluence
7.2 mJ/cr, increasing the concentratioof O, from 6x10%cm® (corresponding to

1x10* Torr as indicated in Fi§-4a) to 6x16°%cm’ (corresponding to 1 Torr as indicated in
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Fig.6-4a), results in an increase ithe averagelL/D ratio from 0.1 to 0.25. Further
increaing the concentration to 5xificm® (corresponding to 760 Torr as indicated in
Fig.6-4a), the averagé/D ratio remainedalmostunchangedonly slightly increasing to
0.27. Thisimplies that at certain fs laser fluence #mountof O which is generated from
the dissociatiof O, will be saturatedvhen the @ concentrationncreases up tacritical
value. Above the critical ©concentration, themountof generated CGcan befurther
increased by increasing laser flued83. Fig6-4b shows the correlation &fD ratio
with laser fluence a©, concentrabns of 5x10'/cm® (corresponding to 760 Torr) and
6x10" /em® (corresponding to 1x10Torr). It indicates that at both concentrations|tHe
ratio increasg with the increase of laser fluencehile it increasesmuch fasterat the
concentratiorof 5x10""/cm® thanat 6x1G" /cm?®, especially when the fluence is larger than
~7.2mJ/cnf. At aconcentration of 6x18/cm®, theL/D ratio tends to reach constan®.2
with the increase of laser fluenfsem ~ 4 mJ/cnd to ~ 14 mJ/cm. Thatis because thi;
concentration is much lower thame critical concentrationandthe L/D ratio istherefore

limited by the concentration dD,.

(a) (b)(] N = 760 Torr

044 § o
760 Torr 0.604 e 10" Torr

1 Torr |

w

0.45+
[}

107 Torr |
T 1 !
10" Torr [
' 0.154 = |

0.30

L/D ratio
o
L/D ratio

0.14 L]

0.004 o

0.0 T T T T T T T T T T
12 14 16 18 20 2 4 6 8 10 12 14

) Log concertation / (cm™) fluence / (mJ/cm®)
Fig.6-4, Correlationbetween L/D ratio and the ;G&zoncentration (a) and the laser fluence (e laser
fluence in (a) is 7.2 mJ/én

To betterunderstand the development squence ofsfigmicron/nanoparticleander fs

laser radiation in air, the morphology change of the irradiadgticles with irradiation time
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were recorded. Fig.6-5 shows te SEM images of the morphology for Ag
submicron/nanoparticleisradiated by fs lasepulsesfor 1, 4, 7, and 10 sec atfluence
14mJ/cnt.  Here, high fluence~ 14 mJ/cm) was used in order to obtaiwisible

morphology change of the irradiated paticles in small irradiation time.

Fig.6-5, SEM images of the morphology for the Ag NPs where were irradiated by fs laser at fluence
14 mJ/cnf for different time. (11 sec; (b) 4 sec, the inset image shows the holes in the Si wafésdc) (d)
10 secThe double ends arrows show the laser polarization.

Fig.6-5a shows that after 1 sec laser radiatiab-likeo structure formed on the irradiated
particles, but no evident damage to the particles was observed. This is similar with the
observations in Figs:6 and 62. With an increase of irradaition time to 4 sec (Figh9,

the particles start to be ablatedon® particlesvere blown away dfer laser irradiation
leaving two holes in the Si wafer, as shown in the inset of filg.6Sincethe laser fluence

was much lower than the damage threshold fluence of Si \&t&}, the holes in the Si
wafer wee caused by the enhanced ablation in {i®Riced hotspots as reported
previously[73]. Thisimplies that the ablation of the particles started from the edge of its

bottom surface where electric field enhancement in the hotspots is much higher that in
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other locations (this is supported by the simulated electric field distributite NPs, data

as shown later in Fig-6). Furtler increases in the irradiation time to 7 sec (Fch and

10 sec (Fig.6d), results inmore serious ablation of the particles, and the particles were
extend inthe laser polarization direction due tbet redeposition of ablated materials,

facilating the joining of separated Ag submicron/nanopatrticles.

As discussed in Fig-5, the ablation oh Ag particle stars from the edge of its bottom
surface wher¢he hotspotarelocated due tahe excitation of LSP. To demonstrate this,
FDTD simulations were carried out to identify thetspotdistribution intheirradiated Ag
particles onthe Si wafer. The schematic difie simulation setup is shown in F&6a,
whereanAg cylinder witha diametefheight (Y/Z) ratio of 2.8 is placed on the 30 nm thick
Si wafer witha 2 nm SiQ surfacelayer. Laserradiationwith wavelength 800 nm is
incident inthe Z directionandthe laser polarization direction igrallelto the Y axis. The
hotspotdistribution in theYZ (Fig.6-6b) andXZ planes atifferent heights (Fig®6-6c¢, 6d
and 6e)are recorded.Fig.6-6b clearly showghat the hotspots withthe highest electric
field enhancemenrfiactor arelocated at the bottom edge of the particle. Thisoissistent
with the SEM observation in Figtbb. Thehotspotdistribution in the XY planes at
different heights of the partiglas shown in Fs6-6¢, 6d and6e, indicates that the electric
field enhancementactor at the bottom edge of the Ag particles is several tens times
higher than at other locatien It also shows that the distribution of thetspotds parallel

to laser polarization. This is consistent with the SEM observation of directional ablation of
the Ag patrticle irthe laserpolarizationdirection, suggestinthat LSP-inducedelectric field

enhancement (or hotspots}he trigger for the enhanced ablation in air.
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Z _
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Fig.6-6, Schematic for FDTD simulation of the electric field enhancement in Ag NP (Y=150 nm) which is
placed orna 30 nm Si wafer witta 2 nm SiQ surfacelayer (a), electric field enhancemglbright area, the
same in the following figuresh XZ plane (b), electric field enhancementthe XZ plane which is 1 nm
above the bottom surface of the particle (c), electric field enhancemdre XY plane whichat the half
heightof the particle @), electric field enhancement the XZ plane which is 1 nm below the fosurface of

the particle (e)The laser with wavelength 800 nm is incident in Z direction, and laser polarization is in Y
direction The enhancement factor in the scale bar is defin&gfds>.

6.5 Jointanalysis ofinterconnectedg submicron/nanaogrticles

As discussedabove under fs laser radiationthe irradiatedsubmicron/nanoparticles
extenckd in the directionof laser polarizatiorlue to the accumulation of ablated material
possessinghe potential of interconnecting separatpdrticles for application inthe
assembly ofnanodevices. Fig.6-7a shows that theeparationdistance between two Ag
particleswasreduced due to the accumulation ofdeposited material in laser polarization

direction after fs laser radiation at fluence7-2 mJ/cr for 10 sec. Somef the Ag
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particleswere even interconnectedvhen the separation distaa between therwasiill -
defined as shown irfFig.6-7b. Ag particles with very large separation dista@el80 nm)
could alsobe interconnected when the irradiation time was increas@d sec an®0 se¢

as shown irFigs6-7c and 7d.A bridgeis obtained vighe accumulatiorand sintering of
ablated materidbetween the separated particlézolongng the irradiationtime results in

the further accumulation of r@leposited material between the separated particles,

facilitating theinterconneabn of particles with lage separation distance.

300 nm 60 nm
Fig.6-7, SEM images of the morphology for the interconnected Ag particles which were irradiated by fs laser
at fluence ~ 7.2 mJ/chfior different time. (ab) 10 sec,® 30 sec, (d) magnified view of the square area in (c),
(e) 50 sec, (f) magnified view of the sqe area in (f). The double ends arrows show the laser polarization
direction.
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This is supported by the increase of the ratio between the total lengththe irradiated
particle and its diametdd with the increase of irradiation time The schematic for the
measurement df; andD is shown in Figs-8a Fig.6-8b shows that, aifs laser fluencef
approximately7.2 mJ/cr, the Ly/D increased from 1.1 to 1.5d4nd tended to reach
constantvhen the irradiation time increased from O sec to 70 adter 70 sec laser pulses
irradiation, Ag particles were seriously damaged @8g), and in some cases the
remaining part of the irradiatgghrticlewould be popped odtom the deposited matelsa

as $own in the inset image of F&8c. This can be contributed to the impact of the
ablated material from the bottom edge of the irradiated particles, which is consistent with

the SEM observation in Fg5.

Fig.6-8, Schematic for the measurement of the total lengndl diameter D of the extended NP (a), (b)
correlation betweeh,/D ratio with irradiation time at fs laser fluence ~7.2 mJ/cfo) SEM images of the
morphology for the Ag NP which was irradiated by fs laser at fluence ~7.2 ffticm0 sec.The double
ends arrows in (c) show the direction of laser polarization.
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